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ABSTRACT 
Hard-to-treat cancers such as glioblastoma (GBM) and pancreatic ductal adenocarcinoma 

(PDAC), are characterized by their aggressive nature and resistance to conventional therapies. 

Despite the standard of care, which includes tumor resection followed by chemotherapy and 

radiotherapy, patients have a poor prognosis. Therefore, the development of novel therapeutic 

approaches is necessary. In this sense, the use of small extracellular vesicles (EVs) as delivery 

systems has become a promising tool for cancer treatment. This system can deliver anticancer 

drugs directly to tumor cells, improving the efficacy of treatment. In this work, we used small 

EVs loaded with different drugs to prove their target specificity towards their parental cells and 

evaluate their potential as an effective treatment for cancer. In addition, we studied the PADI4 

interactome and citrullination capacity, its relationship with cancer progression, and its role as 

a target for cancer therapy. This doctoral thesis is structured as a compendium of six articles 

published in high-impact journals (Q1) that correspond to each chapter, with an additional 

chapter of the data pending publication. 

In Chapter 1, we discussed how small EVs play a crucial role in intercellular communication 

and have emerged as potential biomarkers and therapeutic tools, particularly in cancer. 

Additionally, we reviewed the significance of small EVs as biomarkers in various cancer types. 

Furthermore, we explored the development of chimeric EVs that can be conjugated with 

nanoparticles, biomolecules, and anti-cancer drugs, showing their potential for targeted cancer 

therapy. The review also provides an overview of ongoing clinical trials utilizing EVs to improve 

the prognosis of different cancer types, emphasizing the potential of EV-based therapies to 

combat these challenging diseases. 

In Chapter 2, we performed the isolation and characterization of small EVs derived from GBM 

patient cell lines. We loaded these EVs with temozolomide (TMZ) and EPZ015666 drugs and 

observed that a minimal amount of the drug is sufficient to affect tumor cells when it is loaded 

into small EVs. Additionally, GBM-derived small EVs loaded with the drugs showed the 

potential to induce an antiproliferative effect in pancreatic cancer cells. These findings support 

the use of GBM-derived small EVs as a promising drug delivery tool for further preclinical and 

clinical development of GBM treatments. 

In Chapter 3, we isolated and characterized small EVs derived from a PDAC cell line named 

RWP-1. We loaded these small EVs with two chemotherapeutic drugs, TMZ and EPZ015666 

by the direct incubation method, which proved to be the most effective loading method, 

requiring minimal drug dosage to affect tumor cells. The antiproliferative effect was tested on 

different cancer cell lines, revealing greater efficacy of RWP-1 small EVsTMZ compared to 
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RWP-1 small EVsEPZ015666. These findings highlight the potential of RWP-1-derived small EVs 

as a promising drug delivery tool for PDAC treatment. 

In Chapter 4, we identified the expression and localization of PADI4, a Ca2+-dependent protein 

involved in the conversion of arginine to citrulline, in several cancer cell lines, including GBM 

(GB-39), and pancreatic cancer (RWP-1). Additionally, we studied its relationship with p53. 

The characterization by immunofluorescence (IF) revealed different subcellular localizations of 

PADI4 depending on the cancer cell line. In the Westen Blot (WB) we observed different 

patterns of protein, revealing the possibility that PADI4 might experience alternative splicing. 

These findings shed light on the functional role of PADI4 in cancer development.  

In Chapter 5, we performed WB to identify the expression of PADI4 in GBM cell lines. 

Additionally, we investigated if GSK484, a well-known PADI4 inhibitor, could have an effect on 

GBM and PDAC cell proliferation. Finally, we tested if GSK484 loaded into small EVs had a 

higher effect on cell proliferation than the administration of the drug alone. Our results indicated 

that PADI4 expression was different among several cancer cell lines. Besides, GSK484 

effectively decreases the proliferation of GBM and PDAC cell lines when it was loaded into 

small EVs, with a minimum concentration of the drug. 

In Chapter 6, we analyzed the interaction between NUPR1 and PADI4 in GBM cell lines. In 

vitro and in cellulo experiments revealed a strong binding affinity between NUPR1 and PADI4 

in the nucleus, suggesting that the NUPR1/PADI4 complex may be essential in DNA repair, 

metastasis promotion, or citrullination of other proteins. These results highlight the importance 

of their interaction and their role as a potential target for cancer therapy. 

Finally, in Chapter 7, we identified the interaction between PADI4 and MDM2. In this work, the 

PADI4/MDM2 complex was found in the nucleus and cytoplasm of different cancer cell lines. 

Additionally, we found that their treatment with GSK484 impeded the nuclear binding of these 

two proteins, suggesting that MDM2 binds to the active site of PADI4. The interaction between 

MDM2 and PADI4 may lead to MDM2 citrullination, which could be a therapeutic target for 

cancer treatment. 

This Thesis revealed the potential use of small EVs derived from hard-to-treat cancer cells as 

a novel therapeutic approach for the treatment of GBM and PDAC. By loading these EVs with 

therapeutic drugs, such as TMZ, EPZ015666, and GSK484, we enhanced the drug delivery 

efficiency, which could reduce the side effects associated with conventional therapies. 

Furthermore, we explored the role of PADI4 in GBM and PDAC. By elucidating the interactions 

between PADI4 and its partners, we uncovered potential mechanisms involved in cancer 

progression and identified new avenues for targeted therapies. This work settles the basis of 
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future personalized medical approaches and provides valuable insights into EVs biology to 

develop innovative strategies for the treatment of GBM and PDAC based on them as drug 

delivery systems. 
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RESUMEN 

Los cánceres difíciles de tratar, como el glioblastoma (GBM) y el adenocarcinoma ductal 

pancreático (PDAC), se caracterizan por su agresividad y su resistencia a las terapias 

convencionales. A pesar del tratamiento estándar, que incluye la resección del tumor seguida 

de quimioterapia y radioterapia, los pacientes tienen un mal pronóstico. Por lo tanto, es 

necesario desarrollar nuevos enfoques terapéuticos. En este sentido, el uso de vesículas 

extracelulares pequeñas como sistemas de administración se ha convertido en una 

herramienta prometedora para el tratamiento del cáncer. Este sistema puede administrar 

fármacos anticancerígenos directamente a las células tumorales, mejorando la eficacia del 

tratamiento. En este trabajo, utilizamos pequeñas vesículas extracelulares cargadas con 

fármacos para inverstigar su especificidad sobre sus células progenitoras y, si son adecuadas 

para el tratamiento del cáncer. Además, estudiamos el interactoma de PADI4 y su capacidad 

de citrulinación, su relación con la progresión del cáncer y su papel como diana para la terapia 

del cáncer. La presente tesis doctoral, se estructura como un compendio de seis artículos 

publicados en revistas de alto impacto (Q1) que se corresponden con cada capítulo y, un 

capítulo de datos pendientes de publicación. 

En el Capítulo 1, analizamos cómo las EVs desempeñan un papel crucial en la comunicación 

intercelular y han surgido como posibles biomarcadores y herramientas terapéuticas, 

especialmente en el cáncer. Además, revisamos la importancia de las EVs como 

biomarcadores en varios tipos de cáncer. Exploramos igualmente el desarrollo de EVs 

quiméricas que pueden conjugarse con nanopartículas, biomoléculas y fármacos contra el 

cáncer, mostrando su potencial para la terapia dirigida del cáncer. La revisión también ofrece 

una visión general de los ensayos clínicos en curso que utilizan EVs para mejorar el pronóstico 

de diferentes tipos de cáncer, haciendo hincapié en el potencial de las terapias basadas en 

EV para combatir estas enfermedades difíciles de tratar. 

En el Capítulo 2, realizamos el aislamiento y la caracterización de EVs derivadas de líneas 

celulares de pacientes con GBM. Cargamos estas EVs con los fármacos temozolomida (TMZ) 

y EPZ015666 y observamos que una cantidad mínima del fármaco es suficiente para afectar 

a las células tumorales cuando se carga en EVs. Además, las EVs derivadas de GBM 

cargadas con los fármacos mostraron potencial para inducir un efecto antiproliferativo en 

células de cáncer de páncreas. Estos resultados apoyan el uso de EVs derivadas de GBM 

como una prometedora herramienta de administración de fármacos para el desarrollo 

preclínico y clínico de tratamientos contra el GBM. 

En el Capítulo 3, aislamos y caracterizamos EVs derivadas de una línea celular de PDAC 

denominada RWP-1. Cargamos estas EVs con dos fármacos quimioterapéuticos, TMZ y 
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EPZ015666 mediante el método de incubación directa, que demostró ser el método de carga 

más eficaz, requiriendo una dosis mínima de fármaco para afectar a las células tumorales. El 

efecto antiproliferativo se probó en diferentes líneas celulares de cáncer, revelando una mayor 

eficacia de RWP-1 small EVsTMZ en comparación con RWP-1 small EVsEPZ015666. Estos 

resultados ponen de manifiesto el potencial de las EVs derivadas de RWP-1 como un sistema 

prometedor de administración de fármacos para el tratamiento del PDAC. 

En el Capítulo 4, identificamos la expresión y localización de PADI4, una proteína dependiente 

de Ca2+ implicada en la conversión de arginina en citrulina, en varias líneas celulares de 

cáncer, incluyendo GBM (GB-39), y cáncer de páncreas (RWP-1). Además, estudiamos su 

relación con p53. La caracterización mediante inmunofluorescencia (IF) reveló diferentes 

localizaciones subcelulares de PADI4 en función de la línea celular. En el Westen Blot (WB) 

observamos diferentes patrones de la proteína, revelando la posibilidad de que PADI4 pudiera 

experimentar splicing alternativo. Estos hallazgos arrojan luz sobre el papel funcional de 

PADI4 en el desarrollo del cáncer. 

En el Capítulo 5, identificamos la expresión de PADI4 en líneas celulares de GBM mediante 

WB. Además, investigamos si GSK484, un conocido inhibidor de PADI4, podría tener un 

efecto sobre la proliferación de células de GBM y PDAC. Por último, probamos si GSK484 

cargado en EVs tenía un mayor efecto sobre la proliferación celular que la administración del 

fármaco solo. Nuestros resultados indicaron que la expresión de PADI4 era diferente entre 

varias líneas celulares cancerosas. Además, GSK484 disminuyó eficazmente la proliferación 

de las líneas celulares de GBM y PDAC cuando se cargó en EVs, con una concentración 

mínima del fármaco. 

En el Capítulo 6, analizamos la interacción entre NUPR1 y PADI4 en líneas celulares de GBM. 

Los experimentos in vitro e in cellulo revelaron una fuerte afinidad de unión entre NUPR1 y 

PADI4 en el núcleo, lo que sugiere que el complejo NUPR1/PADI4 puede ser esencial en la 

reparación del ADN, la promoción de metástasis o la citrulinación de otras proteínas. Estos 

resultados ponen de manifiesto la importancia de su interacción y su papel como posible diana 

para la terapia del cáncer. 

Por último, en el Capítulo 7, identificamos la interacción entre PADI4 y MDM2. En este trabajo, 

el complejo PADI4/MDM2 se encontró en el núcleo y en el citoplasma de diferentes líneas 

celulares de cáncer. Además, el tratamiento con GSK484 impidió la unión de estas dos 

proteínas, lo que sugiere que MDM2 se une al sitio activo de PADI4. La interacción entre 

MDM2 y PADI4 puede conducir a la citrulinación de MDM2, que podría ser una diana 

terapéutica para el tratamiento del cáncer. 
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Esta tesis ha expuesto el uso potencial de las EVs derivadas de células cancerosas de 

tumores difíciles de tratar como un nuevo enfoque terapéutico para el tratamiento de GBM y 

PDAC. Al cargar estas EVs con fármacos terapéuticos, como TMZ, EPZ015666 y GSK484, 

mejoramos la eficiencia de administración del fármaco, lo que podría reducir los efectos 

secundarios asociados a las terapias convencionales. Además, exploramos el papel de PADI4 

en GBM y PDAC. Al dilucidar las interacciones entre PADI4 y otras proteínas, descubrimos 

posibles mecanismos implicados en la progresión del cáncer e identificamos nuevas vías para 

el desarrollo de terapias dirigidas. Este trabajo sienta las bases de futuros enfoques médicos 

personalizados y proporciona información valiosa sobre la biología de las EVs para desarrollar 

estrategias innovadoras en el tratamiento de GBM y PDAC basadas en estas como sistemas 

de administración de fármacos. 
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1. Introduction 

1.1 Cancer  

1.1.1 Definition and Epidemiology  
A malignant neoplasm or cancer is described by Willis (1960) as “an abnormal mass of tissue, 

the growth of which exceeds and is uncoordinated with that of the surrounding normal tissues, 

and persists in the same excessive manner after cessation of the stimuli which caused the 

change” [1]. The term "cancer" refers to a collection of diseases that develop when the body's 

aberrant cells multiply and spread out of control, frequently producing tumors or invading other 

tissues. These cells can also metastasize, or spread to other parts of the body via the 

bloodstream or lymphatic system, causing further damage and potentially life-threatening 

complications [2]. Cancer can affect any part of the body and may be caused by a variety of 

factors, including genetic mutations, environmental exposures, and lifestyle choices. In 2011, 

Hanahan, D., & Weinberg published the hallmarks of cancer that include, autonomous cell 

proliferation, insensitivity to antiproliferative signals, evasion of destruction by the immune 

system, stimulation of inflammation, resistance to cell death, replicative immortality, induction 

of angiogenesis, activation of tissue invasion and metastasis, reprogramming of energy 

metabolism, and genomic instability and mutation (Figure 1) [3]. These common characteristics 

of cancer disease make it a severe pathology that encourages the development of novel anti-

cancer treatments.  

 

Figure 1. Hallmarks of cancer. Adapted from Hanahan, D., & Weinberg (2011) [3]. 
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In general, the different types of cancers are named by the organ where they originated. 

According to the National Institutes of Health (NIH), the types of cancer are: carcinoma, 

neoplasm of epithelial origin, 80-90 % of cancer cases; sarcoma, malignant tumor originating 

in connective tissues, including bones, cartilage, fat, muscles, tendons, and bones; myeloma, 

starts in the bone marrow's plasma cells; leukemia or “blood cancers” also originated in the 

bone marrow and correlated with an overproduction of immature white blood cells; and 

lymphoma, grows in the lymphatic system's glands or nodes [4]. 

In 2021, Sung et al. resumed the GLOBOCAN statistics which estimated 19.3 million new 

cancer cases and almost 10.0 million cancer deaths. With an expected 2.3 million new cases 

(11.7 %), female breast cancer has surpassed lung cancer as the most often diagnosed 

malignancy. Lung (11.4 %), colorectal (10.0 %), prostate (7.3 %), and stomach (5.6 %) cancers 

are next in line (Figure 2A). With an expected 1.8 million deaths (18 %), lung cancer remained 

the most common type of cancer death. It was followed by colorectal (9.4 %), liver (8.3 %), 

stomach (7.7 %), and female breast (6.9 %) cancers (Figure 2B) [5]. 

 

 
Figure 2. Epidemiology of cancer in the World. (A) New cases reported. (B) Mortality rate. Source 

GLOBOCAN (2020) [6]. 

 
In Spain, colorectal cancer (14.3 %) was the most common cancer, followed by prostate (12.3 

%), breast (12.1 %), lung (10.3 %), bladder (6.6 %), kidney (3 %), and pancreatic (2.9 %) 

cancer (Figure 3A). Besides, the type of cancer causing the highest rate of death was lung 

cancer (18 %), followed by colorectal (14.6 %), pancreas (6.7 %), breast (5.8 %), prostate (5.1 

%), liver and bladder (4.9 %), stomach (4.7 %), leukemia (3.3 %) and brain and central nervous 

system (CNS) cancers (2.9 %) (Figure 3B). It is important to mention that despite the fact that 

brain and CNS cancers appear within the statistics of mortality rate, they are not in the graph 

of new cases reported, and this is because they are considered in the “other cancers” category.  
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Figure 3. Epidemiology of cancer in Spain. (A) New cases reported. (B) Mortality rate. Source 

GLOBOCAN (2020) [6]. 

1.1.2 Hard-to-treat cancers  
The term "hard-to-treat cancers" is not a formal scientific term, but sometimes is used by 

researchers to refer to cancers that are particularly challenging to manage or treat due to their 

resistance to standard therapies or other unique characteristics. However, it is important to 

note that different cancer types can have diverse characteristics and responses to treatments, 

so the term "hard-to-treat" can be somewhat subjective and variable depending on the specific 

cancer type and patient population. 

The most common types of cancer that are englobed under this term are pancreatic ductal 

adenocarcinoma (PDAC) and glioblastoma (GBM). Additionally, malignant pleural 

mesothelioma, gallbladder, oesophagus, liver and bile ducts, lung and bronchus, colorectal, 

and gastric cancer are also been included. All these cancer types are very resistant to therapy, 

have aggressive growth, and show late-stage diagnoses. These cancers often have a poor 

prognosis and require more intensive or specialized treatments than other types of cancer [7–

9]. As it is mentioned in Table 1, the 5-year survival rate for GBM is 5.7 %, and for PDAC 10.9 

%, having GBM the worst rate. Besides, over the years, there hasn't been much improvement 

in the survival rate. 

 

Table 1. The hard-to-treat cancers survival rate 

 
Source https://seer.cancer.gov/  

Cancer type 5-year survival rate (2017) 
%

Average absolute change 
(2006-2017)

Glioblastoma 5.7 0.1
Pancreatic 10.9 0.6

Pleural mesothelioma 11.5 0.3
Gallbladder 19.4 0.4

Oesophagus 19.9 0.4
Liver and bile ducts 20.3 0.7
Lung and bronchus 21.7 0.5
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In addition to the features mentioned above, it is important to point out that surgical resection 

of GBM is difficult because of its ill-defined borders and the blood-brain barrier prevents drugs 

from reaching the tumor. Their fibrous outer layers make difficult the pass/penetration of the 

drugs in pancreatic and mesothelioma cancers.  

 

The term "hard-to-treat cancers" is going to be used throughout this work to refer to GBM and 

PDAC types and the unique difficulties associated with their treatment. This thesis also 

discusses new as well as potential therapeutic approaches for these challenging cancers. 

1.2 Glioblastoma  

1.2.1 Epidemiology  
GBM is the most aggressive cancer of brain origin, representing 14.5 % of all malignancies in 

the CNS [10]. According to GLOBOCAN, 308 102 new cases of brain and CNS cancers were 

diagnosed and 251 329 deaths occurred in 2020 (Figure 4), being only 15 months the median 

overall survival for GBM patients [11], which is probably attributed to late diagnosis and 

treatment limitations. 
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Figure 4. Number of worldwide cases of different types of cancer. (A) Number of new cases in 2020 

regarding both sexes and all age ranges. (B) Number of deaths in 2020 regarding both sexes and all 

range ages. The yellow bar highlights the brain and central nervous system, and the purple bar highlights 

the pancreas data. Source GLOBOCAN (2020) [6]. 

 

According to the World Health Organization (WHO), GBM corresponds to isocitrate 

dehydrogenase (IDH)-wildtype grade 4 and is mainly present in adults [12]. The 2021 new 

classification WHO of gliomas, represented in Figure 5, includes the key proteins and genes 

that are analyzed for diagnostic CNS alterations using molecular diagnostics. 
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Figure 5. Gliomas classification from WHO 2021 [12]. 

 

The genetic characteristics that are analyzed for GBM diagnosis and required for its integration 

in CNS tumor classification are IDH-wildtype, telomerase reverse transcriptase (TERT) 

promoter mutation, +7/−10 chromosome copy number changes, and epidermal growth factor 

receptor (EGFR) gene amplification [12]. Additionally, to these criteria, histopathological 

grading, microvascular proliferation or necrosis, and any one of the five conditions previously 

described must be included in order to classify an IDH-wildtype diffuse astrocytic glioma as 

GBM [13,14]. GBM can be also divided into four subtypes based on their molecular signatures: 

proneural (PN), neural (NL), classical (CL), and mesenchymal (ME) [15]. 

1.2.2 Anatomy of the brain and GBM 
The CNS is composed of the brain and spinal cord. The brain is the most complex organ in the 

human body. This organ controls all body functions, being the center of intelligence, the 

translator of the senses, the starter of bodily motion, and the behavior controller. The brain 

consists of three main parts: the cerebrum, cerebellum, and brainstem. In humans, the 

cerebrum is divided into four sections called lobes, that control specific functions: frontal lobe, 

parietal lobe, temporal lobe, and occipital lobe (Figure 6A). 

The majority of GBMs spread into the subventricular zone (SVZ) surrounding the white matter 

of the brain (Figure 6B). Recently, the presence of certain biomarkers such as O6-

methylguanine-DNA methyltransferase (MGMT), phosphatase and tensin homolog (PTEN), 
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isocitrate dehydrogenase 1 (IDH1), and EGFR, has been correlated with tumor localization. 

Therefore, in young patients, it has been shown that tumors with MGMT promoter methylation 

occur in the left temporal lobe, and tumors with PTEN loss occur most frequently in the frontal 

lobe. The left frontal lobe is where most tumors with MGMT methylation and IDH1 mutation 

were found. In the left temporal lobe, most of the tumors with amplified EGFR and EGFR 

variant 3 were located. A positive response to radiotherapy and improved survival were 

correlated to the left temporal lobe. In Figure 6B, the representation of the stratification of GBM 

tumor location by age shows a high incidence in the frontal lobe in younger patients (a) in 

contrast to the high incidence in more posterior regions in older patients (b) [16]. 

 
Figure 6. Anatomy of the brain and GBM localization. (A) Anatomy of the brain and localization of 

prevalent biomarkers. Adapted from Johns Hopkins Medicine (2023) [17]. (B) GBM location by patient 

age. MGMT, O6-methylguanine-DNA methyltransferase; PTEN, phosphatase and tensin homolog; 

IDH1, isocitrate dehydrogenase 1; EFGR, epidermal growth factor receptor; SVZ, subventricular zone. 

Source Ellingson et al. (2013) [16]. 
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1.2.3 Risk factors 
The most commonly affected population by GBM is older adults over 50 years old. Familial 

gliomas are reported in only 5 % of the cases while the majority of cases occur in people who 

have no family history of the disease [18,19]. Retinoblastoma protein activity and cancer stem 

cell function variations are related to the higher incidence of GBM in men [20]. Although gender 

does not influence the incidence of IDH1 mutation in GBM, several studies indicated that in 

men with GBM, the TERT promoter mutation was increased [21–23]. As mentioned before, 

age is a risk factor, and it is related to IDH mutation. Young GBM patients (18 to 45) have IDH1 

mutations more frequently than older patients (age ≥ 70), and p53 mutation is more frequent 

in older patients [24]. In addition, obesity is associated as a risk factor for many cancers, 

including endometrial, kidney, and esophageal cancer [25]. It has been established that having 

an abnormally high body mass index (BMI) at the age of 18, increases the incidence of 

developing GBM later in life [26]. A BMI > 30 increased the incidence of GBM, each extra 

kilogram of weight in the overweight raised the chance of glioma by 4 % [27]. Besides, several 

studies demonstrate that the incidence of GBM is correlated with growth, one of the studies 

revealed that for every 5 cm of height additional in men, the risk of GBM increased by 8 %, but 

only by 4 % in women [28]. 

1.2.4 GBM biomarkers  
The most significant molecular biomarkers related to GBM are platelet-derived growth factor 

receptor A (PDGFRA) amplification, IDH mutation, MGMT promoter methylation, EGFR, 

neurofibromin 1 (NF1) mutation, vascular endothelial growth factor (VEGF), murine double 

minute 2 homolog (MDM2) amplification, TERT promoter mutation, p53 mutation, and PTEN 

mutation, among others [29–31]. The main objective of the study of these biomarkers is to 

identify potential strategies for tumor growth prevention and disease treatment. The most 

representative GBM biomarkers are described in Table 2. 
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Table 2. GBM biomarkers and functional significance 

 
Adapted from Jadoon et al. (2022) [37]. 

Biomarker Source and Importance Functional Significance

IDH Source: tissue biopsy
Diagnostic and prognostic 

biomarker

IDH modifications produce oncometabolite, 2-
hydroxyglutarate (2-HG), leading to DNA 

hypermethylation. Consequently, tumorigenesis occurs.

EGFR Source: tissue biopsy
Diagnostic and prognostic 

biomarker

GBM tumor cells are altered by EGFR overexpression 
and mutation via the RTK/RAS/PI3K, SOX9, or FOXG1 

pathways.

p53 Source: tissue biopsy
Prognostic biomarker

Promote tumorigenesis by controlling isoprenoid or 
mevalonate pathways.

Inactivated and degraded by MDM2.

MGMT Source: biopsy by taking 
sample of non-necrotic 

GBM tissue.
Prognostic and predictive 

biomarker

In comparison to nonmethylated MGMT promoter, 
methylated MGMT promoter provides better prognostic 
outcomes when combined with therapy (chemotherapy 

with TMZ and radiotherapy).

Loss of 10q Source: tissue biopsy
Prognostic biomarker

It leads to the deletion of tumor suppressor genes such 
as p53, NF1, and PTEN.

Circulating 
tumor cells

Source: body fluids such 
as blood

Prognostic biomarker

It facilitates the distinction of the GBM molecular 
subtypes.

PDGFRA Source: tissue biopsy
Prognostic biomarker

GBM treatment is supported by an increase and 
modification of PDGFRA. Also facilitates the distinction 

of the GBM molecular subtypes.

NF1 Source: tissue biopsy
Diagnostic biomarker

GBM mesenchymal subtype contained the most frequent 
number of mutations in NF1 [32].

VEGF Source: blood
Potentially prognostic 

biomarker

Potential indicator of therapy response for anti-
angiogenetics [33].

MDM2 Source: tissue biopsy
Potentially prognostic 

biomarker

Amplification and overexpression of MDM2 may be an 
alternative molecular mechanism by which a subset of 
human malignant gliomas escapes from p53-regulated 

growth control [34].

TERT Source: blood
Diagnostic and prognostic 

biomarker

Mutations in the TERT promoter have been associated 
with decreased overall survival [35].

PTEN Source: tissue biopsy and 
plasma.

Prognostic biomarker

PTEN loss or inactivity has been associated with the 
resistance of GBM to targeted EGFR inhibitors, and it is 

considered to be the main oncogenic factor causing 
GBM [36].
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1.2.5 GBM treatment 
The standard therapeutic approach for GBM patients is tumor resection followed by 

radiotherapy and coadjuvant chemotherapy with TMZ (3,4-dihydro-3-methyl-4-oxoimidazo-

[5,1-d]-astetrazine-8-carboxamide), usually known as Stupp protocol [38,39]. TMZ is a DNA 

alkylating compound that acts on the methylation of guanine and adenine bases, breaking 

double-stranded DNA, inducing cell cycle arrest and apoptosis [40]. TMZ treatment has some 

limitations such as a short half-life, the need of high doses to reach therapeutic levels, and a 

significant number of side effects like headache, fatigue, loss of appetite, opportunistic 

infections, thrombocytopenia, moderate to severe lymphopenia, and abnormal low levels of 

white blood cells [41–44]. Furthermore, only 20 % of TMZ administered systemically reaches 

the brain [45]. 

Due to the disadvantages of TMZ against new therapeutic targets, other novel compounds had 

been studied for cancer treatment. Recently, an arginine methyltransferase-5 (PRMT5) 

inhibitor has been identified as a potential target in cancer therapy. It catalyzes the transfer of 

two methyl groups to arginine residues, modulating the biological function of target proteins 

and, maintaining homeostasis in both healthy and cancer cells [46,47]. Since PRMT5 is 

overexpressed in GBM and other malignancies [48], and this overexpression has been 

correlated with poor patient prognosis [47], we have studied a specific inhibitor (EPZ015666) 

in this work. EPZ015666 competes with the substrate-binding pocket of the PRMT5 peptide to 

prevent its interaction and posterior methylation, therefore it acts as a PRMT5 inhibitor [49]. 

GBM tumor microenvironment (TME) is composed of normal non-cancerous cells such as 

immune cells, astrocytes, endothelial cells, glioma stem-like cells, and other non-cellular 

components like the extracellular matrix [52]. The complexity of this TME, together with the 

recurrence of the tumor, its capacity to be resistant to chemotherapy, and the difficulty to reach 

the tumor zone, leads to the development of new therapeutic approaches to improve GBM 

treatment. In this sense, several biomaterials such as hydrogels, nanoparticles, microfibers, 

flexible patches, liposomes, and, small extracellular vesicles (EVs), had also been proposed 

to enhance the delivery of drugs for GBM therapy (Figure 7) [50]. Small EVs had been 

proposed not only as a biomarker but also as a drug delivery vehicle for GBM treatment [51]. 

In this work, we focus on small EVs as a drug delivery system for hard-to-treat cancer therapy. 
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Figure 7. New treatment approaches for GBM. Biomaterials such as hydrogels, nanoparticles, 

microfibers, flexible patches, liposomes, and, small EVs can enhance the delivery of drugs for GBM 

treatment in the TME. GBM, Glioblastoma. Adapted from Aguilera-Márquez et al. (2022) and Simon et 

al. (2020) [50,51]. 
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1.3 Pancreatic cancer 

1.3.1 Epidemiology  
The most frequent and aggressive type of cancer in the pancreas is PDAC, which constitutes 

more than 90 % of all pancreatic tumors. This type of cancer, which develops in the exocrine 

compartment, is highly aggressive and lethal [53], with a 5-year survival rate of less than 10 % 

of the cases. By 2025, it is expected to become the third cause of cancer-associated mortality. 

People over the age of 70 have the highest incidence of pancreatic cancer [5]. 

According to GLOBOCAN, in 2020, 495 773 new cases of pancreatic cancer were diagnosed 

and 466 003 deaths occurred (Figure 4). The incidence is higher in men than in women and 

represents the seventh leading cause of cancer death in both sexes. Europe, North America, 

and Australia/New Zealand have the biggest incidence rates of this cancer [5]. 

Pancreatic cancer can be divided into two groups according to the pancreatic component that 

is affected, exocrine pancreatic cancer and neuroendocrine pancreatic cancer. Exocrine 

pancreatic cancer is divided into ductal adenocarcinoma, squamous cell carcinoma, 

adenosquamous carcinoma, and colloid carcinoma. According to the WHO Classification of 

Tumors of the Digestive System (2019), it can be also classified as represented in Figure 8 

[54]. 

 
Figure 8. Pancreatic cancer classification from WHO (2019) [54] 
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1.3.2 Anatomy of the pancreas and PDAC 
The pancreas is a long, tapering organ that lies across the back of the stomach. It is divided 

into four parts: head, neck, body, and tail (Figure 9A), and has two types of glands, exocrine 

and endocrine. The exocrine pancreas secretes digestive enzymes into the ducts that join the 

main pancreatic duct. The endocrine pancreatic system is formed by the islets of Langerhans, 

which produce hormones that are released into the bloodstream [55]. 

 
Figure 9. Pancreas and PDAC biology. (A). Pancreas anatomy and PDAC localization. Adapted from 

Johns Hopkins Medicine (2023) [56]. (B) PDAC microenvironment. Source Truong et al. (2021) [57]. 

Treg, regulatory T cell; Teff, effector T cell; PaSC, pancreatic stellate cells; PDAC, pancreatic ductal 

adenocarcinoma; EMC; extracellular matrix; myCAF, myofibroblastic cancer-associated fibroblast; 

iCAF, inflammatory cancer-associated fibroblast. 
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The development of PDAC begins when ductal or acinar cells go through metaplasia, 

dysplasia, and atypia after a driver mutation, often KRAS (95 %), is acquired. The development 

of further mutations such as p53 (60–70 %), CDKN2 (30–50 %), SMAD4 (20–50 %); BRCA 1–

2 (4–7 %), ATM (2.3 %) and BRAF (1.4-3 %) leads to the expansion of invasive carcinoma and 

eventual metastasis, a process that could take up to 20 years [58]. There are several lesions 

that can develop into PDAC through the acquisition of additional mutations, including 

pancreatic intraepithelial neoplasia (PanIN), mucinous cystic neoplasm (MCN), and intraductal 

papillary mucinous neoplasm (IPMN). IPMNs are more frequently seen in the head of the 

pancreas and typically affect older men; MCNs are more commonly found in the body and tail 

of the pancreas, and frequently affect middle-aged women [59]. 

PDAC tumors are often localized in the head of the pancreas (60-70 %), and the most common 

symptoms are jaundice, cholangitis, and steatorrhoea. In the body and tail, the percentage is 

lower with 15 % of the cases, the most common symptoms are epigastric and back pain (Figure 

9A). The prognosis of patients with body and tail PDAC is worse than for patients with head 

PDAC tumors [59,60]. 

As mentioned before, PDAC is a highly heterogeneous disease and its TME is composed of a 

variety of cells. The mutation/gene expression profiles of the tumor cells themselves vary, 

affecting the fibroblasts and immune cells in the surrounding tissue. In turn, the TME elements 

are involved in pro-tumor support interactions with tumor cells and their surrounding cells. The 

primary interactions in PDAC are (i) activation of cancer-associated fibroblasts (CAFs), (ii) 

metabolic reprogramming, (iii) immunological change, and (iv) metastasis-initiating events in 

the early stages of tumor development (Figure 9B) [57]. 

1.3.3 Risk factors 
The evidence for risk factors for PDAC is weak and insufficient to explain its occurrence, 

therefore in about only 40 % of cases is possible to identify risk factors [61]. The main non-

hereditary risk factors for pancreatic cancer are smoking, alcohol abuse, chronic pancreatitis, 

age (higher incidence in the range of 60-80 years old), obesity, and diabetes mellitus (being 

responsible for the development of approximately 30 % of the cases). On the other hand, 

several syndromes constitute hereditary risk factors: HBOC (hereditary breast and ovarian 

cancer syndrome), HNPCC (hereditary non-polyposic colorectal cancer or Lynch syndrome), 

FAP (familial adenomatous polyposis), PJS (Peutz–Jeghers syndrome), FAMMM (familial 

atypical multiple mole melanoma syndrome), hereditary pancreatitis and cystic fibrosis [61,62]. 

Besides, a diet too rich in animal fatty acids and carbohydrates raises the risk of PDAC 

development [63]. 

PDAC can be considered to be familial in approximately 10 % of the cases if two or more first-

degree relatives have previously been diagnosed with the disease. Only a small percentage 
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(20 %) of familial PDAC cases have been connected to a known genetic syndrome or gene 

mutation [64]. Hereditary syndromes associated with familial pancreatic cancer include 

FAMMM related to the CDKN2A gene, hereditary breast, and ovarian cancer associated with 

BRCA1/BRCA2 (5 %), PJS with STK11 gene, PRSS1 gene of hereditary pancreatitis and 

HNPCC with MMR gene [65,66]. 

1.3.4 PDAC treatment 
The standard therapeutic approach for PDAC patients is tumor resection (Whipple procedure) 

and adjuvant chemotherapy with Gemcitabine (Gem), however, the patient's health gets worse 

because of delayed diagnosis and a poor therapy response [67]. 

There are few chemotherapeutic choices available following tumor resection, especially in 

advanced stages, and only a small percentage of PDAC patients who have surgery can benefit 

from adjuvant chemotherapy. Gem is the first option treatment, then other drugs such as 5- 

fluorouracil with a median survival improvement of only a few weeks [68], or the combination 

of drugs such as leucovorin, irinotecan, oxaliplatin, and fluorouracil (FOLFIRINOX), also shows 

low efficacy in clinical trials [69–72]. Despite adjuvant therapy, recurrence rates are still high, 

with 69 to 75% of patients experiencing a relapse within two years [72]. 

As mentioned before, TMZ is a good alternative for treating a great number of solid tumors, 

including gliomas, GBMs, neuroendocrine tumors, melanoma, and sarcomas [73–80]. 

Nevertheless, due to its high cytotoxicity and minimal impact on patients, TMZ has not been 

considered a standard of care when used in a phase II study for advanced untreated pancreatic 

cancer [80]. On the other hand, the PRMT5 inhibitor EPZ01666 has been widely utilized to 

treat many cancers [49,81] and has been proved to control the splicing of detained introns in 

proliferation-associated genes in GBM [82]. Recent studies have revealed that in pancreatic 

cancer, PRMT5 is also a promising target whose inhibition sensitizes PDAC cells to Gem [83]. 

The limitations of PDAC therapy highlight the need for search of new therapeutic approaches 

that include, either more effective medicines, or more efficient drug delivery systems to reduce 

side effects. In order to improve the efficiency of chemotherapy and therefore the patient's 

condition, this work has investigated the improvement of drug therapy based on the use of 

small EVs and non-standard drugs. 

1.4 Small Extracellular Vesicles  

1.4.1 Definition and Types of small EVs 
In 1946, Chargaff and West reported for the first time a “particulate fraction”, which was 

sedimented at 31 000 x g and had high clotting potential like a ‘thromboplastic protein’ [84]. 

However the first description of the presence of vesicles surrounding cells in mammalian 
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tissues or fluids was observed in the late 1960s [85,86]. Since then, several groups reported 

the presence of vesicles first as “waste disposal” and then referred to them in cell-to-cell 

communication [87]. However, it was only in 2011 that the term “extracellular vesicles” (EVs) 

was suggested as a general term to describe all extracellular structures enclosed by lipid 

bilayers, coinciding with the establishment of the International Society for Extracellular Vesicles 

(ISEV) in the same year [88] (Figure 10A). 

 
Figure 10. Timeline and physical features of the different EV subtypes. (A) Timeline of the more 

representative events in the EV field. Adapted from Couch et al. (2021) [87]. (B) Microvesicles, 

ectosomes, or microparticles have diameters between 100 - 1000 nm. Apoptotic bodies have a diameter 

of 100 - 5000 nm, overlapping with exosomes that have a size ranging from 30 to 150 nm. Exomeres 

are the smallest with 30 to 50 nm. EVs, extracellular vesicles. Adapted from Mathieu et al. (2019) [89]. 

 
EVs are mainly classified as exosomes (30–150 nm), microvesicles, ectosomes, or 

microparticles (MVs, 50–1000 nm), and apoptotic bodies (1–5 μm) (Figure 10B) [89]. The term 
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“exosome” was first used by Johnstone et al. (1987), to describe that during reticulocyte 

maturation, the transferrin receptor was lost via the release of vesicles (exosomes) [90]. 

Nowadays, exosomes are defined as nanovesicles secreted by different cell types into the 

extracellular medium and formed in the endocytic compartments, the so-called multivesicular 

bodies (MVBs), during endosome maturation by inward budding of their membrane [91]. 

Nevertheless, the consensus recommendation of MISEV 2018 is that "exosomes" and other 

particles naturally released from the cell that is delimited by a lipid bilayer and cannot replicate, 

must be referred to as "small extracellular vesicles" because to date it is not possible to 

separate the smallest fraction of vesicles, and there is no consensus on specific markers for 

EV subtypes [92].  

MISEV 2018 also provides the parameters for small EVs characterization, these may include 

two different but complementary techniques such as electron or atomic force microscopy and 

single particle analyzers (not electron microscope-based) [92]. The widely used techniques 

are Western blot (WB) to identify membrane proteins; Dynamic Light Scattering (DLS) or 

Nanoparticle Tracking Analysis (NTA), to measure small EV diameter; Field Emission 

Scanning Electron Microscope (FESEM) or Transmission Electron Microscope (TEM), to 

visualize its integrity, shape, and aggregation [93–96].  

1.4.2 Biogenesis and secretion  
The small EVs biogenesis is probably directly related to their physiological function and/or to 

the physiopathological state of the parent cell [89]. This biogenesis consists of four steps: cargo 

sorting to MVBs, MVB formation, transport of MVBs, and MVB-plasma membrane fusion. The 

MVBs formation is key in small EVs biogenesis, especially the intraluminal vesicles (ILVs) 

generation and the membrane budding [97,98]. Several mechanisms were proposed for ILVs 

generation, but the general mechanisms consist of the endosomal sorting complex required 

for transport (ESCRT)-dependent and ESCRT-independent pathways (Figure 11) [98]. 

The ESCRT-dependent pathway involves the generation of ILVs through the action of the 

ESCRT complexes (ESCRT-0, -I, -II, -III) [99]. These complexes mediate the inward budding 

of the endosomal membrane, leading to the formation of ILVs within MVBs, which are 

eventually released as small EVs upon the fusion of MVBs with the plasma membrane [100]. 

In the ESCRT-independent pathway, the tetraspanins and lipids play a crucial role. Small EVs 

are often enriched with cholesterol, sphingolipids, phosphatidylserine, and ceramide, a 

composition similar to that of lipid rafts of the membrane. Additionally, some small EVs proteins 

like flotillins, caveolins, and tetraspanins, are also components of the lipid rafts [101,102]. 

These lipid rafts have some functions in protein sorting, membrane curvature, and vesicle 

budding, so there is evidence that are related to small EVs formation and release [98].  
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Figure 11. Small EVs biogenesis. The formation of ILVs of MVBs, and therefore small EVs, involves 

multiple pathways. Tetraspanins, ESCRT components, and lipids have all been identified; however, it is 

unknown if they can all act on the same MVB at the same time or whether some of them act in distinct 

MVBs. ILVs, intraluminal vesicles; MVBs, multivesicular bodies; ESCRT, endosomal sorting complex 

required for transport; PM, plasma membrane; EVs, extracellular vesicles. Adapted from Colombo et al. 

(2014) [103]. 

1.4.3 Small EVs cargo and function  
Small EVs composition and cargo are directly related to their parental cell. They are 

surrounded by a phospholipid bilayer and contain messenger RNA (mRNA), microRNA 

(miRNA), long non-coding RNA (lncRNA), DNA fragments, and metabolites from their parental 

cells in addition to proteins, and lipids (Figure 12) [104–106]. The ExoCarta exosome database 

(http://www.exocarta.org/) currently contains 9 769 proteins, 3 408 mRNAs, 2 838 miRNAs, 

and 1 116 lipids that have been discovered in small EVs from different cell types and 

organisms.  

Although small EVs contain a variety of proteins, Alix, TSG101 (involved in small EVs 

biogenesis from endosomes), RAB, other small GTPase families, flotillins, annexins, CD9, 

CD63, and CD81 are the most frequently employed proteins in small EVs characterization 

[107]. Tetraspanins (CD9, CD37, CD82, CD81, and CD63) are the most numerous small EVs 

components and are primarily responsible for recipient cell motility control, invasion, adhesion, 

and fusion. They are mainly present on the membrane surface and are often used as EV 

biomarkers [108,109]. CD63 and CD81 are considered classical markers in small EVs.  

Small EVs also are enriched with large amounts of mRNAs, miRNAs, mitochondrial DNA, 

piRNAs, lncRNAs, ribosomal RNAs, snRNAs, and tRNAs among other types of nucleic acids. 
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Even though the nucleic acids contained in small EVs are broken down into fragments of about 

200 bp, they can still affect the recipient cell [110]. Additionally, cholesterol, phospholipids, 

phosphatidylethanolamines, polyglycerols, and diglycerides are lipids found in small EVs 

membranes. These lipid molecules are involved not only in the morphology maintenance of 

small EVs but also in many other biological processes [110,111], such as cancer metastasis 

because of high lipids presence [111].  

 
Figure 12. Small EVs composition. Small EV surrounded by a phospholipid bilayer, contains proteins, 

such as integrins; tetraspanins for cell targeting; other proteins, such as Alix and TSG101, that are 

involved in exosomal biogenesis from endosomes; Flotillin I and II; HSP, heat shock protein; MHC I and 

II, major histocompatibility complex; DNA, deoxyribonucleic acid, RNA, ribonucleic acid; and G protein. 

Adapted from Araujo-Abad, Saceda and de Juan (2022) [107]. 

1.4.4 Small EVs isolation methods 
Since small EVs have enormous research potential in the biomedical field, several research 

projects are focused on the separation techniques of small EVs from a variety of cell fragments 

and interfering substances. Different methods can be used to isolate small EVs from body 

fluids or cell cultures depending on the source and size of the exosomes [108]. They are 

divided into: centrifugation, size-based, immunoaffinity capture, polymer precipitation, and 

microfluidics techniques [112], as shown in Table 3.  

The most used method is ultracentrifugation [113], consisting of several centrifugation steps: 

first at low speed (300 x g) increasing it to finally at high-speed centrifugations (100 000 - 150 

000 x g), to obtain the small EVs [108,114]. Ultrafiltration and size exclusion chromatography 

(SEC) are size-based isolation techniques that are based on the isolation of small EVs passing 

through physical barriers depending on the size of the particle [115,116]. The immunoaffinity 
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chromatography approach is based on the affinity between proteins and their antibodies, for 

this purpose, antibodies are mounted on matrices such as magnetic beads [117]. The polymer 

precipitation method is focused on the use of polyethylene glycol and it is often sold in isolation 

kits [118]. Finally, microfluidic chip techniques are novel methods based on the difference 

between the biochemical and physical properties of small EVs. They are mainly classified into 

three categories (a) immune-affinity approach, (b) sieving (nanoporous membranes), and (c) 

trapping exosomes into porous structures (nanowire-on-micropillars) [119]. 

For greater accuracy in small EVs isolation, authors usually combined two methods. As an 

example of this, it has been reported that in order to obtain a higher purity of urine EVs is 

necessary the use of ultracentrifugation followed by the SEC method [107]. 

 

Table 3. Small EVs isolation techniques 

Adapted from Yang et al. (2019) [108].  
 

Isolation method Principle Advantages Disadvantages Reference
Centrifugation Ultrahigh-speed 

centrifugation

Small EVs are 

separated based on 

density and size using 

several centrifugation 

processes. 

Economic and 

most used.

Low purity in 

some 

preparations. 

Time-

consuming.

[114]

Density gradient 

centrifugation

Small EVs are 

separated based on 

density using several 

centrifugation steps.

High 

reproducibility.

Time-

consuming.

Complicated 

operation.

[120]

Size-based Ultrafiltration Both only depend on 

the variations in 

diameter between 

small EVs and other 

components.

Size uniformity Protein 

contamination.

Blocked filter. 

[115]

Size exclusion 

chromatography

Non-

destructive, 

preserves 

integrity.

Complex 

procedure.

Incomplete 

recovery of 

small EVs.

[116,121]

Immunoaffinity 
capture

Magnetic beads 

and 

immunoaffinity

Uses specific 

antibodies combined 

with specific small 

EVs membrane 

proteins.

High purity. Limited method.

Specific small 

EVs population. 

[122,123]

Polymer 
precipitation

Commercial kits PEG-based small EVs 

extraction kits.

Fast and 

convenient.

Preserves 

integrity.

Expensive.

Sample 

contamination.

[118,124]

Microfluidics-
derived chip

-Size and 

immunoaffinity

-Dynamic 

microfluidics

It is based on small 

EVs’ biochemical and 

physical 

characteristics, such 

as density, size, and 

immunoaffinity.

Fast small EVs 

obtention.

High sensitivity.

Small sample 

demand.

Complex 

procedure.

Low yield.

[108,125]
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1.4.5 Small EVs in cancer  
Small EVs produced by tumors (called tumor-derived exosomes, or TDEs) have a role in the 

development and progression of numerous cancer-related processes, such as TME 

remodeling, angiogenesis, invasion, metastasis, and treatment resistance [126]. Intercellular 

communication mediated by small EVs plays a significant role in the transport of information 

between tumor cells, TME, and healthy cells triggering those processes [127,128]. It has been 

demonstrated that small EVs generated by malignant tumor cells, which carry mRNAs involved 

in migration and metastasis, are picked up by less aggressive malignant cells both inside the 

same tumor and in more distant metastases, which changes cell behavior [129]. 

Angiogenesis in tumors is the development of fresh blood vessels, required to expand, grow, 

and metastasize [130]. This process is enhanced by TDEs, major angiogenic stimulatory 

factors carried by TDEs include VEGF, fibroblast growth factor (FGF), platelet-derived growth 

factor (PDGF), basic fibroblast growth factor (bFGF), transforming growth factor (TGF), tumor 

necrosis factor (TNF), and interleukin-8 (IL-8) [131]. GBM is an angiogenic tumor type, and it 

was reported that GBM derived- small EVs include high levels of miR-221, proteoglycans 

glypican-1, and syndecan-4, which promote the growth of endothelial cells and the 

development of tubules, which in turn promotes angiogenesis [132]. Small EVs also have a 

role in migration, invasion, and metastasis. Furthermore, it has been reported that EVs from 

cervical carcinomas and breast cancer cells are enriched in MALAT1, a long-non-coding RNA 

related to tumor metastasis and invasion in lung cancer and hepatocellular carcinoma 

[133,134]. 

Additionally, small EVs are involved in the acquisition of drug resistance. This happens 

because drug-resistant cancer cells have the capacity to transport chemotherapy agents 

outside of the tumor cell, packaged in small EVs, and delivered to sensitive cells [135]. This 

has been demonstrated by Yoshida et. al, who reported that miRNAs like miR-25-3p suppress 

the Dickkopf WNT signaling pathway inhibitor 3 (DKK3) gene in osteosarcoma cells, promoting 

cancer growth in vitro and enhancing resistance to various chemotherapy drugs (methotrexate, 

cisplatin, doxorubicin, and docetaxel) [136]. 

However, small EVs are not always related to negative effects. Several research projects 

confirmed that exosomes could have a potential role as biomarkers for cancer diagnosis or 

monitoring at each stage of the disease [107]. And also, they can be used as drug delivery 

systems to treat cancer tumors such as in GBM and PDAC [67,137], among others. 

1.4.6 Small EVs as a delivery system  
Small EVs have been proved to be an effective drug delivery method in cancer treatment, as 

they have several advantages compared to other delivery methods like nanoparticles or 
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liposomes [138]. Small EVs are non-toxic, biocompatible, can transport hydrophilic or 

hydrophobic biomolecules, have the ability to cross the Blood-Brain Barrier (BBB) [139,140], 

have tropism for their parental cell [141], and minimize cytotoxicity and immunogenicity [142].  

In this sense, to improve small EVs BBB penetration and its ability to target tumors, is important 

to modify and optimize their physicochemical properties, these are called engineer or chimeric 

exosomes. These types of small EVs, for example, combine the advantages of nanoparticles 

and exosomes for a better therapeutic outcome against cancer (Figure 13) [107]. 

In 2016, Srivastava et al. designed and proved the “nanosomes” (Exo-GNP-Dox) for lung 

cancer treatment. Nanosomes consisted of gold nanoparticles (GNP) conjugated with 

Doxorubicin (Dox) through a pH-cleavable bond and loaded into exosomes derived from lung 

cancer cells and normal lung fibroblasts (Figure 13A). In this way, they could stop the 

immunological reaction, aggregation, and fast elimination of the nanoparticles alone. 

According to this study's findings, nanosomes were efficiently transported and caused a 

cytotoxic effect on cancer cells but not on healthy cells [143]. Another example of engineered 

exosomes is the exosomes-thermosensitive liposomes hybrid NPs (gETL NPs) that in 

combination with hyperthermic intraperitoneal chemotherapy (HIPEC), were used to treat 

peritoneal carcinoma (Figure 13B). These gETL NPs were obtained from fibroblast-derived 

exosomes that express CD-47 protein and were combined with heat-sensitive liposomes. The 

conclusion of this study was that gETL NPs loaded with granulocyte-macrophage colony-
stimulating factor and docetaxel, conducted to an inhibition of tumor progression, and its 

efficacy was increased with HIPEC [144]. Kamerkar et al. (2017), have designed them as 

iExosomes. Small EVs are produced by normal fibroblast-like mesenchymal cells that have 

siRNA or shRNA targeted against the oncogenic KRASG12D, which is generally mutated in 

pancreatic cancer (Figure 13C). Pancreatic cancer mouse models KPC (Pdx1cre/+; LSL-

KrasG12D/+; LSL-Trp53R172H/+) and KTC (Ptf1acre/+; LSL-KrasG12D/+; Tgfbr2lox/lox) treated with 

iExosomes both suppressed tumor development and decreased KRASG12D expression, which 

conducted to a higher survival rate of these models. Furthermore, this study confirmed that 

iExosomes target KRAS more effectively than liposomes [145]. Another type of engineered 

exosome is AMSC-Exo-199a, these types of small EVs are derived from adipose 

mesenchymal stroma/stem-like cells (MSC) and contain miR-199-a (Figure 13D). Although 

miR-199a is one of the most abundant miRNAs in healthy liver tissue, it is downregulated in 

hepatocellular carcinoma, and as a result, its reduction correlates with poor prognosis. The 

study findings support that AMSC-Exo-199a can deliver miR-199a to hepatocarcinoma cells 

and sensitize cancer cells to chemotherapeutic drugs through mTOR pathway inhibition [146]. 

Furthermore, Exo-CD19 CAR exosomes express CD19 Chimeric Antigen Receptor to cause 

cell death in malignant CD19 positive leukemia B cells without cytotoxicity in CD19 negative 
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cells (Figure 13E). They would also not have the negative side effects that are associated with 

standard CAR-T cell therapy [147]. 

The engineer exosomes mentioned before are only a few examples of all the possible 

combinations with these small EVs. These highly improve the effectiveness of treatment and 

open up new possibilities for cancer patients. 

 

 
Figure 13. Engineer exosomes. (A) Nanosomes engineered from exosome harvest from normal lung 

fibroblast cells bonded to Gold Nanoparticles (GNP), pH linker, and Doxorubicin (Dox), for lung cancer 

treatment. (B) gETL NPS +DTX+GM-CSF made up of fibroblast exosomes overexpressing CD27 

(gExo), thermosensitive liposomes (TLS), and loaded with colony-stimulating factor (GM-CSF) and 

docetaxel (DTX), for peritoneal carcinoma treatment. (C) iExosomes (siRNA+AF647), engineered by 

exosomes derived from normal fibroblast-like mesenchymal cells carrying specific siRNA for oncogenic 

KRASG12D, used to treat pancreatic cancer. (D) AMSC-exo-199a, exosomes from adipose tissue-

derived MSCs (AMSCs) modified with miR-199-a, for hepatocellular carcinoma treatment. (E) ExoCD19-

CAR, exosomes that express CD19 Chimeric Antigen Receptor (CD19 CAR) used for leukemia 

treatment. AF, Alexa Fluor; siRNA, small interfering RNA; miR, micro RNA. Source Araujo-Abad, 

Saceda and de Juan (2022) [107].  

1.4.7 Small EVs loading methods  
Several loading methods can be used in order to transform small EVs, such as incubation, 

sonication, electroporation, transfection, extrusion, freeze-thaw cycles, thermal shock, 
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saponin-assisted loading, pH gradient method, and hypotonic dialysis. The following table 

(Table 4) describes the principal loading approaches.  
 
Table 4. Small EVs loading methods 

 
Adapted from Xi et al. (2021) [156]. 

 
All methods described in Table 4, confirmed that small EVs could be easily modified to improve 

their drug delivery characteristics. Incubation methods are the simplest of all approaches, 

producing a very modest drug loading rate. Moreover, incubation methods are inexpensive 

Loading Method Advantages Disadvantages Reference

Direct Incubation Do not affect the small EVs
structure and stability.

Low encapsulation rate,
depending on the polarity of the
drug.

[67,137,148]

Indirect Incubation Do not affect the small EVs
structure and stability.

Low encapsulation rate. [148–150]

Sonication Highly efficient. Small EV aggregation. [151]
Electroporation Efficient method to

encapsulate miRNAs.
RNA precipitation and small EVs
aggregation.

[148,152,153]

Transfection Stable and efficient method. Transfection reagents may
cause changes in gene
expression in donor cells. As a
result, small EVs cargo and
biological activities may be
affected.

[154,155]

Extrusion Efficient drug loading
method.

The mechanical force employed
may change the properties of
small EVs membrane.

[156]

Freeze-thaw cycle Simple and don’t alter
drugs or bioactive
substances

May induce small EV
aggregation and low
encapsulation rate.

[157,158]

Thermal shock Improve small EVs
immunogenicity.

Altered cargo stability. [159]

Saponin-assisted Efficient drug loading
method.

Saponins can enhance exosome
membrane permeability,
cytotoxicity, and hemolysis.

[160]

pH gradient method Don’t alter drug stability. Affect total protein cargo of
Small EVs.

[161]

Hypotonic dialysis Efficient and simple loading
method.

Causes a shift in the size
distribution and peak broadening
of Small EVs.
Better results in combination with
co-incubation.

[162]
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and extremely safe since they do not compromise the stability of the small EV membranes. 

Increasing the drug concentration and stirring during incubation may be useful to improve the 

poor drug-loading rate. The incubation approach has several potential uses in medicine, such 

as therapy and drug delivery [156]. 

1.4.8 Clinical applications 
There are several ongoing clinical trials in humans in which small EVs are used as a therapy 

for cancer treatment or potential biomarkers. Small EVs and anticancer drugs are frequently 

used in combination in early-phase clinical trials. The table below (Table 5) summarizes and 

describes an update of the clinical trials published on ClinicalTrials.gov.  
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Table 5. Clinical trials of Small EVs-based treatments 

 
*Green color highlights ongoing clinical trials while red color are completed trials. Updated from Araujo-

Abad, Saceda and de Juan (2022) [107]. 

Disease
Year, 

patient, 
Status

Intervention
(exosome treatment) Outcome Reference

Colon cancer February 2011,
n=35,
Ongoing.

Curcumin conjugated
with plant exosomes.

Deliver Curcumin to Normal
and colon cancer tissue
using plant exosomes.

NCT01294072

Malignant 
Ascites and 

Pleural 
Effusion

May 2013,
n=30,
Ongoing.

Drug-packaging
microparticles with
chemotherapeutic
drugs.

Tumor cell-derived
microparticles packaging
chemotherapeutic drugs are
useful to treat malignant
ascites and pleural effusion.

NCT01854866

Malignant 
Pleural 

Effusion

January 2016,
n=90,
Ongoing.

Exosomes loaded with
methotrexate.

Control tumor growth in vivo
effectively and induced
pleural adhesion.

NCT02657460

Pancreatic 
cancer

August 2018,
n=28,
Ongoing.

Mesenchymal Stromal
Cells-derived
Exosomes with
KRASG12D siRNA.
iExosomes

Progression-free survival
(Time Frame: Up to 1 year)

[145]
NCT03608631

December 2022,
n=1000,
Ongoing

ExoLuminate Study for
Early Detection of
PDAC.

Develop a non-invasive
blood test ("liquid biopsy" )
that can identify early-stage
disease

[163]
NCT05625529

Rectal cancer February 2018,
n=30,
Ongoing.

Exosomal as
Correlative Biomarker.

Compare rates of exosomal
expression before during and
after chemoradiation.

NCT03874559

Hepatocellular 
carcinoma

Gastric cancer
Colon cancer

June 2022,
n=30,
Ongoing.

exoASO-STAT6 (CDK-
004) for treatment.

Characterize the safety and
tolerability of CDK-004.

NCT05375604

Gastric cancer May 2022,
n=700,
Ongoing.

Circulating Exosomal
lncRNA-GC1.

Detection of levels of
circulating exosomal
lncRNA-GC1.

NCT05397548

Melanoma 2005,
n=15,
Completed.

Dendritic exosomes
with tumor antigenic
peptides.

Proof of feasibility and
safety.

[164]

2009,
n=15,
Completed.

Human dendritic
exosomes with NKG2D
ligands.

Proof of feasibility and
safety.

[165]

Non-small 
lung cancer

2005,
n=13,
Completed.

Dendritic exosomes
with tumor antigenic
peptides.

Proof of feasibility and
safety.

[166]

Colon cancer 2008,
n=40,
Completed.

Autologous ascites
exosomes.

Proof of feasibility and
safety.

[167]

Advanced 
Non- small 
cell lung 
cancer

July 2010,
n=41,
Completed.

Dendritic exosomes
with tumor antigenic
peptides (Dex).

Stabilization and antitumor
immunity.

[168]
NCT01159288



 
 

- 37 - 
 

These clinical trials confirm the effectiveness of novel exosome-based anticancer treatment 

strategies and highlight the relevance of further research in clinical application. 

1.5 Citrullination in cancer 
Citrullination, or deamination, is a type of post-translational modification (PTM) that is carried 

out by enzymes called peptidyl-arginine deiminases, or PADIs (EC 3.5.3.15, L-arginine 

iminohydrolases). In this process, peptidyl arginine is converted into peptidyl citrulline [169]. 

Additionally, as a consequence of citrullination, the protein loses its positive charge, which may 

affect both its structure and function [170]. Five human PADI protein-encoding genes have so 

far been identified: PADI1, PADI2, PADI3, PADI4, and PADI6 [171]. PADIs have specific tissue 

expression and substrates as shown in Table 6.  

 
Table 6. PADIs tissue expression and substrates 

 
Adapted from Modal and Thompson (2019) [172].  

 
While there are several PADI substrates, histones are the most extensively studied. Histones 

PTMs play an important role in tumorigenesis and cancer [173]. All PADIs are found only in 

the cytoplasm, except PADI4, which has been detected in both the cytoplasm and the nucleus, 

and PADI2, which is also found in the nucleus under some stress conditions [171,174,175]. 

The nuclear localization signal (NLS) of PADI4 allows it to enter the nucleus [171,176]. 

Additionally, all PADIs are Ca2+-dependent enzymes because it is necessary for PADI-driven 

citrullination. Actually, under physiological conditions when the Ca2+ concentration is low, 

PADIs remain inactive; their activation is therefore caused by the entry of extracellular Ca2+ or 

the release of Ca2+ from intracellular calcium stores [177,178]. 

 

PADI Expression Target
PADI1 Epidermis, hair follicles, keratinocytes,

arrector pili muscles, sweat glands.
Keratins

PADI2 Epidermis, keratinocytes, lymphocytes,
macrophages, monocytes, neutrophils,
oligodendrocytes, Schwann cells.

Histone H3, vimentin, enolase,
MBP, tubulin.

PADI3 Epidermis, hair follicles, hair cuticles,
keratinocytes, neutrophils, Schwann
cells.

Keratins, S100A3.

PADI4 Bone marrow, CD34+ cells,
granulocytes, HL-60, lymphocytes,
macrophages, monocytes,
adenocarcinomas.

Histone H3/H4, OKL38.

PADI6 Embryo, oocyte, testicles. Unknown
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In this work, we focused on PADI4, also known as protein L-arginine iminohydrolase 4. As 

mentioned in Table 6, PADI4 is present in macrophages, monocytes, granulocytes, and a 

variety of adenocarcinomas [178]. At the patient level, it has been demonstrated that after 

tumor removal, plasma PADI4 levels in patients with malignancies are reduced, indicating that 

PADI4 circulating in the blood may be used for the tumor diagnosis [176]. 

In this Thesis, we emphasize how its expression is altered in hard-to-treat cancer cells, the 

effect of its inhibitor in cell proliferation, and its relationship with small EVs.  

1.5.1 PADI4 and its role in cancer  
Citrullination mediated by PADI4 contributes to the development of cancer through several 

different processes (Figure 14A).  

Firstly, histones citrullination with the removal of the methylation tag, has a significant impact 

on key physiological processes like cell differentiation and apoptosis. As a consequence, the 

Wnt and androgen receptor signaling pathways are affected, which are directly involved in the 

development of cancer [179]. It has been studied that PADI4 citrullinates histone H3 on 

arginine 2, 17, and 26, while histones H2A and H4 can be citrullinated on arginine 3 [180–182]. 

Furthermore, H3 citrullination at the p21 promoter site by PADI4 appears to function as a p53 

co-repressor, inhibiting downstream gene transcription [183]. Consequently, if PADI4 serves 

as a p53 co-repressor, inhibitors of this enzyme may therefore be used for cancer treatment 

[178]. As an example, in osteosarcoma and breast cancer cells, inhibition of PADIs by Cl-

amidine inhibitor leads to the expression of the OKL38 gene. The overexpression of this gene 

in cell culture caused apoptosis and structural abnormalities in the mitochondria, as well as the 

release of cytochrome c [184].  

Another substrate of PADI4 is a tumor suppressor protein, the inhibitor of growth 4 (ING4). 

Regardless of the presence of calcium, PADI4 citrullinates and binds ING4. Citrullination of 

ING4 by PADI4 in the NLS prevents p53 from binding to ING4, suppressing p53 acetylation, 

and consequently decreasing p21 production downstream. When ING4 is citrullinated, it 

stimulates its degradation and the growth, invasion, and migration of tumors [185]. 

Finally, another PADI4 target is the transcription factor glycogen synthase kinase 3 beta 

(GSK3β). This regulates the epithelial-to-mesenchymal transition (EMT) [186]. EMT is a 

biological process that consists of the loss of epithelial polarity, cell-to-cell, and cell–matrix 

adhesion properties, which facilitates tumor metastasis and drug resistance [187]. GSK3β 

maintains the epithelial phenotype through the citrullination of arginine residue at the N-

terminal, which is regulated by PADI4. This process inhibits the TGF-β pathway and therefore 

EMT. As an example, in breast cancer, the knockdown of PADI4 in MCF-7 cells led to a 

decrease in nuclear GSK3β, the stabilization of Smad4, and the activation of the TGF-β 

signaling pathway, reducing E-cadherin and promoting vimentin, ultimately stimulating tumor 
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migration and invasion [186]. In other types of cancer such as non-small cell lung cancer 

(NSCLC), the inhibition of PADI4 increases ETS-domain containing protein (Elk1) expression, 

which in turn induced EMT and gefitinib (EGFR inhibitor used in breast, lung, and other types 

of cancer) resistance, while PADI4 upregulation has the opposite effect [188]. In colon cancer, 

when the EMC is citrullinated by PADI4 it promotes the EMT and therefore cancer progression 

[189] (Figure 14A). 

On the other hand, PADI4 is also related to neutrophil extracellular traps (NETs) (Figure 14B). 

NETs have been detected in multiple human cancer types, and several studies have suggested 

that they can contribute to cancer development by facilitating tumor growth and metastasis via 

multiple mechanisms [190–194]. These mechanisms involve circulating cancer cells being 

trapped in distant sites; the activation of dormant cells by cleaved laminin peptides; and the 

high mobility group box 1 (HMGB1) protein release, which stimulated the growth of cancer 

cells by activating the toll-like receptor 9 (TLR9) signaling pathway. In addition, cell-free DNA 

and serum levels of citrullinated peptides associated with NETs were proposed as potential 

biomarkers of solid tumors, which seems consistent with the evidence that many malignancies 

have higher intratumoral levels of PADI4 [179]. 

Additionally, PADI4 inhibitors such as Cl-amidine and GSK484 were used to decrease the 

growth of cancer cells without having an impact on healthy cells [195]. It is important to mention 

that Cl-amidine is an inhibitor of all PADIs while GSK484 is specific for PADI4 [196,197]. 

Therefore in this work we used GSK484 [(3S,4R)-3-amino-4-hydroxy-1-piperidinyl][2-[1-

(cyclopropylmethyl)-1H-indol-2-yl]-7-methoxy-1-methyl-1H-benzimidazol-5-yl] methanone 

inhibitor. This new drug prevents the citrullination of PADI4-targeted proteins in neutrophils, 

inhibits the formation of NETs, and also decreases the release of dsDNA [198]. Although 

research on the role of GSK484 in cancer is limited, this drug has already been used as a 

pretreatment in triple-negative breast cancer (TNBC). Moreover, it was seen that it enhanced 

irradiation (IR), and induced inhibitory effects on cell proliferation, migration, and invasion. 

Additionally, in vivo experiments also showed that, in contrast to IR-alone or GSK484-alone 

treatment, the combined treatment of IR and GSK484 exhibited a decrease in tumor growth 

[196]. 
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Figure 14. PADI4 and pathways. (A) Through several distinct mechanisms, the citrullination of ECM, 

p53, ING4, histones, GSK3β, and ELK1, which is mediated by PADI4, contributes to the development 

of cancer. (B) Histones that have been citrullinated by PADI4 promote NET formation, facilitating tumor 

growth and metastasis. EMT, epithelial-mesenchymal transition; ECM, extracellular matrix; ING4, 

inhibitor of growth 4; GSK3β, glycogen synthase kinase 3 beta; ELK1, ETS-domain containing protein; 

NET, neutrophil extracellular traps. Adapted from Yuzhalin (2019) [179]. 
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1.5.2 Effect of citrullination in small EVs 
As it was mentioned before, small EVs cargo is constituted of different molecules, like enzymes 

that can generate PTMs. PTMs (oxidation, citrullination, phosphorylation, and glycosylation) 

can also control the subcellular localization, selection, and EVs biogenesis [199,200]. Small 

EV PTMs can also contribute to disease pathogenesis by enhancing inflammation, producing 

neoepitopes, or carrying neoepitopes themselves [199]. A recent study has highlighted that 

MVs play a role in cancer progression and, it is known that PADI4 is overexpressed in tumor 

tissues. Both PADI4 and MVs are calcium-dependent, so they may have synergistic 

relationships. Therefore, it was suggested that the release of MVs and PADIs enzymes was 

influenced by calcium input [201]. 

 

Recently, the effects of PADI-specific inhibitors in GBM have been highlighted. These inhibitors 

modulated the expression of microRNA (miR21, miR126, and miR210) in small EVs cargo as 

well in their release. Surprisingly, PADIs isozymes inhibitors had distinct inhibitory effects, the 

PADI3 inhibitor had the most effective function regulating EVs in LN229 cells while the PADI2 

and PADI4 inhibitors were more effective in LN18 cells [202]. Similar work has been performed 

on PDAC cancer cells where Panc-1 and MiaPaCa-2 cell lines were treated with pan-PADI 

inhibitor Cl-amidine, and PADI2, PADI3, and PADI4-specific inhibitors. Treatments using 

PADIs inhibitors had an impact on the EV signature profiles, reducing pro-oncogenic miR-21 

and miR-221 and increasing anti-oncogenic miR-126. Inhibitors of PADI2 and PADI3 most 

effectively decreased Panc-1 cancer cell invasion and increased moesin expression, a protein 

that functions as a cross-linker between plasma membranes and actin-based cytoskeletons. 

[203]. These studies show the diversity of PADIs role in malignancies, which supports their 

possible use for cancer-specific therapies. However, further research is necessary to fully 

understand the relationship between cancer-derived small EVs and the PADIs proteins in the 

context of each cancer type. 
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2. Objectives 
 

The main objective of this work is to develop alternative therapies for tumors that show 

resistance to classical treatments, focusing on glioblastoma (GBM) and pancreatic cancer 

adenocarcinoma (PDAC). This Thesis is centered on the study of small EVs and their 

potential use in clinical applications. 

In order to achieve the general objective of this work, the following specific aims were 

proposed: 

 

Objective 1. To determine the sensitivity and/or resistance profile to treatments of patient-

derived hard-to-treat cancer cell lines. 

Objective 2. To isolate and characterize small EVs from patient-derived hard-to-treat cancer 

cell lines. 

Objective 3. To establish the conditions for the use of small EVs as drug delivery systems. 

Objective 4. To establish the therapeutic potential of cancer-derived loaded small EVs. 

Objective 5. To analyze citrullination as an alternative therapeutic target in cancer. 
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3. Methods 

3.1 Chemicals and reagents 
The reagents for cellular and molecular assays are listed below (Table 7):  

 

Table 7. Reagents for cellular and molecular assays 

 
 

The following antibodies were used for Western Blot (WB), Immunocytochemistry (ICC), and 

proximity Ligation Assay (PLA) (Table 8): 

 

Table 8. Antibodies used for WB, ICC, and PLA 

 

Reagent Function Supplier

TMZ Alkylating agent Sigma-Aldrich

EPZ015666 PRMT5 inhibitor Sigma-Aldrich

GSK484 PADI4 inhibitor Abcam

Protein Weight 
(kDa)

Biological 
Source

Concentration
(µl: µl) Supplier Assay

Alix 100 Mouse 1:500 Invitrogen WB

TSG101 46-50 Mouse 1:500 Invitrogen WB

CD63 63 Mouse 1:1 000 Invitrogen WB

PADI4 75
Mouse 1:200 Abcam IF/PLA

Rabbit 1:2 000 Invitrogen WB

NUPR1 18 Rabbit 1:100 homemade ICC/PLA

Mdm2 ~ 54 Rabbit 1:100 Invitrogen ICC/PLA

a-tubulin 50 Mouse 1:10 000 Invitrogen WB

HSP90-B1 90 Rabbit 1:4 000 Cusabio WB

E-cadherin 106 Rabbit 1:100 Invitrogen ICC

Alexa Fluor 
568-labeled

-- Mouse 1:500 Invitrogen ICC

Alexa Fluor 
488-labeled

-- Rabbit 1:500 Invitrogen ICC
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3.2 Cell culture  
The human GBM cell lines used in this work were isolated from surgical washes as reported 

previously by Ventero et al. [204]. PDAC (RWP-1) cell line, colon adenocarcinoma (HT-29), 

and (SW-480) cell lines, were donated by Instituto Municipal de Investigaciones Médicas 

(IMIM, Barcelona, Spain) [205]. The GBM cell lines, HGUE-GB-16, HGUE-GB-18, HGUE-GB-

37, HGUE-GB-39, HGUE-GB-40, HGUE-GB-42, HGUE-GB-48 were cultured in Dulbecco’s 

Modified Eagle’s Medium: Nutrient Mixture F-12 (DMEM F-12) (Biowest, MO, USA) while 

RWP-1, HT-29, and SW-480 cells were cultured in Dulbecco’s Modified Eagle’s Medium: High 

Glucose (DMEM-HG) (Biowest, MO, USA), all of them were supplemented with 10% (v/v) of 

heat-inactivated fetal bovine serum (FBS) (Biowest, MO, USA) and 1% (v/v) 

penicillin/streptomycin mixture (Biowest, MO, USA). Cells were incubated at 37 ºC in a 

humidified 5% CO2 atmosphere [137].  

3.3 Proliferation assays 
To analyze the antiproliferative effect of either the drugs and the loaded small EVs on cells, 

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay was performed. Cells were seeded 

in 96-well standard plates (Sarstedt, Nümbrecht, Germany) at a density of 4 000 cells/well and 

incubated at 37 ºC and 5 % CO2 for 24 h. Cells were then treated with either increasing 

concentrations of the chemotherapeutic drugs (Table 7) or with loaded small EVs, and 

incubated for 72 h under the same conditions. Then, 0.25 mg mL−1 of MTT (Sigma-Aldrich, 

MO, USA) was added to the cells and incubated for 3 h. Cell culture media was removed and 

100 μL of dimethyl sulfoxide (DMSO) (Sigma-Aldrich, MO, USA) was added to the plate. The 

plate was stirred at room temperature for 20 min to dissolve the formazan crystals. Finally, the 

absorbance was measured on EonTM Microplate Spectrophotometer (BioTeK®, Winooski, VT, 

USA) at 570 nm [137]. 

3.4 Small EV purification 
The seven GBM and RWP-1 cell lines were incubated in 75 cm2 cell culture flasks with DMEM 

F-12 or DMEM-HG conditioned media respectively, and after four days small EVs were 

obtained by differential ultracentrifugation method. The media samples were centrifuged at 

2000 x g for 20 min at 4 ºC to remove cells and debris. After that, an initial ultracentrifugation 

step was performed using Optima L-90K Ultracentrifuge (Beckman Coulter, Brea, CA, USA) 

with 70.1 Ti rotor, at 25 000 x g for 40 min at 4 ºC to remove macrovesicles. The resulting 

supernatant was filtered through 0.22 µm filters (Fisher Scientific, Pittsburgh, PA, USA), and 

centrifuged at 110 000 x g for 90 min at 4 ºC to pellet small EVs. Finally, small EVs were 

washed in (1X) PBS at 110 000 x g for 90 min at 4 ºC and the final pellet was resuspended in 

200 µL of (1X) PBS and then stored at -80 ºC (Figure 15) [67].  
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Figure 15. Scheme representing GBM-derived small EVs isolation. Sequential steps of 

centrifugation and ultracentrifugation were performed, as indicated on top of the arrows. GBM, 

glioblastoma; EVs, extracellular vesicles. Source Araujo-Abad et al. (2023) [137]. 

3.5 Western blot (WB) 
An amount of 20 µg (cells) and/or 10 µg (small EVs) of total protein was solubilized with loading 

buffer (4x) (2-mercaptoethanol + NuPage; 1:5) and heated at 95 ºC for 5 min for reducing 

conditions, while for non-reducing conditions the loading buffer was used without 2-

mercaptoethanol. Then, proteins were separated by SDS-PAGE using 10 % gels and 

transferred to a nitrocellulose membrane (Bio-Rad Laboratories Inc, California, USA) [137]. 

Membranes were incubated overnight at 4 ºC with primary antibodies (Table 8) followed by 

one-hour incubation at room temperature with ECLTM Anti-mouse IgG or ECLTM Anti-rabbit IgG, 

Horseradish Peroxidase linker (GE Healthcare, UK). The membranes were visualized with 

ECLTM Prime Western blotting detection reagent (AmershamTM) in the ChemiDoc Bio-Rad 

instrument [67,137].  

3.6 Dynamic light scattering (DLS) 
The DLS technique was used to characterize the size distribution of small EV samples, using 

a Zetasizer Nano ZS instrument (Malvern Panalytical). All samples were diluted in Milli-QTM 

water (1:10), 1 mL was dispensed in a polystyrene disposable cuvette (Zen0040), and read 

seven times in Zeta sizer Software. The final image with the distribution curves was used in 

the figures as an illustration of the medium size [67]. 
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3.7 Field emission scanning electron microscope (FESEM) 
The small EVs were fixed with paraformaldehyde (PFA) 2 %, sonicated for 5 minutes, and then 

diluted in serial dilutions with Milli-QTM water (1:10; 1:100; 1:1000, 1:10 000). Then, 50 µL of 

each sample was dropped on a silicon wafer, and once evaporated, the samples were 

observed using a Zeiss Sigma 300 VP Microscope (FESEM) without coating. Small EVs 

morphology was analyzed at low voltages around 1 kV, while higher voltages were employed 

to differentiate the salts from the biological sample using Energy Dispersive X-ray (EDX) 

[67,137]. 

3.8 Small EVs drug-loading 
Two different techniques, direct and indirect incubation, were employed to load small EVs. For 

the first method, small EVs were incubated for 2 h at 37 ºC in a thermoblock with defined 

concentrations of a given chemotherapeutic drug (EPZ015666 15 µM or TMZ 5 mM). After 

incubation, they were washed with (1X) PBS and ultracentrifuged at 110 000 x g for 60 min at 

4 ºC to pellet the loaded small EVs. The small EVs were filtered with a 0.22 µm membrane 

under sterile conditions and preserved at -80 ºC. On the other hand, the indirect approach 

involved incubation of the GBM cell culture with the desired drug (EPZ015666 15 µM or TMZ 

5 mM) for 72 h. Subsequently, the flasks were treated in the same way as described previously 

in the small EVs purification section (Figure 16) [67]. 

 
Figure 16. Drug loading of small EVs particles. (A) Scheme representing the sequential steps for 

small EVs loading using the direct method. (B) Scheme representing the sequential steps for small EVs 

loading using the indirect method. Adapted from Araujo-Abad et al. (2023) [67].  
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3.9 Quantification of TMZ and EPZ015666 by HPLC 
The quantity of TMZ and EPZ015666 loaded into the small EVs was determined using the 

high-performance liquid chromatography (HPLC) technique. Initially, 200 µL of small EVs were 

placed in a Concentrator plus (Eppendorf) at 40 ºC for 2 hours to remove the solvent. Then, 

100 µL of acetonitrile was added, and the mixture was vortexed, sonicated, and then 

centrifuged at 13 000 r.p.m (Centrifuge 5415 R, Eppendorf) for 10 min. Following 

centrifugation, the supernatant was collected and then transferred to HPLC vials. Next, it was 

injected into the UPLC-QtoF-MS/MS equipment, which utilized high-resolution flight tubes and 

quadrupole technology (Waters-Bruker). The detection of TMZ and EPZ015666 was optimized 

using a Waters I-Class system with UV detection at 330 and 254 nm respectively, as well as a 

QToF-MS from Bruker Daltonics, maXis impact Series model that uses positive ionization 

mode through Electrospray (ESI) with an ACE Excel C18-Ar column (50-3; 1.7 µm). The mobile 

phase consisted of water with 0.1 % v/v acetic acid (A) and methanol with 0.1% acetic acid 

(B). The gradient used was as follows: 0 min, 95 % A; 5.50 min, 60 % A, 8.75 min, 5 % A, with 

a flow rate of 0.3 mL/min, and the injection volume was 5 μL [137]. 

3.10 Small EVs labeling 
In order to study the cellular uptake and intracellular localization of small EVs, they were 

labeled with the CellVueÒ Claret Far Red Fluorescent kit purchased from (Sigma-Aldrich, MO, 

USA). Specifically, 200 µL of RWP-1 small EVs were treated with the kit content according to 

the manufacturer’s instructions. After two washes in (1X) PBS with 110 000 x g 

ultracentrifugation for 1 h, the labeled small EVs were filtered with a 0.2 µm filter, and finally, 

they were resuspended in (1X) PBS prior to use [67]. 

3.11 Immunocytochemistry (ICC) 
A total of 30 000 cells from GBM, SW-480, and RWP-1 cell lines were seeded into 24-well 

plates on coverslips. After 24 hours, the cells were fixed with PFA at 4 % concentration and 

then blocked using FBS/PBS (1X) (50 µL/mL). Next, the cells were incubated with primary 

antibodies listed in Table 8. After washing out the first antibody with (1x) PBS, the cells were 

incubated with secondary antibodies. The nucleus was stained using DAPI (4′,6-diamidino-2-

phenylindole) reagent from Sigma (Madrid, Spain). The coverslips were mounted in Prolongä 

Gold Antifade Reagent (Invitrogen, Barcelona, Spain) and visualized using a Zeiss Axioscope 

5 microscope with the LED light source Colibri 3 (Carl Zeiss, Oberkochen, Germany) [206].  
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3.12 Proximity ligation assay (PLA) 
For this assay, 3 000 cells of GBM, SW480, and RWP-1 cell lines were seeded onto coverslips 

in 24-well plates. The experiments were carried out in the absence, and in the presence of 

GSK484 at a final concentration of 20 µM. Following a 24-hour incubation, the cells were 

washed twice with (1X) PBS, fixed, and washed twice again. Then, they were permeabilized 

in (1X) PBS with 0.2 % Triton X-100 and blocked for 30 min using a blocking solution. Immune-

staining was performed using Duolink PLA Technology (Merck, Madrid, Spain), according to 

the manufacturer’s protocol. Primary antibodies listed in Table 8 were used. The slides were 

processed for in situ PLA using the Duolink In Situ Detection Reagents Red, Duolink In Situ 

PLA Probe Anti-Mouse MINUS and Duolink In Situ PLA Probe Anti-Rabbit PLUS (Merck, 

Madrid, Spain) in a sequential manner. In these experiments, the red fluorescence signal 

indicates a PLA-positive signal, confirming that the two proteins are bound, forming a protein 

complex. The blue fluorescence corresponds to nuclei that were stained with DAPI. Both 

negative and positive control experiments were performed by omitting one of the primary 

antibodies. The images were acquired at ×63 magnification using an Axio Observer Z1 inverted 

microscope (Carl Zeiss, Oberkochen, Germany) [206,207]. 

3.13 Live cell imaging 

To visualize the uptake of small EVs, RWP-1 cells were seeded in 96-well black plates with 

clear bottoms (Corning, Kennebunk, ME, USA) with a density of 16 000 cells/well and 

incubated at 37 ºC and 5 % CO2 for 24 hours. Next, the cells were treated with red labeled 

RWP-1 small EVsTMZ and incubated for 3 and 6 hours under the same conditions. After washing 

twice with (1X) PBS, the cells were imaged using a Cytation 3 (BioTeK®, Winooski, VT, USA) 

instrument. The images were exported in tiff format and analyzed using Fiji software [67]. 

3.14 Statistical analysis 
The results are shown as the mean ± standard deviation (SD) of three independent 

experiments. To evaluate the normal distribution of the data, the Shapiro-Wilk statistical test 

was employed. The association between variables was analyzed using either Student's t-test 

or the Mann-Whitney U test. Differences with a p-value of less than 0.05 were considered 

statistically significant. To calculate the half-maximal inhibitory concentration (IC50) values, a 

nonlinear regression analysis was performed. GraphPad Prism v7.0a software (GraphPad 

Software Inc., San Diego CA, USA) was used for statistical analysis [67,137].  
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4. Results 

4.1 Chapter 1. Biomedical application of small extracellular vesicles in 
cancer treatment 

Summary of the results 

This review provides an overview of the use of small EVs in cancer treatment. We describe 

the role of small EVs in cancer biology, including their involvement in intercellular 

communication, their isolation, and characterization, the potential of small EV-based therapies 

for cancer treatment, and preclinical and clinical trials underway to date.  

Small EVs are nanovesicles between 30 and 150 nm in diameter that are produced by almost 

all cell types, and their biogenesis is related to the physiological function of the parent cell. 

Small EVs were initially known as "trash bags," but several studies have confirmed that they 

play an important role in cell-to-cell communication under normal conditions and in 

pathologies, such as cancer. These small EVs are composed of various proteins, lipids, nucleic 

acids, and metabolites that reflect the molecular signatures of their parent cells. The most 

common proteins used for small EV characterization are Alix, TSG101, RAB, small GTPases, 

flotillins, annexins, CD9, CD63, and CD81 [137]. 

Accordingly, small EVs can be useful as biomarkers in cancer, and several studies have 

confirmed that small EVs related to pancreatic, gastric, glioblastoma, colorectal, breast, or 

prostate tumors can be detected in the blood. This type of analysis of small EVs circulating in 

bodily fluids can provide a great deal of information about an individual’s tumor state and can 

be used to follow cancer and treatment progression [107].  

There are several methods for isolating small EVs, such as ultracentrifugation, ultrafiltration, 

SEC, polymer precipitation, immunoaffinity chromatography, and microfluidic techniques. 

Each method is used depending on the sample origin and small EVs size, all have advantages 

and disadvantages, and the most used technique is ultracentrifugation [107]. The authors 

improved the isolation methods by combining them, e.g., by ultracentrifugation followed by 

SEC, to obtain urine EVs with higher purity as compared with simple ultracentrifugation or 

ultrafiltration. 

One of the most interesting features of small EVs is their potential use as drug delivery 

systems, due to their ability to transport therapeutic cargo and interact with target cells. They 

present important advantages, such as their size, biocompatibility, ability to transport 
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hydrophilic or hydrophobic biomolecules, ability to cross the BBB, and specific cellular tropism 

for the cell of origin compared to NPs. In this direction, engineering small EVs, like 

“nanosomes” (Exo-GNP-Dox) for lung cancer treatment, emerged. Nanosomes consisted of 

gold nanoparticles (GNP) conjugated to Doxorubicin (Dox) through a pH-cleavable bond and 

loaded into exosomes obtained from lung cancer cells and normal lung fibroblasts. These 

nanosomes were delivered effectively and caused a cytotoxic effect on cancer cells but not on 

normal cells [107]. 

Several preclinical models have demonstrated the potential of small EVs-based strategies to 

inhibit cancer progression and metastasis, and numerous ongoing human clinical trials have 

shown promising results. Until 2021, there were nine clinical trials in which small EVs were 

used as drug delivery systems. Out of them, four have already been completed, obtaining 

remarkable results with exosomes derived from human cells. 

Engineering small EVs, iExosomes, which have been effectively used in preclinical studies, 

were included in the clinical trial NCT03608631.In this ongoing trial, siRNA KRASG12D was 

loaded into exosomes derived from mesenchymal stromal cells and used as an anticancer 

drug in patients with metastatic pancreatic cancer [145]. 

Finally, small EVs were used to develop a novel treatment for COVID-19, called “EXO-CD24, 

which includes EVs as CD24 carriers. Some evidence suggests that the small protein CD24, 

which is involved in the control of T-cells proliferation, can negatively regulate inflammation. 

Therefore, as small EVs are involved in cell-to-cell communication, their use for CD24 protein 

delivery to the lungs helps to calm down the immune system [107]. 

Taken together, this work highlights the potential of small EVs in cancer treatment and the 

need for further research to fully understand their mechanisms and optimize their clinical use. 
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a b s t r a c t

Extracellular vesicles (EVs) are produced by almost all cell types in vivo or in vitro. Among them, exo-
somes are small nanovesicles with a lipid bilayer, proteins and RNAs actively involved in cellular commu-
nication, suggesting that they may be used both as biomarkers and for therapeutic purposes in diseases
such as cancer. Moreover, the idea of using them as drug delivery vehicle arises as a promising field of
study. Here, we reviewed recent findings showing the importance of EVs, with special focus in exosomes
as biomarkers including the most relevant proteins found in different cancer types and it is discussed the
FDA approved tests which use exosomes in clinical practice. Finally, we present an overview of the dif-
ferent chimeric EVs developed in the last few years, demonstrating that they can be conjugate to
nanoparticles, biomolecules, cancer drugs, etc., and can be developed for a specific cancer treatment.
Additionally, we summarized the clinical trials where EVs are used in the treatment of several cancer
types aiming to improve the prognosis of these deadly diseases.

! 2022 Elsevier B.V. All rights reserved.

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
2. Exosomes biomarkers in different cancer types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
3. Sampling and isolation techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
4. Use of small EVs as drug delivery vehicles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

4.1. Chimeric exosomes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
5. Clinical applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

5.1. Exosomes and COVID-19, new avenues for clinical application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
6. Conclusions and future perspectives. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

Declaration of Competing Interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1. Introduction

Extracellular vesicles (EVs) are mainly classified as exosomes
(30–150 nm), microvesicles (MVs, 50–1000 nm) and apoptotic
bodies (1–5 lm) and their mode of biogenesis is probably directly

related to their physiologic function and/or to the physiopathologic
state of the producing cell [1].

Exosomes are nanovesicles which are secreted from several cell
types to the extracellular media and formed within the endocytic
compartments called multivesicular bodies during endosome
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maturation by inward budding of their limiting membrane [2]. The
word ‘‘exosome” was first used by Johnstone et al. (1987) [3]. It has
been also suggested the existence of an association between the
functions of exosomes and the plasma membrane of the mother
cell. Initially, exosomes were considered as a media of removing
waste proteins and other unnecessary molecules [4]. Nevertheless,
diverse studies have confirmed that exosomes play an important
role in cellular communication both in normal conditions and in
pathologies, such as cancer [5–7].

Exosomes are made up of proteins, lipids, messenger RNA
(mRNA), microRNA (miRNA), long non-coding RNA (lncRNA),
DNA fragments, and metabolites from parental cells [8–10]. They
are characterized by the presence of clathrin, involved in the bio-
genesis of MVBs and ARF6, which participate in the fusion and
release of exosomes. However the most common proteins used
in exosome characterization are Alix, TSG101, RAB and other fam-
ilies of small GTPases, flotillins, annexins, and also CD9, CD63,
CD81, among others [11,12].

Research groups have investigated different types of inhibitors
to target cancer cells. That includes not only chemical drugs, but
also specific signal transduction pathways inhibitors, epigenetic
modulators and enzymatic treatments [13] and their inhibition
has successfully lead to cell death in tumor [14]. Nowadays, can-
cer is recognized as a plurality of different diseases highlighting
the importance of the drug administration route and promoting
the development of novel drug-delivery systems (DDS). Therapeu-
tic cancer drugs present a structural diversity that affect their
efficacy and toxicity profile. However, one of the main problems
remain the specific targeting of the tumor cells, so that the toxic
secondary effects of the cancer drugs can be reduced. Therefore,
much effort has been put in the development of innovative DDS
to improve bioavailability, pharmacokinetics and biodistribution
profiles. The development of exosomal cargo loading approaches
provides effective methods to assemble specific molecules on
exosomal surface for targeted delivery. Exosomes can be
equipped with ligands for specifically expressed receptors for pre-
cise targeting, although only few cell-, tissue-, and organ- specific

receptors have been identified [15]. Moreover, small EVs can be
guided based on newly acquired chemical or physical properties.
Chemical strategy directly assembles ligands on the membrane
[16,17] or is based in abnormal tissue chemical properties such
as low pH microenvironment in tumors. In this way it is possible
to design pH sensitive materials that confer targeting capacity to
exosomes [18,19]. In physical strategy, superparamagnetic
nanoparticle-equipped exosomes are guided to their targets via
magnetic force [20,21]. Therefore, in recent times, there is an
increasing amount of studies using small EVs as delivery systems
not only for drugs but also for small molecules such as small
interfering RNA (siRNAs) [22].

The fact that exosomes transport genetic cargo from parental
cells to recipient cells leads to an exchange of genetic information.
Cell reprogramming therapies have taken advantage of that prop-
erty to engineer small EVs for clinical applications.

Interestingly, there are several proteins associated with exo-
somes, either as cargo or as peripheral proteins bound to the exo-
some surface (Table 1), that could be used as indicators of the
biological state or condition of patients. For example, it has been
shown that pancreatic ductal adenocarcinoma extracellular vesi-
cles (PDACEV) signature (EGFR, EPCAM, MUC1, GPC1, WNT2) is
related with pancreatic carcinoma (PC) and by looking at the
expression of these proteins it is possible to differentiate between
the PCs patients, healthy controls or benign pancreatic disease
with an 86% sensitivity and 81% specificity [23]. Additionally, in
glioblastoma, there is a positive correlation between polymerase
I and transcript release factor (PTRF) expression present both in
tumor tissues and blood exosomes harvested from glioma patients
with tumor grade and malignancy [24].

This is why the use of exosomes as biomarkers has been largely
investigated from various bodily fluids and analyzed for tumor-
relevant mutations. Thus, exosomes provide an alternative to cur-
rent methods of tumor detection. In the past few decades, a grow-
ing number of studies are reporting that exosomes can regulate
biological functions and be used as biomarkers in pathologies for
diagnosis and therapy [25,26].

Table 1
Potential biomarkers found in exosomes from different cancer types. Several proteins have been identified as exosome biomarkers in different types of cancer, in blood, urine,
plasma samples, etc. Which may mean a less aggressive option for cancer diagnosis. Adapted from Zhu et al. (2020) [26].

Cancer type Protein Sample Biological effect/clinical significance Reference

Pancreatic ZIP4 Serum Promote cancer growth. [99]
CKAP4 Serum Promote cell proliferation and migration. [100]
Eps8 Serum Correlated with migratory cell potential.

Metastatic biomarker.
[101]

PDACEV signature (EGFR, EPCAM,
MUC1, GPC1, WNT2)

Plasma 86% sensitivity and 81% specificity for differentiation between PCs, healthy
controls or benign pancreatic disease.

[23]

MIF Plasma Prognostic marker of PDAC liver metastasis. [102]
c-met, PD-L1 serum High levels are considered negative prognostic factor. [103]

Colorectal CPNE3 Plasma Lower levels are correlated with better disease-free survival. [104]
TMEM
180

Supernatant Uptaking or metabolizing glutamine and arginine in tumor growth and
proliferation.

[105]

HSP60 Blood Involved in tumorigenesis. [106]
Breast AnxA2 Serum Promotes angiogenesis and metastasis. [107,108]

CD82 Serum/plasma Inhibits tumor cells metastasis. [109]
HSP70 Blood Promotes tumor progression [110]
MTA1 Serum Promotes cancer progression and increased metastatic potential. [111]
TRPC5 Blood Promotes tumor chemoresistance in metastatic patients. [112,113]

Glioblastoma PTRF Serum Associated with malignancy grade and poor prognosis. [24]
Gastric GKN1 Serum Maintains mucosal homeostasis and regulates cell proliferation and

differentiation.
[114]

PSMA3, PSMA6 Serum Promotes tumor metastasis. [115]
TRIM3 Serum Inhibit tumor growth and metastasis. [116]

Prostate EphrinA2 Serum Regulates tumor invasiveness and tumorigenesis. [117]
avb3 Blood Promotes cell migration and metastatic phenotype. [118]

Lung ADAM10 Blood Mediates tumor progression, invasion and metastasis. [119]
Thyroid Thyroglo-bulin Urine Implicate in the probable recurrence of thyroid cancer. [120]

SRC, TLN1, ITGB2, CAPNS1 Serum Tumor metastasis. [121]
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Few clinical trials using human-derived small EVs are defined as
completed whereas others are still ongoing, including those with
plant-derived exosomes. In this review we discuss the potential
clinical application of small EVs ranging from biomarkers to thera-
peutic agents in the context of cancer treatments and the chal-
lenges related to its clinical translation. It is hoped that exosome-
based approaches and diagnosis open up new perspectives in the
fight against cancer.

2. Exosomes biomarkers in different cancer types

Our understanding of the relationship between small EVs can-
cer cells and mechanisms that promote cancer development has
significantly advanced during the last 20 years [7]. Exosomes have
been shown to be actively related to processes such as angiogene-
sis, migration and invasion, metastasis, modulation of the immune
response, drug resistance, and adaptation to hypoxia that further
facilitates angiogenesis and metastasis [27]. This is possible due
to the important role of exosomes in cellular communication by
transferring information between tumor cells and normal cells
[1,6]. It has been shown that exosomes released by malignant
tumor cells, which contain mRNAs involved in migration and
metastasis, are not only taken up by less aggressive malignant cells
within the same tumor but also in more distant metastasis, which
alters cell behavior [28].

As mentioned before, exosomes carry different types of cargo
like proteins, metabolites and nucleic acids important in the pro-
gress of cancer as a disease. Thus, this cargo can provide important
information about the patient’s tumor status and act as biomarkers
in liquid biopsies (Table 1), which allows the identification and
treatment of different cancer types [26]. Although invasive biop-
sies have been the most common way of detecting cancer, there
are cancers, for example epithelial ovarian cancer, where surgery
is necessary for a definitive diagnosis. Furthermore, liquid biopsies
which are less invasive and can yield results for early detection,
have gained attention in clinical-oncology practice [29].

Small EVs, and more concretely exosomes, can be extracted
from bodily fluids. Depending on the tumor type, the more infor-
mative exosomes are more likely to come from a certain kind of
fluid. Accordingly, exosome biomarkers for pancreatic, gastric,
glioblastoma, colorectal, breast or prostate tumors can be detected
in blood (Table1). Moreover, the analysis of exosomes circulating
in bodily fluids can provide a great deal of information about an
individual’s tumor state and be used to follow cancer and treat-
ment progression. For example, serum or plasma derived exosomes
can contain DNA carrying genetic mutations and deletions, that
provides information about cancer-specific mutations present in
parental tumor cells [30].

A lot of effort has been put in finding biomarkers for the differ-
ent types of cancer. The exosome research field has helped a lot by
increasingly adding candidates for that purpose. Several trans-
membrane and Heat Shock proteins, growth factor receptor or
solute carriers among others, can be used for cancer detection
and consideration of clinical outcomes in cancer patients (Table 1).
Different exosome-based diagnostic tests are already available on
the market for different types of cancer detection. In 2014, Yoshi-
kota et al. developed ‘‘ExoScreen”, an analytical technique for early
detection of colorectal cancer, based on the fact that from raw
blood samples from patients, EVs are trapped by CD147 (colorectal
cancer specific antibody) and CD9 (exosomal membrane marker)
and detected by photosensitizing beads [31]. Along this line, in
2016, McKiernan et al. developed the ‘‘ExoDx Prostate (Intelliscore)
EPI test” for the detection of prostate cancer, which is approved for
clinical use by the Food and Drug Administration (FDA). This is
based on the isolation of exosomal mRNA and the detection of

PCA3 and ERG genes in a urine sample from the patient [32]. Both
tests are simple, non-invasive and commonly used in clinical prac-
tice, to avoid unnecessary and undesired biopsies.

These examples illustrate the potential capability of exosomes
to be used for diagnosis, prognosis, prediction, surveillance and
as biomarkers in cancer progression. Despite their low concentra-
tion, exosomes in biofluids are robustly and systemically dis-
tributed and provide important molecular information about
their parental tumors. However, the amount of exosome content
that can be isolated from themmay constitute a limitation for their
clinical use. Therefore, it is necessary to improve the sampling and
isolation methods in order to translate and adapt them for clinical
use.

3. Sampling and isolation techniques

There are various approaches to isolate small EVs from biologi-
cal fluids and cell culture supernatants for clinical applications
[33]. Isolation of pure population of EVs is a challenge, and there
are different procedures to achieve it: Ultracentrifugation, ultrafil-
tration, size exclusion chromatography (SEC), polymer precipita-
tion, immunoaffinity chromatography and microfluidic
techniques [11,27]. Each method is used for clinical applications
in cancer depending of the sample origin and small EVs size. The
advantages and disadvantages of their use in experimental biology
and medicine has been reviewed by Salmond et al. [33] and
Konoshenko et al. [34].

Ultracentrifugation is the most used technique [35]. Briefly, it
consists in different centrifugation steps with increasing force:
first, a low speed centrifugation (300 ! g) to remove cell debris
and cells; then, a second round of centrifugation (10,000–
20,000 ! g) in order to remove MVs and organelles; the final step
consists in a high speed centrifugation (100,000–150,000 ! g) to
pellet exosomes [35–37]. Ultracentrifugation is quite expensive,
time consuming and a large amount of sample is needed [36].
Ultrafiltration and size exclusion chromatography (SEC) are size-
based isolation techniques, both consist of the isolation of small
EVs passing through physical barriers depending on the size of
the particle. Ultrafiltration is a simple procedure allowing to pro-
cess several samples using nanomembranes with different cutoff
molecular weight [38], but small EVs obtained by this method
could result in protein contamination, low purity of EVs proteins,
loss of sample or depending on the nature of the sample the filter
could be blocked by protein accumulation [39,40]. On the other
hand, by using SEC there is no risk of small EVs aggregation, is
reproducibly and preserves small EVs integrity [41] but is a labori-
ous method, this technique exhibits an incomplete recovery of
small EVs because nonspecific adherence to the agarose chro-
matography column or the dilution into a multiple fractions [42].
Polymer precipitation, using polyethylene glycol is a simple, fast
and inexpensive technique that preserve small EVs integrity [43].
The major issue for the extensive use of this method is contamina-
tion of small EVs samples and retention of the polymer [44].
Immunoaffinity chromatography is a method based on the affinity
of proteins and their antibodies. For this purpose, antibodies are
fixed on magnetic beads or other matrices [45]. Surface proteins
that are present in small EVs such as CD63, CD81, CD82, CD9, Alix,
annexin, EpCAM, and Rab5, can be employed as specific molecular
markers for isolation. This is a very limiting method, only appropri-
ate for the separation of exosomes with the same membrane pro-
tein expression [46,47]. Finally, microfluidic chip techniques, refers
to methods based on the difference between the biochemical and
physical properties of exosomes. They are classified into three cat-
egories (a) immune-affinity approach, (b) sieving (nanoporous
membranes) and (c) trapping exosomes into porous structures
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(nanowire-on-micropillars) [48]. Although the advantages of
microfluidic chip techniques are high sensitivity, fast speed, small
sample demand [49], the sample processing is quick and low cost.
These techniques have a low yield, so larger amounts of raw mate-
rials are required to improve them [36].

In order to improve isolation techniques, authors combine
them. For example, urine EVs obtained by ultracentrifugation fol-
lowed by SEC, display higher purity than simple ultracentrifuga-
tion or ultrafiltration [39,50].

4. Use of small EVs as drug delivery vehicles

For years, the administration of anticancer drugs via nanoparti-
cles (NPs) has been studied. The use of liposomes, micelles, den-
drimers, mesoporous silica nanoparticles, gold nanoparticles,
superparamagnetic iron oxide nanoparticles (SPION), carbon nan-
otubes and quantum dots has achieved good results [51–53]. How-
ever, the use of NPs have drawbacks such as early elimination,
bioincompatibility, long-term toxicity, and undesired biological
effects [54,55]. Those problems appear when blood proteins inter-
act with NPs to form a dynamic ‘‘nanoparticle-protein corona” [56].

Exosomes are considered also as NPs that can transfer their
cargo to the receptor cells and, given their involvement in cellular
communication, their use as carriers for drug delivery has been
broadly studied (Fig. 1). They present important advantages such
as their size, biocompatibility, facility of transporting hydrophilic
or hydrophobic biomolecules, ability to cross the Blood-brain Bar-
rier (BBB) [57,58] and specific cellular tropism for the cell of origin
compared to NPs [59,60]. Moreover, it has been shown that they
minimize cytotoxicity and immunogenicity [61], which makes
them more suitable for cancer therapy.

In the last few years, some research has been carried out in can-
cer models both in vitro and in vivo, using exosomes as drug deliv-
ery vehicles. In 2015, Yang et al. used exosomes derived from brain
endothelial cells bEND.3, brain neuronal glioblastoma-astrocytoma
U-87 MG, neuroectodermal tumor PFSK-1, and glioblastoma A-172
cell lines. They loaded 2 mg/mL of rhodamine 123, paclitaxel, or
doxorubicin into the exosomes and tested them not only on cell
cultures, but also on a brain cancer model in Zebrafish (Danio rerio)
[62]. They concluded that brain endothelial cell derived exosomes
could potentially be used as drug delivery vehicles of anticancer
drug for the treatment of brain cancer. Interestingly, they found
that exosomes have the particularity to deliver anticancer drugs

Fig. 1. Exosomes as drug vehicle. (A) Structure of exosomes, surrounded by a phospholipid bilayer, and contain proteins, such as integrins; tetraspanins for cell targeting;
and other proteins, such as Alix and TSG101, that are involved in exosomal biogenesis from endosomes; Flotillin I and II; HSP, heat shock protein; MHC I and II, major
histocompatibility complex; DNA, deoxyribonucleic acid, RNA, ribonucleic acid; G protein. (B) The aqueous space and the lipid bilayer can incorporate hydrophobic or/and
hydrophilic drugs, also can be used to delivery DNA, RNA and proteins, besides, ligands can be added to the exosome surface. The exosomes with the anticancer drug or cargo,
act on the target cell or on cancer stem cell (CSC) pathways to prevent tumor development. The delivery of the exosomal cargo to the recipient cell can occur by ligand–
receptor interaction, pinocytosis or fusion with the cell membrane. Created in BioRender.com.
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across the BBB. In 2017, a study was performed in which the
researchers tested whether brain endothelial cell-derived exo-
somes could deliver siRNA across the BBB in zebrafish [63]. Exo-
somes were isolated from bEND.3 cell culture, and loaded with
vascular endothelial growth factor (VEGF) siRNA. Knockdown of
the VEGF RNA expression and reduction in protein levels were
observed in U-87 MG cells upon treatment with exosome-
delivered siRNAs. In the zebrafish tumor model, exosome-
delivered VEGF siRNAs were able to inhibit aggregation of xeno-
transplanted cancer cells [63]. Taken together, an increasing
amount of evidence has been obtained indicating that the exosome
use enhances the efficiency for both drug and siRNA transport
in vitro and in vivo. The observation of a series of effects on cancer
cells provides a strong rationale for the development of individu-
ally tailored therapeutic strategies based in exosomes as natural
nanocarriers with potential usage as a drug delivery vehicle in
brain cancer disease.

Recently, Melzer et al. (2019) have tested the efficiency of taxol
loaded exosomes. Taxol is a chemotherapy drug used for the treat-
ment of several types of solid cancers. MSC-derived exosomes were
loaded with this drug and used as delivery system for the treat-
ment of several types of cancer including metastatic breast cancer.
They applied different sublethal concentrations of taxol for 24 h to
human mesenchymal stroma/stem-like cell (MSC). They isolated
the exosomes produced and applied them to A549 (lung cancer),
SK-OV-3 (ovarian cancer) and MDA-hyb1 (breast cancer) cell cul-
tures. Taxol-loaded exosomes caused 80–90% more death by cyto-
toxicity in cancer cells compared to control exosomes without
taxol. In vivo studies were performed where they induced the for-
mation of highly metastatic MDA-hyb1 breast cancer tumors in
NODscid mice. When taxol-loaded exosomes were applied intra-
venously, a 60% reduction in subcutaneous tumors together with
a reduction of 50% in the number of organ distant metastases
was observed. Although the results were similar to the group to
which only taxol was directly applied, the concentration of taxol
that was used in the loaded exosomes was substantially less by
1000 times. It has been shown that exosomes can be used with
low doses of drugs without causing secondary adverse effects,
and effectible reach the target organ or cell [64]. Whether this
effect is observed with exosomes loaded with other drugs needs
to be further investigated. However, these experiments support
the application of exosomes as a viable and promising alternative
for the treatment of cancer.

4.1. Chimeric exosomes

In general, exosomes are better nanocarriers than other lipidic
vesicles such as liposomes because they have better targeting
capacity [65,66], possess higher binding affinity [67], are more
stable in bodily fluids [68] and are highly biocompatible vesicles
due to their endogenous origins [69]. In addition, the engineer exo-
somes, are less likely to be phagocytosed by macrophages and
microglia, which results in a greater biostability [70]. Moreover,
modification and optimization of the exosome physicochemical
properties are important to increase tumor target abilities or even
to enhance the BBB penetration. Therefore, the possibility of com-
bining the advantages of exosomes and NPs for a better therapeutic
result against cancer has been studied in depth. Srivastava et al.
2016, developed and tested the chimera called ‘‘nanosomes”
(Exo-GNP-Dox) for the treatment of lung cancer. Nanosomes, con-
sisted in gold nanoparticles (GNP) conjugated with Doxorubicin
(Dox) through a pH-cleavable bond and loaded into exosomes
obtained from lung cancer cells and normal lung fibroblasts
(Fig. 2A). In this way they could prevent the immune response,
aggregation and rapid elimination of the NPs. The efficacy of the
nanosomes was tested on lung cancer cells (H129, A549), normal

lung fibroblasts (MRC9) and, Dox-sensitive human coronary artery
smooth muscle cells (HCASM). The researchers concluded that the
nanosomes were delivered effectively and caused a cytotoxic effect
on cancer cells but not on non-cancer cells [71]. Additionally, Lv
et al. (2020) designed and tested the efficacy of engineered
exosomes-thermosensitive liposomes hybrid NPs (gETL NPs) in
conjunction with hyperthermic intraperitoneal chemotherapy
(HIPEC), for peritoneal carcinoma (mPC) treatment (Fig. 2B). The
gETL NPs were designed from CD47-expressing fibroblast exo-
somes that were fused with heat-sensitive liposomes. They deter-
mined that, after in vivo administration of gETL NPs loaded with
granulocyte-macrophage colony-stimulating factor (GM-CSF) and
docetaxel (DTX), tumor development was effectively inhibited
and efficacy is increased with HIPEC [72]. Other type of chimeric
exosomes, iExosomes, has been designed by Kamerkar et al.
(2017). They are exosomes derived from normal fibroblast-like
mesenchymal cells carrying siRNA or shRNA specific for oncogenic
KRASG12D, which is generally mutated in pancreatic cancer
(Fig. 2C). Treatment with iExosomes in KTC (Ptf1acre/+; LSL-
KrasG12D/+; Tgfbr2lox/lox) and KPC (Pdx1cre/+; LSL-KrasG12D/+; LSL-
Trp53R172H/+) mice in vivo models for pancreatic cancer, succeeded
in suppressing tumor development, reducing KRASG12D expression
which led to a significantly increased survival of these models.
Additionally, they demonstrated that iExosomes target KRAS with
more efficacy than liposomes. This efficacy depends on CD47 and is
facilitated by macropinocytosis [73]. AMSC-Exo-199a are a type of
engineered exosomes from adipose tissue-derived MSCs (AMSCs)
modified with miR-199-a (Fig. 2D) [74].miR-199a is the third most
expressed miRNA in normal liver, but it is downregulated in almost
all hepatocellular carcinoma (HCC), and therefore its reduction cor-
relates with poor prognosis. These exosomes are capable of carry-
ing miR-199a to hepatocarcinoma cells, sensitizing cancer cells to
chemotherapeutic drugs by inhibiting the mTOR pathway and
increasing the effect of Dox in vivo [74]. Other chimeric exosome
that has been designed and tested is ‘‘Exo-CD19 CAR”, which are
exosomes that express CD19 Chimeric Antigen Receptor (CD-19
CAR) [75]. In ‘‘Exo-CD19 CAR”, exosomes are used instead of com-
plete CAR T-CD19 cells (Fig. 2E). These ‘‘Exo-CD19 CAR”, can induce
cell death in malignant CD19 positive leukemia B cells without
producing cytotoxicity in CD19 negative cells. In addition, they
would not cause adverse side effects as occurs in normal CAR-T cell
therapy [75].

The design and use of chimeric exosomes open a new route to
improve their effect in cancer therapy. Thus, the evidence suggests
that exosome-based therapies could be relevant for almost all
types of cancer. Therefore, it has been suggested that chimeric exo-
somes, designed to target exclusively certain types of cancer, may
be useful for transporting drugs, siRNA and cargo to the specific
organ or cell more efficiently than only with NPs.

The key to improving therapies based in chimeric exosomes
may lie in studying in deep the consequences of applying this tech-
nology in living animals and understanding how the immune sys-
tem react to these combined therapies.

5. Clinical applications

It has been shown that small EVs play important roles in deter-
mining innate immune responses [76,77]. Small EVs released by
antigen presenting cells (APCs) such as B-cells or dendritic cells
(DC), display major histocompatibility complex (MHC) I and/or II
on their surface and therefore can induce antigen-specific activa-
tion of T-cells [78–80]. This characteristic has allowed the develop-
ment of exosome-based vaccines for cancer treatment or
therapeutic approaches in humans [81,82]. Most of the research
has been focused on loading EVs with MHC class I or MHC class
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II restricted peptides to stimulate the immune system [81], making
them more effective in cancer immunotherapy.

A need to increase the exosome-induced immunity arises from
the moderate T cell responses in human clinical trials. DC-derived
EVs contain co-stimulatory molecules such as CD80/86 [11], and
small EVs with tumor antigens are being engineered in order to
improve their immunogenicity [76]. The safety of using small EVs
in immunotherapy has been shown in some clinical trials using
autologous, blood-derived or MSC-derived EVs [83–86] (Table 2).

Exosome-based strategies have demonstrated their potential to
inhibit the progression and metastasis in diverse preclinical mod-
els and there are several clinical trials ongoing in humans with
very promising results (Table 2). Such strategies may have broad
implications not only for the treatment of cancer, but also for other
diseases. Many early-phase clinical trials are combining the use un
exosomes with cancer drug inhibitors (Table 2). Currently, there
are nine clinical trials where exosomes have been used as drug
delivery system. Out of them, four have already been completed,
obtaining remarkable results with exosomes derived from human
cells. It should be noted that one of those clinical trial performed
with exosomes uses plant-derived exosomes (NCT01294072). In
that trial, curcumin is loaded to plant exosomes and used as a drug
delivery system in normal and colon cancer tissue. Some clinical
trials (NCT01854866 and NCT02657460) used exosomes loaded
with chemotherapeutic drugs, to treat patients diagnosed with
malignant ascites and pleural effusion. In the preclinical study of

the clinical trial NCT01854866, the use of methotrexate (MTX)
and cisplatin followed by exposure to ultraviolet irradiation was
reported to treat hepatocarcinoma ascites in nude mice. The results
confirmed that MTX induces apoptosis and cisplatin almost com-
pletely suppressed tumor growth [87]. In NCT02657460 trial,
MTX-autologous tumor derived exosomes were used with cisplatin
as the comparator (Table 2).

Chimeric exosome iExosomes, that were effectively used in pre-
clinical studies as described above Kamerkar et al. (2017), were
included in the clinical trial NCT03608631. In this ongoing trial,
siRNA KrasG12D was loaded into exosomes derived frommesenchy-
mal stromal cells and used as an anticancer drug for patients with
treatment of metastatic pancreatic cancer [73].

There are other clinical trials using exosomes that has been
already completed, like the one to treat melanoma patients, which
finished in 2005. It consisted in an intradermal and subcutaneous
application of autologous DCs derived-exosomes (Dex) loaded with
MAGE 3 peptides during 4 weeks. Although no significant outcome
has been observed, this phase I trial highlighted the safety of exo-
some administration [83] (Table 2). Later, the same research group
tested in a phase I clinical trial Dex based-vaccines bearing NKG2D
ligands in melanoma patients. The melanoma patients treated with
the Dex vaccines had decreased NKG2D compared to healthy
patients but, after inoculation of the vaccine, their values increased
significantly. Therefore, those vaccines were able to increase the
recirculation of NK cells in patients and restored NKG2D function

Fig. 2. Chimeric exosomes. (A) Nanosomes engineer by exosome harvest from normal lung fibroblasts cells bonded to Gold Nanoparticles (GNP), pH linker and Doxorubicin
(Dox), for lung cancer treatment. (B) gETL NPS + DTX + GM-CSF made up of fibroblast exosomes overexpressing CD27 (gExo), thermosensitive liposomes (TLS), and loaded
with colony-stimulating factor (GM-CSF) and docetaxel (DTX), for peritoneal carcinoma treatment. (C) iExosomes (siRNA + AF647), engineer by exosomes derived from
normal fibroblast-like mesenchymal cells carrying specific siRNA for oncogenic KRASG12D, used to treat pancreatic cancer. (D) AMSC-exo-199a, exosomes from adipose tissue-
derived MSCs (AMSCs) modified with miR-199-a, for hepatocellular carcinoma treatment. (E) ExoCD19-CAR, exosomes that express CD19 Chimeric Antigen Receptor (CD19
CAR) used for leukemia treatment. Created in BioRender.com. AF, Alexa Fluor; siRNA, small interfering RNA; miR, micro RNA.
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on that cells, which stimulates the NK cell pathway, that resulted
in the increase of the cytotoxicity of transformed or altered cells
[88]. In 2005, Morse et al., also completed a phase I clinical trial
for Non- Small Cell Lung Cancer (NSCLC) patient’s treatment. In
this study, they tested the safety, feasibility and efficacy of autolo-
gous Dex loaded with the MAGE tumor antigens. It was shown that
immune response was activated and disease progression was slo-
wed upon Dex treatment [84].

Few years later autologous ascites exosomes (Aex) were used in
combination with the granulocyte–macrophage colony-
stimulating factor (GM-CSF) to treat colon cancer [85]. The clinical
trial concludes that Aex plus GM-CSF but not Aex alone can induce
beneficial tumor-specific antitumor cytotoxic T lymphocyte (CTL)
response, indicating that this therapy was feasible and safe [85].
In a different kind of approach involving directly the immune sys-
tem, IFN-c-DC-derived extracellular vesicles were loaded with
MHC class I and class II-restricted cancer antigens. This treatment
used a maintenance immunotherapy in patients with inoperable
NSCLC after chemotherapy induction. Dex maintains the key func-
tions of DCs in their ability to present tumor-associated antigen
and to activate their specific immune responses [89,90]. In the
two phase-I trials that were conducted using the first generation
of Dex (IFN-c-free) in end-stage cancer, Dex were reported to exert
natural killer (NK) cell effector functions in patients. This phase II
clinical trial (Table 2), uses a second generation of Dex (IFN-c-
Dex) and it has shown that Dex are capable to stimulate NK cells
of antitumor immunity. Clinical responses to Dex vaccination
post-chemotherapy were evaluated and of the cohort of 22
patients recruited into the trial (95% confidence interval), 32%
remained stable after nine injections and were stabilized for
almost four months. Moreover, there were no treatment-related
deaths and lethal events were all disease-related indicating that
IFN-c-Dex is a very well tolerated immunotherapy [86].

These results support the idea that new exosome-based antitu-
mor therapeutic approaches are efficient and demonstrate the
importance of their study in clinical practice.

5.1. Exosomes and COVID-19, new avenues for clinical application

Since early 2020, the world changed with the fast expansion of
the Coronavirus disease (COVID-19). Many treatments have been
employed to overcome it. However, some have been unsuccessful
or have led to serious side effects [91,92]. Exosome based technol-
ogy has also been used to fight this terrible pandemic and in 2021 a
novel treatment for COVID-19 is being developed. NCT04747574 is
a phase I study, which includes exosomes as carriers of CD24. Dur-
ing COVID-19, a cytokine storm takes place in the lung. That is
when the immune system essentially goes into overdrive and
begins attacking healthy cells. As a result, an inflammation starts,
which is the principal cause of patient health deterioration and a
death prognosis in COVID-19 [93]. Some evidence suggest that
the small protein CD24, which is involved in the control of the T-
cells proliferation [94] can negatively regulate inflammation [95].
Therefore, as exosomes are involved in cell-to-cell communication,
their use for CD24 protein delivery to the lungs helps calm down
the immune system.

The treatment, called ‘‘EXO-CD24”, is a biologic therapeutic
agent that works inhibiting the cytokine storm. The exosomes,
used as a vehicle, deliver CD24 directly to the target organ. The
exosomes used in the study were isolated from T-RExTM-293 cells
that are designed to overexpress CD24. This treatment fights the
potentially lethal overreaction of the body’s immune system to
COVID-19 which is believed to be responsible for many deaths
and its mechanism reduces the ‘‘required” dose and the risk of
undesired events. This novel treatment is administrated to patients
through an inhalation device in which the medicine EXO-CD24 is
aerosolized in normal saline and inhaled for three minutes, breath-
ing regularly, without any side effects (Table 3). The treatment
achieved in its phase 1 tests more than 95% of effectiveness, help-
ing 29 of 30 patients to quickly recover from the disease. COVID-19
patients with a moderate or severe condition were treated
between three to seven days. Even if the treatment does not reduce
the presence of the virus in the body, it does reduce the impact on

Table 2
Clinical studies of exosome-based treatments. There are four clinical trials in progress (‘‘Ongoing”), while another five have already been completed (‘‘Completed”) obtaining
remarkable results with exosomes derived from human cells.

Disease Year, patient,
status

Intervention (exosome treatment) Outcome Reference

Colon cancer February 2011,
n = 35,
Ongoing.

Curcumin conjugated with plant
exosomes.

Deliver Curcumin to Normal and Colon Cancer Tissue using plant
exosomes.

NCT01294072

Malignant ascites
and pleural
effusion

May 2013,
n = 30,
Ongoing.

Drug-packaging microparticles with
chemotherapeutic drugs.

Tumor cell-derived microparticles packaging chemotherapeutic
drugs are useful to treat malignant ascites and pleural effusion.

NCT01854866

Malignant pleural
effusion

January 2016,
n = 90,
Ongoing.

Exosomes loaded with
methotrexate.

Control tumor growth in vivo effectively and induced pleural
adhesion.

NCT02657460

Pancreas cancer August 2018,
n = 28,
Ongoing.

Mesenchymal Stromal Cells-derived
Exosomes with KRASG12D siRNA.
iExosomes

Progression-free survival
(Time Frame: Up to 1 year)

[73]
NCT03608631

Melanoma 2005,
n = 15,
Completed.

Dendritic exosomes with tumor
antigenic peptides.

Proof of feasibility ad Safety. [83]

2009,
n = 15,
Completed.

Human dendritic exosomes with
NKG2D ligands.

Proof of feasibility ad Safety. [88]

Non- small lung
cancer

2005,
n = 13,
Completed.

Dendritic exosomes with tumor
antigenic peptides.

Proof of feasibility ad Safety. [84]

Colon cancer 2008,
n = 40,
Completed.

Autologous ascites exosomes. Proof of feasibility ad Safety. [85]

Advanced non-
small cell lung
cancer

July 2010,
n = 41,
Completed.

Dendritic exosomes with tumor
antigenic peptides (Dex).

Stabilization and antitumor immunity. [86]
NCT01159288
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the lungs preventing death. This direct administration route
throughout an inhalation device open new possibilities for the
use of engineered exosomes as a new therapy for lung cancer
treatment.

6. Conclusions and future perspectives

Since the exosome discovery as vesicles for eliminating specific
proteins, research on its function in health and disease has increas-
ingly gained interest. Recent studies have emerged indicating their
major role in intercellular communication and demonstrating that
exosomes are much more than simple lipidic vesicles. As they con-
tain a lot of information about their parental cells, they are easily
detectable in fluids such as blood and urine, which make them
ideal to become biomarkers in cancer diagnosis. Additionally, the
use of exosomes as a delivery system is an important breakthrough
in targeted therapy against cancer. The fact that there are evi-
dences that tumor cell-derived exosomes possess tropism for their
parental cells opens a promising field of study [59,96]. Its tropism
and ability to carry practically any cargo into a certain cell, allows
the design and use of drugs for targets that were considered not
achievable due to their intracellular location and difficulty in
reaching them.

Although the potential of the small EVs as delivery system has
been proved in preclinical models, exosome-related therapeutics
are still to be approved by the U.S. FDA. To be able to use them
as carriers it is necessary to gather more information about practi-
cal issues, such us their half-life in biological fluids. Moreover,
there are some limitations concerning their biodistribution to
specific organs that limits their therapeutic potential. The actual
tendency is to use several types of lipid membranes in combination
with nanoparticles of different types [97].

There has been an extensive research on small EVs as a tool in
therapeutic and diagnostic settings. Here we recapitulate some
ongoing clinical trials based in preclinical studies that shows their
potential as biomarkers. However, we need to understand better
the biology of the exosomes, the proportion of cancer derived exo-
somes in plasma or the insights of the packaging process among
others. In addition to the evaluation of efficacy, it is of great signif-
icance to take into consideration the toxicological safety evaluation
and immunological compatibility including absorption, distribu-
tion, metabolism, excretion and toxicokinetic, etc [98]. Technically,
there is still room for improvement since we have to make sure
that the current technologies possess the range necessary for small
EVs detection. A profound understanding of small EVs will likely be
essential to develop novel, more efficient small EVs -based thera-
peutic strategies against cancer.
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4.2 Chapter 2. Glioblastoma derived small EVs: Nanoparticles for glioma 
treatment 

Summary of the results 

Small EVs have emerged as a promising tool for biomarker identification and drug delivery 

systems, particularly in cancer. This article describes a method for small EVs isolation from 

patient-derived GBM cell cultures (HGUE-GB-16, HGUE-GB-18, HGUE-GB-37, HGUE-GB-

39, HGUE-GB-40, HGUE-GB-42, and HGUE-GB-48), their in-depth characterization using 

biochemical and biophysical approaches, and their applicability as drug delivery systems.  

First, we characterized the sensitivity/resistance profile of the seven GBM cell cultures to 

treatments and found that all cells were sensitive to TMZ and partially sensitive to EPZ015666. 

TMZ is an alkylating agent, characterized as a good treatment for many solid tumors such as 

GBM, sarcomas, melanoma, etc. EPZ015666 is a novel compound, which inhibits PRMT5 and 

correlates with poor patient prognosis. This was the first study testing the effect of EPZ015666 

on cell cultures from GBM patients. 

We used the differential ultracentrifugation method (Figure 15) to isolate GBM small EVs, and 

WB, DLS, and FESEM were used for characterization. Subsequently, we investigated the 

potential use of small EVs in GBM treatment by loading them with two different 

chemotherapeutic drugs (TMZ and EPZ015666) using direct and indirect incubation methods 

(Figure 16). An HPLC protocol was used to measure the uptake of small EVs, which revealed 

that the direct incubation method was better for treatment. The resultant amounts of TMZ 

loaded into GBM small EVs were 25 μM and 0.04 μM for EPZ015666. 

We conducted proliferation assays to evaluate the efficacy of small EVs loaded with these 

drugs for GBM treatment (GB-39 EVsTMZ and GB-39 EVsEPZ015666). When GB-39 EVsTMZ were 

applied to the GBM cell lines (HGUE-GB-39, HGUE-GB-48) and an unrelated pancreatic tumor 

cell line (RWP-1), a significant effect was obtained compared to the same concentration when 

the drug alone was used. Similarly, when GB-39 EVsEPZ015666 were applied to HGUE-GB-39, 

HGUE-GB-42, and RWP-1 a more significant effect was reached than the drug alone at the 

same concentrations, being the effect in RWP-1 not dosage dependent. These experiments 

showed that small EVs loaded with TMZ and EPZ015666 significantly inhibited the growth of 

GBM cells compared with unloaded small EVs or free drugs alone.  

To test whether or not EVs exhibit tropism to their parent cell, we used three GBM cell lines 

(HGUE-GB-39 and HGUE-GB-42 or HGUE-GB-48) and RWP-1. We observed that small EVs 
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exhibit tropism for the same type of tumor but not at the patient level, which makes them a 

good vehicle for drug delivery.  

Our findings also indicate that the small EVs derived from GBM are effective in RWP-1 cells, 

although with lower efficiency, suggesting their potential application to treat other secondary 

metastases. These results highlight the potential of using GBM-derived small EVs not only for 

liquid biopsies, but also as a drug delivery system for GBM treatment, and therefore novel 

therapies can be developed based on these vesicles. However, further research is needed to 

optimize small EV-based drug delivery systems and to understand the mechanisms underlying 

their therapeutic effects. 
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Abstract: Glioblastoma (GBM), characterized by fast growth and invasion into adjacent tissue, is the
most aggressive cancer of brain origin. Current protocols, which include cytotoxic chemotherapeutic
agents, effectively treat localized disease; however, these aggressive therapies present side effects due
to the high doses administered. Therefore, more efficient ways of drug delivery have been studied
to reduce the therapeutic exposure of the patients. We have isolated and fully characterized small
extracellular vesicles (EVs) from seven patient-derived GBM cell lines. After loading them with two
different drugs, Temozolomide (TMZ) and EPZ015666, we observed a reduction in the total amount
of drugs needed to trigger an effect on tumor cells. Moreover, we observed that GBM-derived small
EVs, although with lower target specificity, can induce an effect on pancreatic cancer cell death. These
results suggest that GBM-derived small EVs represent a promising drug delivery tool for further
preclinical studies and potentially for the clinical development of GBM treatments.

Keywords: glioblastoma; small EVs; nanocarriers; temozolomide; EPZ015666; FESEM

1. Introduction

Glioblastoma (GBM) is the most aggressive primary malignant tumor of the central
nervous system. According to the World Health Organization (WHO), it corresponds to IDH-
wildtype grade 4 and is mainly present in adults, with a median survival up to 15 months [1,2].
This short survival rate can be attributed to treatment limitations. The standard of care for
GBM patients is the combination of radiotherapy and chemotherapy with temozolomide
(TMZ) (3,4-dihydro-3-methyl-4-oxoimidazo-[5,1-d]-astetrazine-8-carboxamide) after tumor
resection [3,4]. TMZ is a DNA alkylating agent that acts over the methylation of guanine
and adenine bases, breaking double-stranded DNA and causing cell cycle arrest and cell
death by apoptosis [5]. Despite its mighty effect on GBM, there are some disadvantages
associated with TMZ treatment, such as its short half-life, the requirement of high doses to
achieve therapeutic levels, and a great number of side effects [6], among them, headache,
fatigue, loss of appetite, opportunistic infections, thrombocytopenia, moderate to severe
lymphopenia, and abnormally low levels of white blood cells [7–9]. More importantly, only
20% of TMZ, with respect to a systemic dose, reaches the brain [10].

Recently, arginine methyltransferase-5 (PRMT5) has been described as a potential
target for cancer treatment. PRMT5 modulates the biological function of target proteins, cat-
alyzing the transference of two methyl groups to arginine residues, and is essential to maintain
homeostasis in both normal and malignant cells [11,12]. This enzyme is involved in tumori-
genesis, and it has been found overexpressed in a variety of cancers, including melanoma,
multiple myeloma, lung, gastric, prostate, ovarian, colorectal cancers, and GBM [13]. More-
over, the overexpression of this protein has been correlated with poor patient prognosis [12].
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EPZ015666 is a small molecule that competes with the substrate-binding pocket of the
PRMT5 peptide to deny its interaction and posterior methylation; therefore, it has been
considered a PRMT5 inhibitor [14].

The delivery of therapeutic agents to brain tumors is particularly challenging, with no
improvement in outcomes observed over the last 20 years, since the Stupp protocol was
shown to extend the life span of patients for just several months [3]. This is in contrast
to the cancer of other organs that have undergone huge therapeutic improvements over
the last decade. Among the new therapies, a novel alternative is the use of exosomes as
drug carriers that can contribute to increasing the efficiency of treatments and enhancing
brain targeting. Exosomes are small extracellular vesicles (EVs) that were first identified as
“trash bags”, a system in which waste cellular products were disposed of [15]. However,
diverse studies have confirmed that small EVs play a major role in cell–cell communication,
both in normal conditions and in pathologies, such as cancer [16]. Small EVs can be used as
nanocarriers with some advantages, such as specific tropism for cell origin, non-cytotoxic
effect, biocompatibility, facility of transporting hydrophilic or hydrophobic biomolecules,
and facility to cross the blood–brain barrier (BBB) [16–19]. Small EVs have a diameter of
30–150 nm and a lipid bilayer membrane with the same characteristics as the donor cell, and
their cargo is made up of proteins, messenger RNA (mRNA), microRNA (miRNA), long
non-coding RNA (lncRNA), DNA fragments, and metabolites from the donor cell [16,20–22].
Small EVs can be characterized by the presence of proteins, such as Alix, TSG101, RAB,
small GTPases, flotillins, annexins, and CD9, CD63, and CD81. The presence or absence of
these is closely related to the cell from which the small EVs originated [23–25].

In the present study, we focused on small EVs released from previously isolated,
patient-derived GBM cells [26]. We described an efficient method of small-EV purification
from those GBM cell lines that we used, and the purity of the small EVs population in our
samples has been ensured by performing several characterization methods. We have used
those small EVs to overcome the present challenges of drug delivery in GBM and to improve
the delivery system by testing two procedures in order to load them with chemotherapeutic
drugs, TMZ and EPZ015666. We demonstrate that small EVs loaded with each drug inhibit
the proliferation of GBM more efficiently than the drug alone. Therefore, GBM-derived
small EVs are not only valuable as a prognostic marker for GBM, but also as delivery
systems for the development of new therapeutic strategies.

2. Results

2.1. Sensitivity and/or Resistance Profile to Treatments of Patient-Derived GBM Cell Lines
The GBM cell lines used in this work were obtained by our research group, as de-

scribed previously, by surgical washes of resection surgery from patients older than 18 years
diagnosed with GBM, and all of them IDH wt. They were denominated “Hospital Gen-
eral Universitario de Elche” (HGUE), Glioblastoma (GB), and the number of the patient
(Figure 1A) [26]. Thus, seven cell lines were established: HGUE-GB-16, HGUE-GB-18,
HGUE-GB-37, HGUE-GB-39, HGUE-GB-40, HGUE-GB-42, and HGUE-GB-48 (indicated in
the Figures as GB-patient number).

We performed a proliferation assay that showed an important decrease in proliferation
as a response to TMZ treatment by all GBM cell lines (Figure S1). TMZ was the most effective
treatment, together with EPZ015666, which also showed a significant response in the GBM
cell lines (Figure S2).
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Figure 1. Small EVs isolation and biochemical characterization. (A) Scheme of the GBM cell line
obtention, followed by small EVs isolation and functional studies. (B) Expression by WB of Alix,
CD63, and TSG 101 in isolated small EVs and corresponding cell protein extracts. ↵-Tub and HSP-90
were used as control. Of note, HSP-90 in GBM is not a biomarker and has been used as a marker of
small EVs isolation (negative control). GBM, glioblastoma; EVs, extracellular vesicles.

Those were the only treatments to which no GBM cell line showed resistance. Regard-
ing the GBM cell lines, the most sensitive to all treatments was HGUE-GB-42, whereas
HGUE-GB-39 was the most resistant, together with HGUE-GB-16. The different sensitiv-
ity/resistance profiles of the cell lines derived from several patients suffering from the
same type of tumor highlights the importance of better analysis and understanding of the
tumor features in order to find common properties and, therefore, overcome GBM therapy
limitations (Table 1).

Table 1. Sensitivity and/or resistance classification of GBM lines to treatments. GBM cell lines
classification according to their sensitivity and/or resistance to EPZ015666, TMZ, Carmustine (BCNU),
and radiotherapy treatments. Cells were treated with different concentrations of the chemotherapeutic
agents EPZ015666 and TMZ. Classification of BCNU and radiotherapy data was performed based on
data previously reported by our research group [26]. Classification of those treatments is based on
the IC50 of each one. The resistant cell lines of each treatment are highlighted in red and the sensitive
ones are highlighted in light green. GBM, glioblastoma; TMZ, Temozolomide.

Cell Line

Treatment
EPZ015666 TMZ BCNU Radiotherapy

HGUE-GB-16
Partially
sensitive Sensitive Resistant Sensitive

HGUE-GB-18
Partially
sensitive Sensitive Partially

sensitive
Partially
sensitive

HGUE-GB-37
Partially
sensitive Sensitive Partially

sensitive Sensitive

HGUE-GB-39 Sensitive Sensitive Partially
sensitive Resistant

HGUE-GB-40
Partially
sensitive Sensitive Partially

sensitive
Partially
sensitive

HGUE-GB-42 Sensitive Sensitive Sensitive Sensitive

HGUE-GB-48
Partially
sensitive Sensitive Partially

sensitive
Partially
sensitive
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2.2. Small EVs Isolation and Biochemical Characterization of Small EVs from Patient-Derived
GBM Cell Lines

There are many procedures for small EVs isolation based on different biophysical
and biochemical properties of EVs, such as size, mass density, shape, charge, or antigen
exposure [23,27].

In order to isolate small EVs from GBM cell lines, the protocol was adapted according
to the small EVs’ origin and experiment type. In this study, we used the ultracentrifugation
approach for small EVs isolation (Figure 2).

Figure 2. Scheme representing GBM-derived small EVs isolation. Sequential steps of centrifuge
and ultracentrifuge were performed, as indicated on top of the arrows. GBM, glioblastoma; EVs,
extracellular vesicles.

Small EVs can mirror their cellular origin and, therefore, can provide us with critical
information associated with the physiological state of their parental cell [28].

The standardization of small EVs characterization is an essential step for reliable and
reproducible results from assays and other downstream applications. In order to character-
ize our samples, we used Western Blot (WB) as an analytical technique, with antibodies
against the main proteins present in small EVs. Our results showed the presence of typical
small EVs proteins, such as Alix (Invitrogen), TSG101 (Invitrogen), and CD63 (Invitro-
gen), while ↵-Tubulin (Invitrogen) and HSP-90 (CUSABIO) were only found in cell lysates
(Figure 1B), in contrast to other results obtained with small EVs purified from breast or
prostate cancer cells [29,30]. Furthermore, the absence of tubulin was reported as a charac-
teristic of small EVs purity, indicating the absence of cell contaminants in the sample [31].
Altogether, our results established the purity of the small EVs samples. Moreover, we could
identify the expression of HSP-90 in the GBM cell lines, but not in the GBM-derived small
EVs samples, which differs from small EVs of different origin.
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2.3. Morphological Characterization of GBM-Derived Small EVs
Characterization of isolated GBM-derived small EVs was completed by Dynamic

light scattering (DLS) (Figure 3) and showed that the isolated particles from the seven
patients’ samples were consistently within the expected size range for small EVs (Figure 3).
Analysis revealed different diameter means according to each group of cell-line-derived
small EVs: HGUE-GB-16 (93 nm ± 7), HGUE-GB-18 (126 nm ± 3), HGUE-GB-37 (117 nm
± 5), HGUE-GB-39 (129 nm ± 1), HGUE-GB-40 (118 nm ± 6), HGUE-GB-42 (110 nm ± 6),
and HGUE-GB-48 (126 nm ± 3).

Figure 3. Size characterization of small EVs particles. Size and morphology of the seven GBM cell
lines’ small EVs were visualized by using Dynamic Light Scattering (DLS) and Field Emission Scan-
ning Electron Microscopy (FESEM). White boxes show an optical magnification of a representative
small EV. Scale bars 200 nm. GBM, glioblastoma; EVs, extracellular vesicles.

We further examined the size and morphology of GBM-derived small EVs by per-
forming field emission scanning electron microscopy (FESEM) analyses (Figure 3). FESEM
images indicated the presence of a homogeneous population of small EVs, with a mean
diameter between 100 and 150 nm. Small EVs appeared almost exclusively as round or
cup-shaped vesicles. In some cases, we could identify multiple small EVs clusters of about
200 nm in diameter.

To rule out that the structures visualized by FESEM could be an artifact of the isolation
or fixation process, we performed an exhaustive analysis of the samples. Energy dispersive
X-ray (EDX) analysis was performed with the X-ray detector in a FESEM microscope on a
HGUE-GB-48-derived small EVs sample (Figure S3). As expected, the studied sample was a
mixture of biological samples and salts. The spectrum of the rounded, small EVs-like areas
confirmed their biological origin. Taken together, DLS and FESEM imaging confirmed the
purity of the GBM-derived small EVs in our preparations and are in line with similar studies
uncovering small EVs characteristics derived from cells of diverse origins [32]. Moreover,
for the first time, EDX analysis was performed to allow the discrimination of small EVs
structures from salts by establishing the biological nature of the samples (Figure S3).
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2.4. Effect of GBM-Derived Small EVs Directly Loaded on Glioma Cells
The current standard-of-care treatment for GBM relies on a multidisciplinary approach

combining surgery, chemotherapy, and radiation therapy. TMZ has been used as a first-line
treatment for GBM. On the other hand, chemoresistance has become the main barrier to
treatment success, and therefore, other drugs have been developed to treat GBM patients [3].
Our data showed that patient-derived GBM cell lines were mostly sensitive to TMZ and
EPZ015666; thus, we decided to test both drugs. EPZ015666 is an inhibitor of PRMT5 that
has been shown to regulate the splicing of detained introns in proliferation-associated
genes in GBM [33]. PRMT5 has a nuclear localization, and its expression correlates with
poor survival in several types of cancers. This makes PRMT5 a good candidate for cancer
therapy, and consequently, many compounds have been screened to find the required
specificity and efficacy for GBM treatment [34]. One of them is EPZ015666, which has been
broadly used in several other types of cancer [14,35]. In this study, we tested the effect of
EPZ015666 on GBM cell survival.

In order to test whether or not GBM-derived small EVs can be used as a drug delivery
system for cancer treatment, we first loaded them by two incubation methods [36]. The first
method has been broadly used to load small EVs and consists in the treatment of the cells
for at least 48 h with high doses of a certain drug, followed by small EVs isolation from
the medium [19]. From now on, we will call this method “indirect incubation” [37]. In the
second one, called “direct incubation”, small EVs are first isolated from the cell line and
then incubated in a medium containing a low dosage of the drug [38].

To test the loading efficiency of small EVs, the small EVs were loaded by direct and
indirect incubation, and the amount of TMZ was measured by HPLC (Figure S4). Small
EVs isolated from the GBM cell line HGUE-GB-39 were isolated (Figure 2), and the drug
was encapsulated by direct incubation in 5 mM TMZ. Our HPLC measurements showed
higher amounts of TMZ being loaded into the small EVs by direct incubation; therefore, we
decided to continue the experiments with this loading method (Figure S4).

Small EVs have been proposed to tend to fuse preferentially with their parent cancer
cells [17]. To test this idea, we included in our experiment not only the parental cell HGUE-
GB-39, but also another GBM cell line and the unrelated pancreatic cancer cell line RWP-1.
The second GBM cell line was chosen based on its sensitivity/resistance profile against each
drug (Figure S1). The HGUE-GB-48 GBM cell line was used for TMZ treatment, whereas
EPZ015666 was applied to HGUE-GB-42, since they were the most sensitive lines against
those drugs, according to our data (Table 1). The above-mentioned three cancer cell lines
were treated with small EVs derived from the GB-39 GBM cell line that was loaded by the
direct incubation method, and the effect on cell proliferation was measured. When applying
the loaded small EVs in the same or in another GBM cell line, direct incubation showed
a significant effect, as indicated by the decrease in cell proliferation, especially at higher
concentrations (Figures 4, S5 and S6). Surprisingly, RWP-1 also responded to drug-loaded
small EVs. This may be explained by the fact that RWP-1 is very sensitive to both of the
tested drugs, even at low doses, as shown in the direct exposure to both drugs (Figures 4–6,
S5, S6, S9, and S10).
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Figure 4. Cell proliferation effect of TMZ in cancer cell lines. (A) Cancer cells were treated with
increasing concentrations of TMZ, and their proliferation was measured. (B) Confocal images
showing the expression of a proliferative marker and the decrease in cell density due to the TMZ
and GB-39 EVsTMZ effect. Asterisks indicate the statistical significance of the results (** p < 0.01,
*** p < 0.001, **** p < 0.0001). Scale bar B, 20 µm. TMZ, Temozolomide; EVs, extracellular vesicles.

2.5. TMZ-Loaded GBM-Derived Small EVs Barely Affect Cancer Cells
The effect of TMZ treatment on proliferation was assessed using an increasing con-

centration of the drug. We used three cancer cell lines, two of GBM and one of pancreatic
cancer, to evaluate cell tropism later. A range of concentrations between 0.05 mM and
10 mM was evaluated. Our analyses revealed that treatment of the GBM cell lines HGUE-
GB-39 and HGUE-GB-48 with TMZ resulted in more than 90% decreased proliferation,
together with an IC50 of 1.088 ± 0.082 and 0.2264 ± 0.195 mM, respectively (Figures 4, S5
and S6). Interestingly, the pancreatic cancer cell line RWP-1 was also affected by the TMZ
administration, with only 20% of proliferating cells at 10 mM concentrations and an IC50 of
0.7301 ± 0.066 mM (Figures 4, S5 and S6).

We then tested the second loading method by directly incubating GB-39-derived small
EVs in 5 mM TMZ (GB-39 EVsTMZ). It has been described that this kind of incubation results



Int. J. Mol. Sci. 2023, 24, 5910 8 of 18

in a very low encapsulation rate of the administered drug dose within the small EVs [36].
In order to know the precise amount of drug contained in the small EVs, we performed
HPLC analysis, followed by drug identification with a mass spectrometer (Figure S4).
Our quantifications showed that GB-39 EVsTMZ contained 25 µM of the drug. Isolated
GB-39 EVsTMZ were applied to the cells in serial dilutions ranging from 50% to 5% of the
original stock. Since the amount of drug applied to the cultures through the GB-39 EVsTMZ

corresponds to a range of 12.5 µM to 1.25 µM, we tested the direct exposure of the GBM
cell lines to TMZ at these low concentrations to compare both effects (Figures 5, S5 and S6).

The maximum concentration applied was 12.5 µM of TMZ, corresponding to 50%
GB-39 EVsTMZ, and the minimum was 1.25 µM at 5% of TMZ. GB-39 EVsTMZ treatment
resulted in a very subtle reduction in cancer cell proliferation. Interestingly, the total
amount of TMZ used for this treatment was up to 1000 times less than the direct application
of TMZ in cells (Figure 5B) already starting at a 6 µM concentration.

Figure 5. Cell proliferation effect at low concentrations of TMZ in cancer cell lines. (A) Cancer
cells were treated with low concentrations of TMZ, similar to the calculated concentrations present
in GB-39 EVsTMZ, and their proliferation was measured. (B) GB-39 EVsTMZ were loaded directly
with a 5 mM concentration of TMZ. Small EVs alone (Control, C) or serial dilutions of the loaded
small EVs were applied to different cancer cell lines, and their effect on proliferation was measured.
Asterisks indicate the statistical significance of the results (* p < 0.05, ** p < 0.01, **** p < 0.0001). TMZ,
Temozolomide; EVs, extracellular vesicles; C, control.

Moreover, our HPLC data indicated that the amount of drug loaded into isolated
GB-39 EVsTMZ (Figure S4) was 200 times less than the concentration they were exposed to
while being incubated by the direct method (Figure S4). On the other hand, less amount
of drug was loaded into GB-39 EVsTMZ by indirect incubation, since it was 600 times less
than the original exposure. Altogether, our results revealed that direct incubation is more
efficient than the indirect method (Figure S4).

2.6. EPZ015666-Loaded GBM-Derived Small EVs Have a Similar effect on Cancer Cells
PRMT5 has recently emerged as a promising therapeutic target in GBM treatment.

According to the UALCAN database, a web portal for gene expression and survival analysis
in different types of tumors, PRMT5 was upregulated in most of the tumors (Figure S7A).
This database, which uses data extracted from “The Cancer Genome Atlas” project, showed
significant upregulation of PRMT5 in GBM samples (p-value 1.62 ⇥ 10�12) (Figure S7B) [39].
Moreover, its expression has been related to a high grade of malignancy in GBM, while
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its inhibition correlates with survival [40,41]. One of the PRMT5 inhibitors that have been
successfully developed is EPZ015666 [14].

Figure 6. Cell proliferation effect of EPZ015666 in cancer cell lines. (A) Cancer cells were treated
with increasing concentrations of EPZ015666, and their proliferation was measured. (B) Small EVs
of GB-39 were loaded directly with a 15 µM concentration of EPZ015666. Small EVs alone or serial
dilutions of the loaded small EVs were applied to different cancer cell lines, and their effect on
proliferation was measured. (C) Confocal images showing the expression of a proliferative marker
and the decrease in cell density due to the EPZ015666 and GB-39 EVsEPZ015666 effect. Asterisks indicate
the statistical significance of the results (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Scale bar
C, 20 µm. EVs, extracellular vesicles.
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We wondered if small EVs could have a different target efficacy based on the loaded
drugs. Along this line, different drugs with different mechanisms of action and chemical
properties could be more suitable for small EVs drug delivery. To test the effect of EPZ015666
treatment on proliferation, an increasing concentration of the drug was used. A range of
concentrations between 5 µM and 20 µM were applied to 3 cancer cell lines (Figure 6A,C). For
this experiment, and to assess the effect in another GBM cell line, HGUE-GB-42 was used.
Our analyses showed a nearly 50% decrease in proliferation in the GBM cell lines and a
slightly higher reduction in RWP-1 (IC50) after EPZ015666 treatment (Figure 6A,C).

Small EVs were loaded by direct incubation in 15 µM EPZ015666 (GB-39 EVsEPZ015666).
Similar to the previous experiments, HPLC analysis, followed by drug identification with
a mass spectrometer, was performed (Figure S8). Our quantifications showed a 0.04 µM
concentration in the small GB-39 EVsEPZ015666 by direct incubation. Therefore, those samples
were loaded with a concentration that was 400 times less than the original 15 µM. Isolated
small GB-39 EVsEPZ015666 were applied to the cells in serial dilutions ranging from 50% to 5%
of the original stock. Consequently, the maximum concentration was 0.02 µM, corresponding
to 50% small EVs, and the minimum was 0.002 µM when 5% of EVsEPZ015666 was applied.
GB39-EVsEPZ015666 treatment resulted in a reduction in significant cancer cell proliferation.
Confirming the tested idea, the higher decrease in proliferation took place in HGUE-GB-
39, the cell line where the small EVs were obtained. An average of a 20.54% reduction in
proliferation was seen in the RWP-1 cell line, regardless of the small EVs concentration
(Figure 6B,C). These results indicate that even if this cell line does not have a specific affinity
for this type of small EVs, the amount of EPZ015666 that reaches the cell is sufficient to
induce an effect.

In accordance with our previous observations with GB-39 EVsTMZ, our HPLC data
indicated that the amount of drug loaded into isolated GB39-EVsEPZ015666 (Figure S8) was
much less than the concentration they were exposed to while being incubated by the
direct method (Figure S8). Therefore, it confirms that direct incubation is the most efficient
method to load GB39-EVsEPZ015666 (Figure S8).

3. Discussion

Glioblastoma patients with metastatic or relapsed disease have poor outcomes, despite
intense and aggressive multimodal treatment strategies, including high-dose chemotherapy
regimens. Current therapies are insufficient, with nearly universal recurrence, mostly due to
the difficulty of delivering therapeutic agents to the brain. Since the BBB limits the entry of
systematically administered drugs to the brain, efforts are underway to develop methods to
deliver treatments behind the BBB, such as the implantation of a drug-eluting material into the
brain tissue. Along this line, controlled release systems for direct delivery of chemotherapy to
brain tumors were first approved by the FDA in 1996 [42,43]. The intensification of preclinical
discovery efforts has led to the identification of novel drug delivery systems that are currently
being investigated in clinical trials; however, the efficacy, and more importantly, the direct
pharmacological targeting of tumor cells remains elusive [25]. Of note, while there are
an increasing number of drug delivery systems that are currently being developed and
tested in preclinical studies, only a few of them advance to clinical testing due to inherent
limitations, such as toxicity to normal cells [44].

Recently, small EVs are being investigated and manipulated to be used as delivery
vehicles for anticancer drugs and molecules [25]. Their nanosize, structure, and origin,
together with the presence of several adhesion proteins on the surface that enhance fusion with
recipient cells, make small EVs very good candidates to deliver therapeutics with increased
efficiency and specificity to tumor cells [45,46]. Given the pressing need in GBM therapy for
testing new drug delivery systems that are safe, exhibit preferential toxicity to tumor cells,
and spare normal cells, we decided to investigate the possible application of small EVs in
cancer, with a special focus on GBM. Hence, we performed a deep characterization of seven
patient-derived GBM cell lines and their small EVs.



Int. J. Mol. Sci. 2023, 24, 5910 11 of 18

Small EVs have been tested as natural drug delivery vehicles for cancer treatment
by loading them with a drug or molecule through several methods, including sonication,
electroporation, or by transfecting the cells with the molecules of interest and then isolating
the small EVs loaded with those molecules from the transfected cells [47–49]. Since methods
such as electroporation and sonication are likely to produce structural or physiological
changes in the small EVs, we loaded our small EVs by incubation methods with two drugs:
TMZ and EPZ015666 [50,51].

The current standard-of-care treatment for GBM includes maximum safe surgical
resection and radiotherapy with concomitant TMZ, followed by adjuvant TMZ. In most
of the experiments performed, this drug was dissolved in DMSO, which is cytotoxic by
itself [52]. Therefore, it is important to mention that in the experiments reported in this article,
TMZ was dissolved in Milli-QTM water, as other authors have tested it [53]. Consequently, the
effects on cell proliferation that we have described are solely relative to TMZ.

In the past few years, PRMT5 has been proposed as a possible therapeutic target for
some cancers [12,13]. Not only is it dysregulated in several cancer types, but its expres-
sion has also been correlated with cancer patient survival. A detailed analysis of TCGA
atlas samples with the internet tool cBioPortal (https://www.cbioportal.org/ accessed on
30 March 2022) shows that of the four GBM subtypes, PRMT5 is mostly upregulated in
Classical GBM (Figure S7C) [54]. This is important, because the classical subtype shows a
significant reduction in mortality with aggressive radiotherapy and chemotherapy [55]. In
this article, we have shown for the first time the effect of the PRMT5 inhibitor, EPZ015666,
on patient-derived GBM cell lines. More importantly, we have seen that EPZ015666 af-
fects GBM cell proliferation more than TMZ already by direct application of the drug
(Figures S1 and S2).

When we exposed GB-39 EVs to TMZ or EPZ015666, by direct or indirect incubation,
we observed that both methods could load the small EVs. However, direct incubation with
any of the drugs was more efficient in GBM patient-derived small EVs, as shown with the
HPLC (Figures S4 and S8). Moreover, we observed that in the direct incubation method, a
higher loading efficiency is obtained, depending on the hydrophobicity of the tested drugs,
since they have a better interaction with the lipid bilayer of the small EVs membranes, as
previously reported for other compounds (Figures S4 and S8) [56–58].

Interestingly, in vitro proliferation analysis led to the observation that drug-loaded
small EVs of GBM cell lines affect GBM cells, regardless of the patient from whom they
came. The alternative GBM cell line, which was very sensitive to both treatments being
used, was also affected by GB-39 drug-loaded small EVs. Very low levels of those drugs
already have an effect in that cell line, which can explain the effect of the loaded small EVs
on its proliferation. In any case, we could rule out that the uptake of the GBM small EVs
was specific since the effect on RWP-1 was not dosage-dependent.

GBM has an isocitrate dehydrogenase-wt phenotype (IDH wt), and it is considered
as a grade 4 astrocytoma, according to WHO classification. On the other side, WHO
2021 classification indicates that IDH-wt LGG shows a molecular resemblance to GBM,
and now it is also classified as such. Finally, there is another group that can also reach
a grade 4, according to WHO classification, which is the Astrocytoma IDH-mutant that
was previously considered as GBM, IDH-mutant [1]. The effect on the proliferation of this
pancreatic cell line suggests that this delivery system could be used to target secondary
metastasis [59]. Moreover, extracranial metastases of GBM are rare due to the short survival
experienced by the patients, but they exist. These cases can benefit from the observation
that GBM-derived small EVs can also affect other tumor cells; however, more analysis
should be done to explore this possibility.

Several active efforts to re-evaluate existing or investigate new anti-GBM agents are
ongoing, and our results expand the possibilities of investigating other combinatorial thera-
pies. Another important aspect of GBM treatment includes the fact that chemotherapeutic
regimens are largely non-selective and cytotoxic in nature, and despite all the efforts, almost
all patients experience tumor progression, with nearly universal mortality and a median

https://www.cbioportal.org/
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survival of less than 15 months, depending on several risk factors [60]. There is a need
to optimize the balance between effectiveness and toxicity, and the use of small EVs may
help to reduce the amount of drug given to a patient in order to reach the same effect.
In this work, we measured the amount of drug loaded into the small EVs by HPLC to
compare it with the direct application of those drugs. Specific studies are necessary to
assess the therapeutic efficiency of the current drugs since, as we have shown, each drug
has different loading properties. Importantly, this is the first work showing a detailed
protocol to measure the EPZ015666 concentration by HPLC that can be applied to small EVs.
HPLC analysis of loaded GBM small EVs has shown that very low amounts of EPZ015666
are more lethal than TMZ to cancer cells (Figures S1, S2, S4, and S8). Altogether, this work
showed that small EVs can be loaded with an amount of at least 200 times less TMZ and an
amount of 400 times less EPZ015666 and still be very efficient. This work opens a venue to
work with GBM small EVs as drug delivery systems for GBM treatment.

4. Materials and Methods

4.1. Cell Culture
Isolation of primary human GBM cells was performed from surgical washes, as re-

ported previously by Ventero and colleagues, and the cells were recently used to get some
insight into GBM development [26,61]. The pancreatic adenocarcinoma (RWP-1) cell line
was donated by Instituto Municipal de Investigaciones Médicas (IMIM, Barcelona, Spain),
and it was recently used to understand not only the mechanism of cancer progression, but
also to develop new delivery systems for cancer therapy [61,62]. Cells from the GBM cell
lines HGUE-GB-16, HGUE-GB-18, HGUE-GB-37, HGUE-GB-39, HGUE-GB-40, HGUE-GB-
42, and HGUE-GB-48 were cultured in Dulbecco’s Modified Eagle’s Medium: Nutrient
Mixture F-12 (DMEM F-12) (Biowest, Riverside, MO, USA), whereas the RWP-1 cells were
cultured in Dulbecco’s Modified Eagle’s Medium: High Glucose (DEMEM-HG) (Biowest,
Riverside, MO, USA), and both were supplemented with 10% (v/v) of heat-inactivated
fetal bovine serum (FBS) (Biowest, MO, USA) and 1% (v/v) of a penicillin/streptomycin
mixture (Biowest, Riverside, MO, USA). The cells were incubated at 37 �C in a humidified
5% CO2 atmosphere.

4.2. Proliferation Assays
BCNU is a common treatment for GBM patients, together with radiotherapy. There-

fore, we established a classification that includes not only TMZ and EPZ015666, but also
BCNU and radiotherapy. We characterized the seven GBM cell lines according to their
sensitivity and/or resistance to different chemotherapeutic drugs into three categories—
Sensitive, Partially Sensitive, and Resistant—based on the IC50 calculated from the results
obtained after cell exposure to drugs or X-ray radiation [26]. We performed a series of MTT
experiments with EPZ015666 and TMZ, while previous data were analyzed to evaluate
BCNU and radiotherapy resistance, according to this classification [26]. (Table 1, Figures S1
and S2).

Cells were seeded in 96-well standard plates (Sarstedt, Nümbrecht, Germany) with
a density of 4000 cells/well and incubated at 37 �C and 5% CO2 for 24 h. After that, cells
were treated with different and crescent concentrations of the chemotherapeutic drugs or
loaded small EVs and incubated for 72 h under the same conditions. Then, 0.25 mg mL�1

of methylthiazolyldiphenyl-tetrazolium bromide (MTT) (Sigma-Aldrich, St. Louis, MO,
USA) was added and incubated for 3 h, media were carefully removed, and 100 µL of
dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA) was added. The plate was
vigorously shaken at room temperature for 20 min to dissolve the formazan crystals. Finally,
the absorbance was measured on an EonTM Microplate Spectrophotometer (BioTeK®,
Winooski, VT, USA) at 570 nm.
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4.3. Small EVs Purification for Characterization
Confluent populations of the seven GBM cell lines were incubated in 75 cm2 cell

culture flasks with DMEM F-12 conditioned media, and after 96 h without a medium
change, small EVs were obtained by the differential ultracentrifugation method (Figure 2).
The media samples were centrifuged at 2000⇥ g for 20 min at 4 �C to eliminate cells and
debris, followed by an initial ultracentrifugation using an Optima L-90K Ultracentrifuge
(Beckman Coulter, Brea, CA, USA) with 70.1 Ti rotor at 25,000⇥ g for 40 min at 4 �C to
remove macrovesicles, and then the supernatant was filtered through 0.22 µm filters (Fisher
Scientific, Pittsburgh, PA,USA). The resultant filtrate was centrifuged at 110,000⇥ g for
90 min at 4 �C to pellet small EVs. Small EVs were washed in PBS at 110,000⇥ g for 90 min
at 4 �C, and the final pellet was resuspended in 200 µL of 1X PBS and then stored at �80 �C.

4.4. Western Blot
Protein samples were solubilized with a loading buffer (4⇥) (2-mercaptoethanol +

NuPage; 1:5) and heated at 95 �C for 5 min for reducing conditions, and for non-reducing
conditions, the loading buffer was used without 2-mercaptoethanol. Then, proteins were
separated by SDS-PAGE using 10% acrylamide gels and transferred to a nitrocellulose
membrane (Bio-Rad Laboratories Inc., Hercules, CA, USA). Membranes were incubated
overnight at 4 �C with the primary antibodies anti-CD63 (mouse,1:1000, Clone Ts63, Invit-
rogen, Waltham, MA, USA), anti-ALIX (mouse,1:500, Clone 3A9, Invitrogen), anti-TSG101
(mouse,1:500, Clone 4A10, Invitrogen), anti-↵-tubulin (mouse, 1:10,000, Clone DM1A, Invit-
rogen), and anti-HSP90-B1 (rabbit,1:4000, CUSABIO), followed by one hour of incubation at
room temperature with ECLTM Anti-mouse IgG and ECLTM Anti-rabbit IgG, Horseradish
Peroxidase linker (GE Healthcare, Chalfont St Giles, UK). The membranes were visualized
with ECLTM Prime Western blotting detection reagent (AmershamTM) in the ChemiDoc
Bio-Rad instrument (Hercules, CA, USA).

4.5. Dynamic Light Scattering (DLS)
Small EVs samples were analyzed using a Zetasizer Nano ZS instrument (Malvern

Panalytical, Worcestershire, UK). In order to characterize the size distribution, each sample
was diluted in Milli-QTM water (1:10), and 1 mL was dispensed in a polystyrene disposable
cuvette (Zen0040) and read seven times in Zeta sizer Software. The final image with the
distribution curves was used in the Figures as illustrative of the medium size (Figure 3).

4.6. Field Emission Scanning Electron Microscope (FESEM)
Small EVs were vortex and fixed with paraformaldehyde 2%. The fixed small EVs

were sonicated for 5 min and then diluted in serial dilutions with Milli-QTM water (1:10;
1:100; 1:1000, 1:10,000). A 50 µL sample droplet was deposited on a silicon wafer, and,
once evaporated, the samples were observed using a Zeiss Sigma 300 VP Field Emission
Scanning Electron Microscope (FESEM, Carl Zeiss, Oberkochen, Germany) without coating.
The EVs morphology was analyzed at low voltages around 1 kV, while higher voltages were
employed to differentiate the salts from the biological sample by using Energy Dispersive
X-ray (EDX).

4.7. Small EVs Drug Loading
Small EVs, obtained as described in the small EVs purification for characterization

section, were loaded by direct incubation. Small EVs were incubated for 2 h at 37 �C in a
thermoblock with defined concentrations of a given chemotherapeutic drug (EPZ015666
15 µM or TMZ 5 mM). Then, they were washed with PBS 1X and ultracentrifuged at 110,000⇥
g for 60 min at 4 �C to pellet loaded small EVs. Finally, they were filtered with a 0.22 µm
membrane under sterile conditions and stored at �80 �C. For the indirect procedure, confluent
populations of GBM cells were seeded, and after 24 h, they were treated with the drug of
interest (EPZ015666 15 µM or TMZ 5 mM) for 72 h. Then, the small EVs were purified as
described in the small EVs purification for characterization section.
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4.8. Quantification of TMZ and EPZ015666 by HPLC
The amount of TMZ and EPZ015666 loaded into the small EVs was measured by the

high-performance liquid chromatography (HPLC) method. Briefly, 200 µL of small EVs
were placed in a Concentrator plus (Eppendorf, Germany) at 40 �C for 2 h to evaporate the
solvent. Then, 100 µL volume of acetonitrile was added, and the mixture was vortexed,
sonicated, and then centrifuged at 13,000 r.p.m (Centrifuge 5415 R, Eppendorf, Germany)
for 10 min. After centrifugation, the supernatant was taken, transferred into HPLC vials,
and injected into the UPLC-QtoF-MS/MS equipment with a high-resolution flight tube and
quadrupole technology (Waters-Bruker). Detection of TMZ and EPZ015666 was optimized
with a Waters I-Class with UV detection at 330 and 254 nm, respectively, and also a QToF-
MS de Bruker Daltonics, model maXis impact Series, in the mode positive ionization
by Electrospray (ESI) with column ACE Excel C18-Ar (50-3; 1.7 µm). The mobile phase
used was (A) water with 0.1% (v/v) acetic acid and (B) methanol with 0.1% acetic acid.
The gradient was set with the following conditions: 0 min, 95%A; 5.50 min, 60%A, 8.75 min,
5%A, with a flow rate of 0.3 mL/min and an injection volume of 5 µL.

4.9. Immunocytochemistry
HGUE-GB-39, HGUE-GB42, HGUE-GB-48, and RWP-1 cells were seeded on coverslips

in 24-well plates (30,000 cells/well) and incubated at 37 �C and 5% CO2. After 24 h, cells
were treated with crescent concentrations of the chemotherapeutic drugs or loaded small
EVs and incubated for 72 h under the same conditions. Cells were fixed with paraformalde-
hyde 4% and blocked with FBS/PBS (1⇥) (50 µL/mL), followed by incubation with anti-
ki67 (1:100, mouse; Invitrogen) primary antibody. After washing out the first antibody,
cells were incubated with Alexa Fluor 568-labeled anti-mouse (1:500) secondary antibody
(Invitrogen, Barcelona, Spain) and DAPI (40,6-diamidino-2-phenylindole, Sigma) to stain
the nucleus. Coverslips were mounted in Prolong™ Gold Antifade reagent (Invitrogen,
OR, USA) and analyzed using a confocal microscope, LSM 900 (Carl Zeiss, Germany).

4.10. Statistical Analysis
Results are shown as the mean ± standard deviation (SD) of three independent

experiments. In order to evaluate the normal distribution of the data, the Shapiro–Wilk
statistical test was used, and the Student’s t-test or the Mann–Whitney U test was used to
analyze the association between variables. Differences were considered to be statistically
significant with a p-value of less than 0.05. To calculate the IC50 values, a nonlinear regression
analysis was performed. Statistical analysis was performed with GraphPad Prism v7.0a
software (GraphPad Software Inc., San Diego CA, USA).

5. Conclusions

In summary, we have demonstrated that TMZ and EPZ015666 inhibit the growth
of GBM cells in vitro by less exposure to the drug when this is loaded in small EVs.
In this work, EPZ015666 content was measured by HPLC for the first time in EVs, and
our results showed that direct incubation was a better loading method for small EVs.
We challenged the hypothesis that small EVs tend to fuse with their own mother cell, and,
accordingly, we observed a dose-dependent proliferation effect in GBM cell lines, but not
in the pancreatic cancer cell line. The fact that other cancer cells can be affected, although
to a lesser extent, by drug-loaded GBM EVs entails their possible application to secondary
metastasis. Collectively, these results suggest a potential use of GBM-derived small EVs
in drug delivery to obtain the maximum therapeutic effect with minimal toxicity in the
treatment of GBM patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24065910/s1.

https://www.mdpi.com/article/10.3390/ijms24065910/s1
https://www.mdpi.com/article/10.3390/ijms24065910/s1


Int. J. Mol. Sci. 2023, 24, 5910 15 of 18

Author Contributions: C.d.J.R. participated in conceptualization, funding acquisition, supervision,
and project administration. S.A.-A. participated in conceptualization, investigation, and methodology.
E.R.-C., A.M.-M., and M.F.-B. participated in methodology. C.d.J.R., S.A.-A., and R.M. participated in
validation and formal analysis of data presented in this article. C.d.J.R. and S.A.-A. participated in
writing the original draft. C.d.J.R., S.A.-A., P.G.-M., and M.S. participated in reviewing and editing.
All authors have read and agreed to the published version of the manuscript.

Funding: This study has been funded by Instituto de Salud Carlos III through the project “CP19/00095”
(Co-funded by European Social Fund “Investing in your future”). and Consellería de Innovación,
Universidades, Ciencia y Sociedad Digital from Generalitat Valenciana (CIAICO/2021/135) given
to C. d J.R. This study was also funded by Instituto de Salud Carlos III (ISCIII) through the project
(PI22/00824) and co-funded by the European Union (FEDER) granted to M.S. and C.d.J.R. FISABIO
intramural grants UGP-20-135 and UGP-20-254 also supported this work. S.A.-A. was the recipient
of the “Carolina foundation predoctoral fellowship” 2020. R.M. was funded by the Spanish Ministry
of Economy and Competitiveness (PID2021-123253OB-C21). E.R.C was financed by the Spanish
Ministry of Science, Innovation and Universities PTA2018-015394-I. The FESEM equipment used in
this work was funded by the Generalitat Valenciana (Spain) and co-financed with the ERDF funds
(OP ERDF of Comunitat Valenciana, Spain) GVA-IDIFEDER_2018/020, “Una forma de hacer Europa”.
Figures were created in BioRender.com.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee of the Health Department of the
University General Hospital of Alicante (protocol code PI 110/2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, C.d.J.R., upon reasonable request.

Acknowledgments: The authors thank Ignacio Pachón for assistance with cell culture and Enrique
Yuste for the HPLC experiments. We thank Ramón Martínez Máñez and Carmen Martínez Bisbal for
their project support and Reyes Mateo for sharing reagents.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References

1. Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, I.A.; Figarella-Branger, D.; Hawkins, C.; Ng, H.K.; Pfister, S.M.; Reifenberger,
G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro. Oncol. 2021, 23, 1251.
[CrossRef] [PubMed]

2. Thakkar, J.P.; Dolecek, T.A.; Horbinski, C.; Ostrom, Q.T.; Lightner, D.D.; Barnholtz-Sloan, J.S.; Villano, J.L. Epidemiologic and
molecular prognostic review of Glioblastoma. Cancer Epidemiol. Biomark. Prev. 2014, 23, 1985–1996. [CrossRef] [PubMed]

3. Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.B.; Belanger, K.; Brandes, A.A.; Marosi, C.;
Bogdahn, U.; et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. J. Med. 2005, 352,
987–996. [CrossRef] [PubMed]

4. Davis, M.E. Glioblastoma: Overview of disease and treatment. Clin. J. Oncol. Nurs. 2016, 20, S2–S8. [CrossRef]
5. Fang, C.; Wang, K.; Stephen, Z.R.; Mu, Q.; Kievit, F.M.; Chiu, D.T.; Press, O.W.; Zhang, M. Temozolomide nanoparticles for

targeted glioblastoma therapy. ACS Appl. Mater. Interfaces 2015, 7, 6682. [CrossRef]
6. Ostermann, S.; Csajka, C.; Buclin, T.; Leyvraz, S.; Lejeune, F.; Decosterd, L.A.; Stupp, R. Plasma and cerebrospinal fluid population

pharmacokinetics of temozolomide in malignant glioma patients. Clin. Cancer Res. 2004, 10, 3728–3736. [CrossRef]
7. Sengupta, S.; Marrinan, J.; Frishman, C.; Sampath, P. Impact of temozolomide on immune response during malignant glioma

chemotherapy. Clin. Dev. Immunol. 2012, 2012, 831090. [CrossRef]
8. Chamberlain, M.C. Temozolomide: Therapeutic limitations in the treatment of adult high-grade gliomas. Expert Rev. Neurother.

2014, 10, 1537–1544. [CrossRef]
9. Trinh, V.A.; Patel, S.P.; Hwu, W.-J. The safety of temozolomide in the treatment of malignancies. Expert Opin. Drug Saf. 2009, 8,

493–499. [CrossRef]
10. Khan, A.; Imam, S.S.; Aqil, M.; Ahad, A.; Sultana, Y.; Ali, A.; Khan, K. Brain targeting of temozolomide via the intranasal route

using lipid-based nanoparticles: Brain pharmacokinetic and scintigraphic analyses. Mol. Pharm. 2016, 13, 3773–3782. [CrossRef]
11. Gullà, A.; Hideshima, T.; Bianchi, G.; Fulciniti, M.; Samur, M.K.; Qi, J.; Tai, Y.-T.; Harada, T.; Morelli, E.; Amodio, N.; et al. Protein

Arginine Methyltransferase 5 (PRMT5) has prognostic relevance and is a druggable target in Multiple Myeloma. Leukemia 2018,
32, 1002. [CrossRef]

http://doi.org/10.1093/neuonc/noab106
http://www.ncbi.nlm.nih.gov/pubmed/34185076
http://doi.org/10.1158/1055-9965.EPI-14-0275
http://www.ncbi.nlm.nih.gov/pubmed/25053711
http://doi.org/10.1056/NEJMoa043330
http://www.ncbi.nlm.nih.gov/pubmed/15758009
http://doi.org/10.1188/16.CJON.S1.2-8
http://doi.org/10.1021/am5092165
http://doi.org/10.1158/1078-0432.CCR-03-0807
http://doi.org/10.1155/2012/831090
http://doi.org/10.1586/ern.10.32
http://doi.org/10.1517/14740330902918281
http://doi.org/10.1021/acs.molpharmaceut.6b00586
http://doi.org/10.1038/leu.2017.334


Int. J. Mol. Sci. 2023, 24, 5910 16 of 18

12. Stopa, N.; Krebs, J.E.; Shechter, D. The PRMT5 arginine methyltransferase: Many roles in development, cancer and beyond. Cell.
Mol. Life Sci. 2015, 72, 2059. [CrossRef]

13. Vinet, M.; Suresh, S.; Maire, V.; Monchecourt, C.; Némati, F.; Lesage, L.; Pierre, F.; Ye, M.; Lescure, A.; Brisson, A.; et al. Protein
arginine methyltransferase 5: A novel therapeutic target for triple-negative breast cancers. Cancer Med. 2019, 8, 2428. [CrossRef]

14. Chan-Penebre, E.; Kuplast, K.G.; Majer, C.R.; Boriack-Sjodin, P.A.; Wigle, T.J.; Johnston, L.D.; Rioux, N.; Munchhof, M.J.; Jin, L.;
Jacques, S.L.; et al. A selective inhibitor of PRMT5 with in vivo and in vitro potency in MCL models. Nat. Chem. Biol. 2015, 11,
432–437. [CrossRef]

15. Zhu, L.; Sun, H.T.; Wang, S.; Huang, S.L.; Zheng, Y.; Wang, C.Q.; Hu, B.Y.; Qin, W.; Zou, T.T.; Fu, Y.; et al. Isolation and
characterization of exosomes for cancer research. J. Hematol. Oncol. 2020, 13, 152. [CrossRef]

16. Singh, A.; Fedele, C.; Lu, H.; Nevalainen, M.T.; Keen, J.H.; Languino, L.R. Exosome-mediated transfer of ↵v�3 integrin from
tumorigenic to nontumorigenic cells promotes a migratory phenotype. Mol. Cancer Res. 2016, 14, 1136–1146. [CrossRef]

17. Qiao, L.; Hu, S.; Huang, K.; Su, T.; Li, Z.; Vandergriff, A.; Cores, J.; Dinh, P.U.; Allen, T.; Shen, D.; et al. Tumor cell-derived
exosomes home to their cells of origin and can be used as trojan horses to deliver cancer drugs. Theranostics 2020, 10, 3474–3487.
[CrossRef]

18. Batrakova, E.V.; Kim, M.S. Using exosomes, naturally-equipped nanocarriers, for drug delivery. J. Control Release 2015, 219,
396–405. [CrossRef]

19. Luan, X.; Sansanaphongpricha, K.; Myers, I.; Chen, H.; Yuan, H.; Sun, D. Engineering exosomes as refined biological nanoplat-
forms for drug delivery. Acta Pharmacol. Sin. 2017, 38, 754–763. [CrossRef]

20. Colombo, M.; Raposo, G.; Théry, C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular
vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255–289. [CrossRef]

21. Wang, X.; Zhong, W.; Bu, J.; Li, Y.; Li, R.; Nie, R.; Xiao, C.; Ma, K.; Huang, X.; Li, Y. Exosomal protein CD82 as a diagnostic
biomarker for precision medicine for breast cancer. Mol. Carcinog. 2019, 58, 674–685. [CrossRef] [PubMed]

22. Rani, S.; O’Brien, K.; Kelleher, F.C.; Corcoran, C.; Germano, S.; Radomski, M.W.; Crown, J.; O’Driscoll, L. Isolation of exosomes for
subsequent mRNA, MicroRNA, and protein profiling. Methods Mol. Biol. 2011, 784, 181–195. [CrossRef] [PubMed]

23. Gurunathan, S.; Kang, M.-H.; Jeyaraj, M.; Qasim, M.; Kim, J.-H. Review of the isolation, characterization, biological function, and
multifarious therapeutic approaches of exosomes. Cells 2019, 8, 307. [CrossRef] [PubMed]

24. Kalra, H.; Drummen, G.P.C.; Mathivanan, S. Focus on extracellular vesicles: Introducing the next small big thing. Int. J. Mol. Sci.
2016, 17, 170. [CrossRef]

25. Araujo-Abad, S.; Saceda, M.; de Juan Romero, C. Biomedical application of small extracellular vesicles in cancer treatment. Adv.
Drug Deliv. Rev. 2022, 182, 114117. [CrossRef]

26. Ventero, M.P.; Fuentes-Baile, M.; Quereda, C.; Perez-Valeciano, E.; Alenda, C.; Garcia-Morales, P.; Esposito, D.; Dorado, P.; Barbera,
V.M.; Saceda, M. Radiotherapy resistance acquisition in glioblastoma. Role of SOCS1 and SOCS3. PLoS ONE 2019, 14, e0212581.
[CrossRef]

27. Tschuschke, M.; Kocherova, I.; Bryja, A.; Mozdziak, P.; Angelova Volponi, A.; Janowicz, K.; Sibiak, R.; Piotrowska-Kempisty, H.;
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4.3 Chapter 3. New therapy for pancreatic cancer based on extracellular 
vesicles 

Summary of the results 

PDAC is the most common aggressive pancreatic cancer, with a very poor prognosis, mainly 

due to a limited response to treatment. This article describes how small EVs derived from 

RWP-1, a pancreatic cancer cell line, are good drug carriers for PDAC treatment, and how 

they provide more efficiency than direct administration at very low doses [67].  

First, we isolated RWP-1-derived small EVs with the ultracentrifugation method and 

characterized them with WB, DLS, and FESEM. Then, we evaluated the drug resistance profile 

of the RWP-1 cell line to two chemotherapeutic drugs, TMZ and EPZ015666. Both drugs had 

a significant effect on cell proliferation; where TMZ resulted in more than 75 % decreased 

proliferation, and EPZ015666 resulted in approximately 60 %. 

Next, we tested direct and indirect incubation EVs loading methods (Figure 16). RWP-1 small 

EVs were incubated with 5 mM of TMZ and 15 µM of EPZ015666 and, the resultant amount of 

drug loaded into RWP-1 small EVs was assessed with HPLC obtaining 7.2 µM for TMZ, and 

0.05 µM when loaded with EPZ015666. Based on HPLC and proliferation assay results, we 

concluded that the most efficient treatment method was direct incubation. 

After that, we performed proliferation assays with RWP-1 EVsTMZ and RWP-1 EVsEPZ015666 and 

the drug alone. We observed that when TMZ was applied to the cells directly, at the same 

RWP-1 EVsTMZ treatment concentrations, it had no significant effect on cell proliferation, but 

when we treated cells with RWP-1 EVsTMZ, a statistically significant decrease in proliferation 

was observed. Similarly, when RWP-1 EVsEPZ015666 were applied to the cells in a concentration 

of 50% that corresponds with 0.02 µM of EPZ015666, they lead to a slight decrease in cell 

proliferation. Taken together, our data indicated that RWP-1 EVsTMZ were more efficient than 

RWP-1 EVsEPZ015666, suggesting that TMZ had a better interaction with the lipid bilayer [67]. 

We also tested the stability of RWP-1 EVsTMZ and RWP-1 EVsEPZ015666 over long-term storage. 

After storing the EVs at -80 ºC for two years, we performed the same experiments and found 

that the efficacy of TMZ decreased by only 4%, while EPZ015666 efficiency decreased by 10% 

with respect to the freshly obtained EVs. These results confirmed the suitability of EVs storage 

at -80 ºC; although their stability was slightly affected by the drugs. 
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Finally, we tracked the RWP-1 small EVs incorporation by their parental cells into living cells. 

We noted that after 6 h of treatment, RWP-1 small EVsTMZ (red labeled) was incorporated 

mainly in the nucleus, and the number of small EVs/cell significantly increased. 

In this work, we demonstrated the target-specific properties of small EVs and their strong effect 

on proliferation when derived from the same type of tumor cells. We observed that the 

effectiveness of small EVs as a drug delivery system depended on the chemical structure of 

the drug and its interaction with the extravesicular membrane. In this sense, our data indicated 

that RWP-1 EVsTMZ had higher efficiency than RWP-1 EVsEPZ015666, suggesting a better 

interaction of TMZ with the lipid bilayer [67]. This opens a new avenue to investigate the drugs 

that are more suitable for loading into small EVs. Overall, this work highlights the potential of 

RWP-1-derived small EVs as a promising drug delivery system for PDAC treatment, which can 

be further explored in preclinical studies and clinical trials. 
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A B S T R A C T   

Pancreatic Ductal Adenocarcinoma (PDAC), is the most common aggressive cancer of the pancreas. The standard 
care of PDAC includes tumor resection and chemotherapy, but the lack of early diagnosis and the limited 
response to the treatment worsens the patient’s condition. In order to improve the efficiency of chemotherapy, 
we look for more efficient systems of drug delivery. We isolated and fully characterized small Extracellular 
Vesicles (EVs) from the RWP-1 cell line. Our study indicates that the direct incubation method was the most 
efficient loading protocol and that a minimum total amount of drug triggers an effect on tumor cells. Therefore, 
we loaded the small EVs with two chemotherapeutic drugs (Temozolomide and EPZ015666) by direct incubation 
method and the amount of drug loaded was measured by high-performance liquid chromatography (HPLC). 
Finally, we tested their antiproliferative effect on different cancer cell lines. Moreover, the system is highly 
dependent on the drug structure and therefore RWP-1 small EVsTMZ were more efficient than RWP-1 small 
EVsEPZ015666. RWP-1 derived small EVs represent a promising drug delivery tool that can be further investigated 
in preclinical studies and its combination with PRMT5 inhibitor can be potentially developed in clinical trials for 
the treatment of PDAC.   

1. Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive 
lethal malignancy and the most prevalent type of pancreatic neoplasm. 
This type of cancer, that develops in the exocrine compartment, ac-
counts for more than 90% of pancreatic cancer cases [1]. It has an 
average 5-year survival rate of less than 10% and is anticipated to 
become the third leading cause of cancer–related mortality by 2025 [2], 
mostly due to the lack of early diagnosis and limited response to treat-
ments [3]. 

Only a small fraction of PDAC patients can benefit from adjuvant 
chemotherapy and, especially in advanced stages after tumor resection, 

chemotherapeutic options are limited, with gemcitabine (Gem) being 
the first drug treatment or other drugs as 5- fluorouracil with a median 
survival improvement of only a few weeks [4]. PDAC treatment limi-
tations reinforce the importance of looking for new methodologies, more 
efficient drugs or drug delivery to be explored and investigated, for the 
development of novel treatment options. 

Temozolomide (TMZ) (3,4-dihydro-3-methyl-4-oxoimidazo-[5,1-d]- 
astetrazine-8-carboxamide) is a DNA alkylating agent that acts over the 
methylation of guanine and adenine bases, breaking double-stranded 
DNA and causing cell cycle arrest and cell death by apoptosis [5]. It 
has been used to treat glioma, glioblastoma neuroendocrine tumors, 
melanoma, and sarcomas [6–13] but TMZ treatment has a short half-life 
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[14] and, to achieve therapeutic levels, high doses are required, with the 
subsequent appearance of a great number of side effects [15–17]. 

EPZ015666, is a small-molecule considered a protein arginine 
methyltransferase-5 (PRMT5) inhibitor. It competes with the substrate 
binding pocket of PRMT5 peptide to deny its interaction and posterior 
methylation [18]. PRMT5, which modulates the biological function of 
target proteins catalyzing the transference of two methyl groups to 
arginine residues, is essential to maintain homeostasis in both normal 
and malignant cells [19] and plays an important role in cell development 
and adult hematopoiesis [20]. PRMT5 is a novel target that has recently 
emerged for cancer treatment. This enzyme is involved in tumorigenesis 
and it has been found overexpressed in a variety of cancers including 
melanoma, multiple myeloma, lung, gastric, prostate, ovarian, colo-
rectal cancers, and glioblastoma [21] and is associated with poor 
prognosis [19]. 

Small EVs, that are being secreted from cells into the extracellular 
space, play an important role in both physiological and pathological 
processes through interaction with their neighbors and the extracellular 
environment [22]. Small EVs have a diameter of 30–150 nm [22–24], 
and a lipid bilayer membrane with the same characteristics of the donor 
cell [25]. EVs contain mostly RNA, DNA, and proteomic material [25]. 
Importantly, while the proteins and genetic material may reflect the 
properties of the parent cells, EVs are generally not mirrored images of 
the cellular membrane. This suggests that EVs are derived from specific 
subcellular locations, and their contents are likely intended for a defined 
function in the extracellular space. 

One of the most important characteristics to be explored of small EVs 
is their use as drug delivery carriers. Small EVs have some advantages 
over synthetic systems (liposomes, dendrimers, nanoparticles, etc.), like, 
specific tropism for cell origin [26], non-cytotoxic effect, biocompati-
bility, facility of transporting either hydrophilic or hydrophobic bio-
molecules and facility to cross the blood-brain barrier (BBB) [27,28]. 
These novel nanocarriers can contribute to increasing the efficiency of 
PDAC treatment. 

The advanced age of most PDAC patients explains the lack of satis-
factory results, as postoperative systemic therapy may not be ideal for 
these individuals. The patient’s systemic contact with chemotherapeu-
tics at high concentrations exposes them to an increased risk of systemic 
toxicities, affecting their overall well-being [29]. Localized in-
terventions, however, retain cytotoxic agents at a specific site, thus 
reducing drug exposure and decreasing toxicity while maximizing 
treatment efficacy. In recent years, there has been considerable interest 
in the use of localized drug delivery systems to perform localized in-
terventions as alternatives to systemic therapy [30]. 

In the present study, we focused on small EVs released from RWP-1 
cells. We described an efficient and reproducible method of small EVs 
purification, performing as well several characterization methods in 
order to ensure its purity. We have used those small EVs to overcome the 
present challenges of treatment and drug delivery in PDAC. We have 
used TMZ and EPZ015666 to demonstrate that small EVs derived from 
RWP-1 have target specificity, and that those drugs loaded into small 
EVs inhibit the proliferation of PDAC cells in vitro at less concentration 
exposure than when they are directly applied. Therefore, RWP-1-derived 
small EVs could be used as a nanocarrier for the development of new 
therapeutic strategies. 

2. Materials and methods 

2.1. Cell culture 

Pancreatic adenocarcinoma cell line (RWP-1), was donated by 
Instituto Municipal de Investigaciones Médicas (IMIM, Barcelona, 
Spain) [31]. Isolation of primary human GBM cell line (HGUE-GB-39) 
was performed from surgical washes as previously reported [32,33]. The 
GBM cell line, HGUE-GB-39 and RWP-1 were cultured as previously 
described [31–33]. 

2.2. Proliferation assays 

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) assays were 
performed to analyze the antiproliferative effect of the drugs and the 
EVs. Cells were seeded in 96-well standard plates (Sarstedt, Nümbrecht, 
Germany) with a density of 4000 cells/well and incubated at 37 ºC and 
5% CO2 for 24 h. Then, cells were either treated with different and 
increasing concentrations of the TMZ, EPZ or loaded small EVs and 
incubated for 72 h under the same conditions. After that, 0.25 mg mL−1 

of MTT (Sigma-Aldrich, MO, USA) was added and incubated for 3 h, 
media was carefully removed and 100 μL of dimethyl sulfoxide (DMSO) 
(Sigma-Aldrich, MO, USA) was added. To dissolve the formazan crystals, 
the plates were vigorously shaken at room temperature for 20 min. 
Finally, the absorbance was measured on an Eon™ Microplate Spec-
trophotometer (BioTeK®, Winooski, VT, USA) at 570 nm. 

2.3. Small EVs purification 

Confluent populations of RWP-1 and HGUE-GB-39 cell lines were 
incubated in T75 flasks with DMEM-HG and DMEM F-12 conditioned 
media respectively. After 4 days small EVs were obtained by differential 
ultracentrifugation method. The media samples were centrifuged at 
2000 x g for 20 min at 4 ºC to eliminate cells and debris followed by an 
initial ultracentrifugation using Optima L-90 K Ultracentrifuge (Beck-
man Coulter) with 70.1 Ti rotor at 25,000 x g for 40 min at 4 ºC to 
remove macrovesicles then the supernatant was filtered through 0.22 
µm filters (Fisher Scientific). The resultant filtrate was centrifuged at 
110,000 x g for 90 min at 4 ºC to pellet small EVs that were then washed 
in PBS at 110,000 x g for 90 min at 4 ºC and the final pellet was resus-
pended in 200 μL of 1X PBS and then stored at − 80 ºC. 

2.4. Western blot 

An amount of 10 μg of total protein was solubilized with loading 
buffer (4x) (2-mercaptoethanol + NuPage; 1:5) and heated at 95 ºC for 5 
min for reducing conditions and without 2-mercaptoethanol for non- 
reducing conditions. Then, proteins were separated by SDS-PAGE 
using 10% gels and transferred to a Nitrocellulose membrane (Bio-Rad 
Laboratories Inc, California, USA). Membranes were incubated over-
night at 4 ºC with primary antibodies: anti-CD63 (mouse,1:1000, Invi-
trogen), anti-ALIX (mouse,1:500, Invitrogen), anti-TSG101 
(mouse,1:500, Invitrogen), anti-α-tubulin (mouse, 1:10000, Invitrogen) 
and anti-HSP90-B1 (rabbit,1:4000, CUSABIO) followed by one hour 
incubation at room temperature with ECL™ Anti-mouse IgG and ECL™ 
Anti-rabbit IgG, Horseradish Peroxidase linker (GE Healthcare, UK). The 
membranes were visualized with ECL™ Prime Western blotting detec-
tion reagent (Amersham™) in the ChemiDoc Bio-Rad instrument [33]. 

2.5. Dynamic light scattering (DLS) 

To characterize size distribution, RWP-1 small EVs samples were 
analyzed using a Zetasizer Nano ZS instrument (Malvern Panalytical). 
Each sample was diluted in Milli-Q™ water (1:10), 1 mL was dispensed 
in a polystyrene disposable cuvette (Zen0040) and read at least seven 
times in Zeta sizer Software. The final image with the distribution curves 
was used in the figures as an illustrative example of the medium size 
(Fig. 1B). 

2.6. Field emission scanning electron microscope (FESEM) 

RWP-1 small EVs were fixed with Paraformaldehyde 2%, sonicated 
for 5 min and diluted in serial dilutions with Milli-Q™ water (1:10; 
1:100; 1:1000, 1:10000). A 50 μL sample droplet was deposited on a 
silicon wafer and, once evaporated, the samples were observed using a 
Zeiss Sigma 300 VP Field Emission Scanning Electron Microscope 
(FESEM) without coating (Fig. 1C). EVs morphology was analyzed at 
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low voltages around 1 kV while higher voltages were employed to 
differentiate the salts from the biological sample using Energy Disper-
sive X-ray (EDX) (Fig. 1D). 

2.7. Small EVs labelling 

The CellVue® Claret Far Red Fluorescent kit (Sigma-Aldrich, MO, 
USA) was used to label small EVs. 200 μL of RWP-1 small EVs, were 
treated with the kit content following manufacturer’s instructions. After 
being washed twice in PBS with 110,000 x g centrifugation, the labeled 

small EVs were filtered with 0.2 µm and resuspended in PBS prior to be 
used. 

2.8. Immunocytochemistry (ICC) 

An amount of 35,000 cells of RWP-1 cell line were seeded into 
twenty-four-well plates on coverslips. After, cells were treated for 6 h 
with red labeled RWP-1 small EVs, fixed with paraformaldehyde at 4% 
concentration, and blocked with FBS/PBS (1X) (50 μL/mL). Then, cells 
were incubated with anti-E-cadherin (1:100, rabbit, Invitrogen, 

Fig. 1. Biochemical and biophysical characterization. A Expression by WB of Alix, CD63, and TSG101 in small EVs and RWP-1 cell line. α-Tub and HSP-90 were used 
as control. B Size and morphology of the RWP-1 cell line derived small EVs were visualized using Dynamic light scattering (DLS) and (c) Field Emission Scanning 
Electron Microscopy (FESEM). C Energy dispersive X-ray (EDX) analysis was performed with the X-ray detector in a FESEM microscope on one of the EVs samples. 
The studied samples were a mixture of biological samples and salts. Green color indicates the location of the EVs analysis and red color salts. The spectrum of each of 
the areas was done at 3.5 kV in order to maximize the contribution of the EVs and minimize the contribution of the silica peak (Si) which corresponds to the substrate 
and is present in both samples. Blue chopped lines point at different inorganic elements present in salt crystals but not in the EVs. Scale bar 0.5 µm. EVs, extracellular 
vesicles; FESEM, Field Emission Scanning Electron Microscope White boxes show an optical magnification of a representative small EV. Scale bars 200 nm.). EVs, 
extracellular vesicles. 
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Barcelona, Spain) primary antibody. After washing out the first anti-
body, cells were incubated with Alexa Fluor 488-labeled anti-rabbit 
(1:500) secondary antibody (Invitrogen, Barcelona, Spain); the DAPI 
(4′,6-diamidino-2-phenylindole) reagent from Sigma (Madrid, Spain) 
was used to stain the nucleus. Coverslips were mounted in Prolong™ 
Gold Antifade Reagent (Invitrogen, Barcelona, Spain) and analyzed 
using a Zeiss Axioscope 5 microscope with the LED light source Colibri 3 
(Carl Zeiss, Oberkochen, Germany). 

2.9. Small EVs drug-loading 

RWP-1 small EVs were loaded with two different procedures, direct 
and indirect incubation. For the first method, small EVs were incubated 
for 2 h at 37 ºC in a thermoblock with defined concentrations of a given 
chemotherapeutic drug (EPZ015666 15 μM or TMZ 5 mM). Then, they 
were washed with PBS 1X and ultracentrifuged at 110,000 x g for 60 min 
at 4 ºC to pellet the loaded small EVs. Finally, they were filtered with a 
0.22 µm membrane under sterile conditions and stored at − 80 ºC. The 
indirect procedure consisted in the incubation of GBM cell culture with 
the drug of interest (EPZ015666 15 μM or TMZ 5 mM) for 72 h. Then, 
the flasks were treated as previously described in the small EVs purifi-
cation section. 

2.10. Quantification of TMZ and EPZ015666 by HPLC 

The amount of TMZ and EPZ015666 loaded into the small EVs was 
determined by the high-performance liquid chromatography (HPLC) 
method. Briefly, 200 μL of small EVs were placed in a Concentrator plus 
(Eppendorf, Germany) at 40ºC for 2 h to evaporate the solvent. Then, 
100 μL volume of acetonitrile was added, and the mixture was vortexed, 
sonicated and then centrifuged at 13,200 x g (Centrifuge 5415 R, 
Eppendorf) for 10 min. After centrifugation, the supernatant was 
transferred into HPLC vials and injected into the UPLC-QtoF-MS/MS 
equipment with a high-resolution flight tube and quadrupole technol-
ogy (Waters- Bruker). Detection of TMZ and EPZ015666 were optimized 
with a Waters I-Class with UV detection at 330 and 254 nm respectively, 
followed by the use of QToF-MS de Bruker Daltonics, maXis impact 
Series model in positive ionization mode by Electrospray (ESI) with 
column ACE Excel C18-Ar (50–3; 1.7 µm). The mobile phase used was: 
A) Water with 0.1%v/v acetic acid and B) Methanol with 0.1% acetic 
acid. Gradient: 0 min, 95% A; 5.50 min, 60% A, 8.75 min, 5% A, with a 
flow rate of 0.3 mL/min and an injection volume of 5 μL. 

2.11. Live cell imaging 

For live imaging of small EVs uptake, RWP-1 cells were seeded in 96- 
well black plates with clear bottoms (Corning, Kennebunk, ME, USA) 
with a density of 16000 cells/well and incubated at 37ºC and 5% CO2 for 
24 h. Then, cells were treated with red labeled RWP-1 small EVsTMZ and 
incubated for 3 and 6 h under the same conditions. After that, cells were 
rinsed with (1X) PBS twice and then placed in a Cytation 3 (BioTeK®, 
Winooski, VT, USA) instrument to take the images. Images were 
exported as a tiff file format for further analysis in Fiji software. 

2.12. Statistical analysis 

Results were expressed as mean ± standard deviation (SD) of three 
independent experiments. In order to evaluate the normal distribution of 
the data, Shapiro-Wilk statistical test was used, and the statistical sig-
nificance was determined by Student’s t-test or the Mann-Whitney U 
test. Differences were considered to be statistically significant with a p- 
value of less than 0.05. Statistical analysis was performed with Graph-
Pad Prism v7.0a software (GraphPad Software Inc., San Diego CA, USA). 

3. Results 

3.1. Small EVs isolation and biochemical characterization from a 
pancreatic cancer cell line 

In order to study the role of tumor derived small EVs, we have used 
one of the two human pancreatic cancer lines, RWP-1 and RWP-2, that 
were established from patients with primary pancreatic cancer meta-
static to the liver [34]. In this work, we are using RWP-1, which has 
moderately well differentiated ductal cell adenocarcinoma features, and 
has been used as a model cell line for pancreatic ductal adenocarcinoma 
in several studies [34–38]. If an effect is observed in this PDAC cell line, 
we will check if it is specific to this cancer type. Therefore, we also used 
the radioresistant GBM, GB-39 cell line, obtained from a patient’s pri-
mary culture [32]. 

We isolated a small EVs sample from RWP-1 by ultracentrifugation 
protocol for further biochemical and biophysical characterization. RWP- 
1 and GB-39 small EVs were used in functional studies. Characterization 
of small EVs derived from RWP-1 has been standardized for reliable and 
reproducible results from assays and other downstream applications. We 
have used Western Blot (WB) as an analytical technique to detect spe-
cific proteins in a sample of small EVs, as well as a semi-quantitative 
estimation of the protein content. We have identified the presence and 
expression level of Alix, CD63, and TSG101, the most commonly used 
proteins in small EVs characterization. Our results showed their pres-
ence in small EVs derived from RWP1, while α-Tubulin and HSP-90 were 
only found in cell lysates (Fig. 1A). Given that the proteins and genetic 
material inside the small EVs may reflect properties of the parent cells 
[39], our results established a high purity of the RWP-1-derived small 
EVs samples that will be used in functional experiments. 

3.2. Morphological and physical characterization of RWP-1-derived small 
EVs 

DLS was used on RWP-1-derived small EVs (Fig. 1B) to analyze the 
size of the isolated vesicle population. Our results showed that the iso-
lated particles had a medium size of: 141.5 ± 4.4, consistently within 
the expected size range for small EVs (Fig. 1B). We further examined the 
size and morphology of RWP-1-derived small EVs by performing FESEM 
analyses (Fig. 1C). FESEM images indicated the presence of a homoge-
neous population of small EVs with diameters of 100–150 nm, with a 
round or cup shaped morphology. To rule out that the structures visu-
alized by FESEM could be an artifact of the isolation or fixation process, 
we performed an energy dispersive X-ray (EDX) analysis. The X-ray 
detector in a FESEM microscope was used on RWP-1-derived small EVs 
sample (Fig. 1D) for 10 times. The X-ray detector was placed on several 
structures of the sample, confirming that the studied sample was a 
mixture of organic samples and salts. All the samples showed a silica 
peak corresponding with the substrate. The spectrum of the rounded 
small EVs like areas, showed a high content in carbon and oxygen 
confirming their organic origin. Areas corresponding to salts presented a 
chloride and potassium content. In line with similar studies uncovering 
small EVs characteristics, DLS and FESEM imaging confirmed the pres-
ence and purity of RWP-1-derived small EVs in our preparations [40]. 
Moreover, the EDX analysis established the organic nature of RWP-1 
derived small EVs samples (Fig. 1D). Finally, since the small EVs will 
be loaded with different drugs, it was interesting to see that they keep 
their round shape after isolation (Fig. 1B) and that they have a consid-
erable and well established size (Fig. 1C) that can be reproducible. 

3.3. RWP-1 drug resistance profile 

PDAC is one of the most lethal diseases, mostly because the majority 
of patients have unresectable, locally advanced, or metastatic disease at 
the time of diagnosis. Unfortunately, traditional treatments such as 
surgery, chemotherapy and radiation lead to modest improvements in 
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postoperative survival due to the high prevalence of drug-resistant 
phenotypes [41]. Moreover, since chemotherapy is all too often asso-
ciated with toxicity, many patients elect for palliative care [42]. At the 
moment the standard of care is the use of Gem alone or in combination 
with other drugs such as 5-Fluorouracil, Leucovorin, Irinotecan, and 
Oxaliplatin, although it shows marginal efficacy in clinical trials 
[43–45]. Since there is currently no effective treatment for PDAC, it is 
essential to find new alternative drugs and new delivery systems that 
enhance drug efficacy and extend patient survival while improving 
quality of life. 

The alkylating agent TMZ is a treatment option for several solid tu-
mors such as glioma, glioblastoma, neuroendocrine tumors, melanoma, 
and sarcomas [6–13]. However, when TMZ has been used in an 
advanced untreated pancreatic cancer phase II study, it is not a standard 
of care due to its high cytotoxicity and low effect on patients [13]. We 
hypothesize that if it could reduce the side effects of systemic exposure 
to TMZ, this drug could also be a therapeutic option for PDAC patients. 
The effect of TMZ treatment on proliferation was assessed using an 
increasing concentration of the drug. We evaluated a range of concen-
trations between 0.05 mM and 10 mM. Our analyses revealed that 
treatment of the RWP-1 with TMZ resulted in more than 75% decreased 
proliferation, together with an IC50 of 0.7301 ± 0.066 (Fig. 2A). 

As mentioned before, Gem has been used since 1983, constituting the 
first-line chemotherapy for most PDAC patients and forming the back-
bone of several drug combinations [46]. Recent studies have revealed 
that protein arginine methyltransferase gene 5 (PRMT5) is a promising 
druggable candidate whose inhibition creates synergistic vulnerability 
of PDAC cells to Gem [47]. EPZ01666 is the inhibitor of PRMT5, which 
has been shown to regulate the splicing of detained introns in 
proliferation-associated genes in GBM[48] and has been broadly used in 
several types of cancer [18,49]. In this study, we are testing the effect of 
both treatments, TMZ but also new therapies like EPZ015666, on the 

RWP-1 cell line. 
The effect of the EPZ015666 treatment on proliferation was assessed 

using an increasing concentration of the drug. We evaluated a range of 
concentrations between 10 μM to 60 μM. Our analyses revealed that 
treatment of the RWP-1 with EPZ015666 resulted in more than 60% 
decreased proliferation, together with an IC50 of 23.31 ± 0.064 
(Fig. 2B). 

3.4. Loaded GBM derived small EVs decrease RWP-1 cell proliferation 

In order to test which incubation method is better for drug loading, 
GB-39 derived small EVs were loaded by two incubation methods [50]. 
For indirect incubation, the GB-39 cell line was treated for 72 h with 
high doses of TMZ or EPZ015666 and small EVs were isolated from the 
medium (Fig. 3B). For direct incubation protocol, small EVs were first 
isolated from GB-39 and then incubated in a medium containing a low 
dose of either of the proposed drugs (Fig. 3A). 

Small EVs were loaded by direct and indirect incubation with 5 mM 
of TMZ, and the loading efficiency of GBM derived small EVs was 
determined by measuring the amount of TMZ within the EVs by HPLC. 
Our HPLC measurements showed a higher amount of TMZ being loaded 
into the small GBM derived EVs by direct incubation (data not shown). 

Next, we wonder if small EVs can be used as a drug delivery system 
for PDAC cancer treatment. When applying the TMZ loaded small EVs on 
the RWP-1 cell line, direct incubation showed no significant differences 
as compared with indirect incubation, although both incubation 
methods have a mild effect on tumor pancreatic cells (Fig. 3C). However, 
EPZ015666 has a significant effect in RWP-1 cells, direct incubation 
being the most effective loading method (Fig. 3D). This reduction in 
proliferation is very important since the small EVs were loaded with only 
0.04 μM and they were applied in concentrations that range from 0.002 
to 0.02 μM. 

Fig. 2. Cell proliferation effect of TMZ and EPZ015666 in RWP-1 cell line. (A) Cancer cells were treated with increasing concentrations of TMZ and (B) EPZ015666 
and their effect over cell proliferation was measured. Asterisks indicate the statistical significance of the results (** p < 0.01, *** p < 0.001, **** p < 0.0001). TMZ, 
Temozolomide. 
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Taken together, direct incubation was a better method to load the 
small EVS (Fig. 1C-D) and, for the first time, the effect of PRMT5 drug 
inhibitor has been tested on a cancer cell line derived from a patient with 
pancreatic adenocarcinoma. Our results show not only the potential 
therapeutic effect of EPZ05666, but also the increase in the efficacy of 
both drugs as indicated by the decrease in cell proliferation at very low 
doses (Fig. 3C-D). 

3.5. TMZ shows more efficiency when loaded in RWP-1-derived small 
EVs 

It has been proposed that small EVs have directionality toward their 
mother cell [26]. Therefore, we speculate that small EVs derived from 
RWP-1 may have a higher effect on their cells of origin, than the GBM 
derived small EVS. To test this idea, we used the isolated small EVs from 

the RWP-1 cell line to load them with the proposed drugs. We used the 
direct incubation method in our experiment to load the vesicles, using a 
concentration of 5 mM for TMZ (RWP-1 EVsTMZ) and 15 μM for 
EPZ015666 (RWP-1 EVsEPZ015666) for the incubation. 

In order to know the precise amount of drug contained in the small 
EVs, we performed an HPLC analysis followed by drug identification 
with a mass spectrometer (Fig. 4A). Our quantifications showed that 
RWP-1 EVsTMZ were loaded with 7.2 μM. Isolated RWP-1 EVsTMZ were 
applied to the cells in serial dilutions ranging from 50% to 5% of the 
original stock. Since the amount of drug applied to the cultures 
throughout the RWP-1 EVsTMZ corresponds to a range that goes from 
3.6 μM to 0.36 μM, we tested the direct exposure of the RWP-1 cell line 
to TMZ at these low concentrations to compare both effects (Fig. 4C). 
The maximum concentration applied was 3.6 μM of TMZ corresponding 
to 50% of RWP-1 EVsTMZ and the minimum was 0.36 μM at 5% of TMZ. 

Fig. 3. Drug loading of small EVs particles. A Scheme representing the sequential steps for small EVs loading using the direct method. B Scheme representing the 
sequential steps for small EVs loading using the indirect method. C Comparison of the effect on cell proliferation of GB-39TMZ small EVs using direct (black bars) and 
indirect (red bars) loading methods. D Comparison of the effect on cell proliferation of GB-39EPZ015666 small EVs using direct (black bars) and indirect (red bars) 
loading methods. Asterisks indicate the statistical significance of the results (* p < 0.05, ** p < 0.01). 
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RWP-1 EVsTMZ treatment resulted in a dose dependent reduction in 
cancer cell proliferation. Interestingly, the application of the drug using 
RWP-1 EVsTMZ resulted in a more significant effect on RWP-1 cell pro-
liferation with 25.6% than the reduction produced by GB-39 EVsTMZ by 
only 17.7% (Fig. 3C, Fig. 4B), supporting the idea that small EVs have 
tumor tropism to their mother cell. 

It has been shown that the best way to maintain the structure and 
functionality of the EVs is to keep them at − 80 ºC [51]. Therefore, we 
also analyzed the stability of the drug loaded EVs over long term storage. 
We repeated the same experiments after two years of keeping EVsTMZ 

under − 80 ºC conditions and we observed only a decrease of 4% effi-
ciency in the case of TMZ and 10% decrease in EPZ015666 (Fig. S4), 
These results corroborate that the storage at − 80 ºC is appropriate but 
the stability also depends on the drug. 

Our results indicate that the total amount of TMZ used for the 
treatment with EVs was up to a hundred and fifty times lower than the 
direct application of TMZ in cells (Fig. 2A, Fig. 4B). This is very 
important because when TMZ was applied to the cells directly, at the 
very same RWP-1 EVsTMZ treatment concentrations, it had no significant 
effect in cell proliferation (Fig. 4C). All these data indicate that RWP-1 
EVsTMZ treatment not only increases the target directionality but also 
the efficiency of the drug. 

3.6. Small EVs incorporation by their mother cell 

It has been shown that small EVs have tropism for their mother cell 

[26,38]. In order to see how the loaded small EVs were incorporated into 
RWP-1, we treated this cell line with red labeled RWP-1 small EVsTMZ in 
unfixed cells, for 3 and 6 h. As shown in the figure (Fig. 5A) small EVs 
TMZ tend to aggregate in the cytoplasm but mostly in the nucleus after 
6 h of treatment. Besides, after 6 h of incubation, the number of small 
EVs/ cell significatively increases (Fig. 5B). At 6 h of treatment, 
immunocytochemistry showed that the internalized small EVs were in 
the cytoplasm, aggregated around the nucleus, as shown by DAPI and 
E-Cad staining (Fig. S2). 

3.7. EPZ015666-loaded RWP-1-derived small EVs have a similar effect 
on cancer cells 

Given that PDAC patients’ median survival rate is only 6 months, and 
more than 93% of patients die within the first 5 years [52], many efforts 
have been made to find novel drug combinations that will synergistically 
increase Gem’s therapeutic effects. Using a multiplex CRISPR gene KO 
screening technology with a library of sgRNAs to screen chromatin 
regulators whose depletion may create conditional lethality with Gem, 
Wei and colleagues have recently shown that PRMT5 is a significant 
therapeutic target in PDAC patients who mostly receive Gem as a 
chemotherapeutic agent [47]. 

To test the effect of the EPZ015666 treatment on proliferation, 
increasing concentrations of the drug were used. Small EVs were loaded 
by direct incubation in 15 μM EPZ015666 (RWP-1 EVsEPZ015666). Similar 
to the previous experiments, the HPLC analysis followed by drug 

Fig. 4. HPLC-MS analysis of small EVs sample 
RWP-1 EVsTMZ and cell proliferation effect. A 
The amount of TMZ incorporated into small EVs 
was quantified by HPLC. The dark blue arrow 
indicates the standard TMZ (2 ppm) at 3.38 min 
retention time. The yellow arrow indicates the 
RWP-1 EVsTMZ sample (Direct Incubation) 
(1.405 µg/mL) at a retention time of 3.41 min B 
Small EVs of RWP-1 were loaded directly with a 
5 mM concentration of TMZ (RWP-1 EVsTMZ). 
Small EVs alone or serial dilutions of RWP-1 
EVsTMZ were applied to RWP-1 cell line and 
their effect on proliferation was measured. C 
Cancer cells were treated with increasing con-
centrations of TMZ and their proliferation was 
measured. The red box indicates the equiva-
lence of concentrations. Asterisks indicate the 
statistical significance of the results 
(*** p < 0.001). TMZ, Temozolomide; EVs, 
extracellular vesicles.   

S. Araujo-Abad et al.                                                                                                                                                                                                                          



Biomedicine & Pharmacotherapy 162 (2023) 114657

8

identification with a mass spectrometer was performed (Fig. 6A). Our 
quantifications showed a 0.05 μM concentration in the small RWP-1 
EVsEPZ015666 by direct incubation. Therefore, those samples were 
loaded with a concentration that was three hundred times lower than 
the original 15 μM. We wonder if EPZ015666 could have different target 
efficacy based on the cell origin of the small EVs. Therefore, isolated 
small RWP-1 EVsEPZ015666 were applied to the RWP1 and GB-39 cells in 
serial dilutions ranging from 50% to 5% of the original stock (Fig. 5B, 
Fig. S1). Consequently, the maximum concentration was 0.02 μM cor-
responding to 50% small EVs and the minimum was 0.002 μM when 5% 
of EVsEPZ015666 were applied (Fig. 6B). Direct administration of the drug 

showed a nearly 60% decrease in proliferation in RWP-1 at high doses 
(60 μM) (Fig. 2B) however, at the low concentration corresponding to 
the amount loaded inside the small EVs, EPZ015666 didn’t have any 
effect (Fig. 5C). 

RWP-1 EVsEPZ015666 application resulted in an average of 16% 
reduction in proliferation on the RWP-1 cell line. Contrary to the RWP-1 
EVsTMZ effect, this reduction was observed regardless of the small EVs 
concentration (Fig. 6B). It has been shown that different drugs with 
different mechanisms of action and chemical properties could be more 
suitable for small EVs drug delivery. We could observe that TMZ-loaded 
in RWP-1 EVs was more efficient than EPZ015666, indicating that TMZ 

Fig. 5. RWP-1 small EVs internalization in living cells. A RWP-1 cells (Brightfield) were incubated with RWP-1 small EVsTMZ (red) at 3 and 6 h. A representative 
experiment is shown (n = 6). B Scheme representing the treatment with RWP-1 small EVs (red). The Fiji software was used to account for the number of small EVs 
(red dots). Data represent mean ± SEM, Student’s 2-tailed unpaired t-test was used, *p < 0.05. Scale bars: A,1000 µm; B, 20 µm. 
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has better interaction with the lipid bilayer of the small EVs membrane 
as previously reported for other compounds [53]. Therefore, our results 
indicate that even if the amount of EPZ015666 that reaches the cell is 
sufficient to induce an effect, RWP-1 derived small EVs are not suitable 
to be loaded with EPZ015666 for PDAC therapy. 

4. Discussion 

Endocrine pancreatic cancers are generally more indolent tumors 
with a more favorable prognosis as compared with exocrine cell tumors, 
most commonly pancreatic ductal adenocarcinomas. Since PDAC con-
stitutes approximately 95% of pancreatic cancers, the fundamental 
challenges that underlie the high mortality of this type of cancer are: 1) 
Pancreas location. As the pancreas is situated deep within the upper 
abdomen and only 15–20% can undergo surgical resection. As the 
pancreas is located between the aorta and its major upper abdominal 
branches, it is difficult to visualize growing tumors and cancer often 
grows around the vessels, wrapping them. 2) Early metastasis. More 
than 50% of PDAC patients develop distant metastasis and the majority 
of patients who undergo resection will develop metastases within 4 
years of surgery [54–57]. 3) Wasting syndrome. At diagnosis, 80% of 
patients with PDAC, have a reduced ability to withstand aggressive 
treatment due to the physiologic effects of PDAC [58]. The poor treat-
ment tolerance is evidenced by decreased survival of those patients after 
pancreatectomy or chemotherapy [59–63]. In order to improve the 
treatment of these patients it is necessary to find not only new treat-
ments but also new delivery approaches to reduce the side effects. 

In this study, we used several sources of small EVs and presented 
evidence that direct incubation was a better method to load the small 
EVS (Fig. 1C-D). Thus, when RWP-1 pancreatic tumor cell line is exposed 
to GB-39 EVs loaded with TMZ or EPZ015666, it undergoes a lower 
decrease in proliferation than when loaded RWP-1 EVs are applied. This 
data supports the idea that small EVs derived from RWP-1 are a more 
efficient drug carrier than GB-39 EVs. 

In this study, we demonstrated that EVs derived from RWP-1 are 
good drug carriers for PDAC treatment, providing more efficiency than 
direct administration at very low doses. Moreover, in this work we have 
shown that small EVs have target specificity, having a higher impact on 
proliferation when they are isolated from the same type of tumor cell. 

The uptake of the RWP-1 EVsEPZ015666 by the pancreatic tumor cells 
was not dose-dependent, indicating that RWP-1 small EVs were not a 
good carrier for this drug. The fact that the direct application of 
EPZ015666 has a great impact on RWP-1 suggests that it could be a good 
therapy for PDAC, although it should be mobilized by other means such 
as nanoparticles (Fig. 2B). 

Several groups have extensively studied how the storage conditions 
affect the morphology and functionality of the EVs [51,64–66]. We have 
observed that both tested drugs not only behave differently and have 
different loading capacities, but also present different long-term 
stability. 

The fact that the benefit associated with the use of this natural 
nanocarrier depends on the type of the used drug, probably relies on the 
different interactions between the chemical structure of the drug and the 
extravesicular membrane, and this interaction will define its 

Fig. 6. HPLC-MS analysis of small EVs sample 
RWP-1 EVsEPZ015666 and cell proliferation ef-
fect. A The amount of EPZ015666 incorporated 
into small EVs was quantified by HPLC. The 
dark blue arrow indicates the standard 
EPZ015666 (0.57 ppm) at a 6.11 min retention 
time. Yellow arrow indicates the RWP-1 
EVsEPZ015666 sample (Direct Incubation) 
(0.02 µg/mL) at 6.14 min retention time. B 
Small EVs of RWP-1 were loaded directly with a 
15 μM concentration of EPZ015666 (RWP-1 
EVsEPZ015666). Small EVs alone or serial di-
lutions of RWP-1 EVsEPZ015666 were applied to 
RWP-1 cell line and their effect on proliferation 
was measured. C Cancer cells were treated with 
increasing concentrations of EPZ015666 and 
their proliferation was measured. The red box 
indicates the equivalence of concentrations. 
Asterisks indicate the statistical significance of 
the results (*** p < 0.001). EVs, extracellular 
vesicles.   
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internalization. Along this line, our data indicate that RWP-1 EVsTMZ 

was more efficient than RWP-1 EVsEPZ015666, suggesting that TMZ has 
better interaction with the lipid bilayer. This opens a new field of study, 
to investigate which drugs can be better loaded into small EVs. Taken 
together, this work provides evidence that RWP-1 derived small EVs 
represent a promising drug delivery tool that can be further investigated 
in preclinical studies and in clinical trials for the treatment of PDAC. 

5. Conclusions 

In summary, we have demonstrated that TMZ and EPZ015666 
inhibit the growth of RWP-1 cells in vitro by less exposure to the drug 
when this is loaded in small EVs. Interestingly, we observed that the 
benefit associated with the use of this natural nanocarrier, depends on 
the type of the used drug, probably due to the different interactions 
between the chemical structure of the drug and the extravesicular 
membrane and this interaction will define its internalization. In this 
context, our results suggest that TMZ has a better interaction with the 
lipid bilayer than EPZ015666. Altogether, these results suggest a po-
tential use of RWP-1 derived small EVs as a drug delivery system to 
obtain the maximum therapeutic effect with minimal toxicity for PDAC 
patients’ treatment. 
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J. Santos-Martínez, E. Ruiz-Hernández, Drug delivery nanosystems for the 
localized treatment of glioblastoma multiforme, Mater. (Basel) (2018) 11, https:// 
doi.org/10.3390/MA11050779. 

[30] Bazeed, A.Y.; Day, C.M.; Garg, S. Pancreatic Cancer: Challenges and Opportunities 
in Locoregional Therapies. Cancers 2022, Vol. 14, Page 4257 2022, 14, 4257, doi: 
10.3390/CANCERS14174257. 
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[36] M. Fuentes-Baile, E. Pérez-Valenciano, P. García-Morales, C. Romero, J. de, 
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4.4 Chapter 4. Biochemical and biophysical characterization of PADI4 
supports its involvement in cancer 

Summary of the results 

PADI4, also known as protein L-arginine iminohydrolase 4, is a member of the protein arginine 

deiminase family of Ca2+-dependent enzymes that catalyzes the conversion of arginine to 

citrulline, well known as citrullination. PADI4 is present in macrophages, monocytes, 

granulocytes, and a variety of adenocarcinomas. In this manuscript, we focused on how its 

expression is altered in cancer cells [178] . 

To confirm the expression and localization of PADI4 in different cell lines, including GBM (GB-

39), PDAC (RWP-1), and colorectal cancer (HT-29), WB and IF assays were performed. GB-

39 exhibited higher expression of PADI4 than HT-29, and RWP-1 showed the lowest 

expression of PADI4 among the three cell lines. Besides, p53 expression was only detected in 

HT-29 cells and it was absent in GB-39 and RWP-1 cells. Then, the IF for PADI4 was mainly 

detected in the nucleus of HT-29 cells, GB-39 showed both nuclear and cytoplasmic 

expression, and it was mostly cytoplasmic and diffuse in RWP-1. These results are consistent 

with its role as a chromatin modifier and suggest that PADI4 plays a major role in tumorigenesis 

by upregulating p53 expression in certain cancer cell lines [178]. 

To study the structure and conformational preferences of PADI4, we used several biophysical 

techniques, namely, fluorescence, far-ultraviolet circular dichroism (far-uV CD) spectroscopy, 

difference scanning calorimetry (DSC), and DLS [178,208]. In agreement with its function in 

histones, in silico experiments showed that the structure of PADI4 is strongly pH-dependent, 

with a narrow pH range (6.5-8.0), where it acquires a native structure. Fluorescence and CD 

studies in the presence of the Ca2+ indicated that it did not affect the protein's quaternary 

structure, and there were only changes around some of the tryptophans of the protein, as 

shown by the X-ray structure of the protein. Folding studies in the presence of the denaturant 

guanidinium chloride or using heat in DSC experiments indicated the presence of several 

partially folded species.  

Overall, this manuscript provides valuable data on the biochemical and biophysical properties 

of PADI4 and its molecular mechanisms, which may contribute to the understanding of its role 

in cancer and the development of new cancer therapies. Furthermore, it sets the basis to 

understand the conformational stability of PADI4 to be used in future studies describing the 

binding to different molecular partners. 
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A B S T R A C T   

PADI4 (protein-arginine deiminase, also known as protein L-arginine iminohydrolase) is one of the human iso-
forms of a family of Ca2+-dependent proteins catalyzing the conversion of arginine to citrulline. Although the 
consequences of this process, known as citrullination, are not fully understood, all PADIs have been suggested to 
play essential roles in development and cell differentiation. They have been found in a wide range of cells and 
tissues and, among them, PADI4 is present in macrophages, monocytes, granulocytes and cancer cells. In this 
work, we focused on the biophysical features of PADI4 and, more importantly, how its expression was altered in 
cancer cells. Firstly, we described the different expression patterns of PADI4 in various cancer cell lines and its 
colocalization with the tumor-related protein p53. Secondly, we carried out a biophysical characterization of 
PADI4, by using a combination of biophysical techniques and in silico molecular dynamics simulations. Our 
biochemical results suggest the presence of several forms of PADI4 with different subcellular localizations, 
depending on the cancer cell line. Furthermore, PADI4 could have a major role in tumorigenesis by regulating 
p53 expression in certain cancer cell lines. On the other hand, the native structure of PADI4 was strongly pH- 
dependent both in the absence or presence of Ca2+, and showed two pH-titrations at basic and acidic pH 
values. Thus, there was a narrow pH range (from 6.5 to 8.0) where the protein was dimeric and had a native 
structure, supporting its role in histones citrullination. Thermal denaturations were always two-state, but 
guanidinium-induced ones showed that PADI4 unfolded through at least one intermediate. Our simulation results 
suggest that the thermal melting of PADI4 structure was rather homogenous throughout its sequence. The overall 
results are discussed in terms of the functional role of PADI4 in the development of cancer.   

1. Introduction 

Citrullination, or deamination, is a post-translational modification 
(PTM) catalyzed by peptidyl-arginine deiminases also known as L- 

arginine iminohydrolases (EC 3.5.3.15, PADIs). Although the full con-
sequences of the modification of the positive charge of the guanidino 
group of arginine to the neutral ureido group of citrulline are unknown, 
it is thought that such PTM induces local protein unfolding, impairing 
the formation of functional tertiary structures [1,2]. PADIs have key 
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roles in nerve growth, onset of inflammation states, embryonic devel-
opment, tissue aging, epithelial terminal differentiation, trauma 

apoptosis and transcriptional regulation of gene expression and regu-
lation [3–10]. Furthermore, several human diseases such as Alzheimer’s 
disease, rheumatoid arthritis, multiple sclerosis, psoriasis and different 
types of cancers are associated with the presence of PADIs and their 
citrullinated targets [9,11–13]. 

To date, five human genes encoding PADI proteins have been found, 
PADI1, PADI2, PADI3, PADI4 and PADI6 [14–20]. Each enzyme type has 
a tissue-specific expression, including the uterus and epidermis (PADI1); 
brain, secretory glands, inflammatory cells, and several cancer cell lines 
(PADI2); hair follicles and keratinocytes (PADI3); cancer cells, macro-
phages, monocytes and granulocytes (PADI4); and embryos and oocytes 
during embryonic development (PADI6), although this latter isoform is a 
pseudo-enzyme with no detectable catalytic activity. PADI3 displays the 
highest specificity for synthetic and natural substrates among all the 
PADIs, and it also modulates cell growth by affecting apoptosis-induced 
factor-mediated cell death [21,22]. Apoptosis enhanced through the 
mitochondrial pathway seems to be associated with an increase of 
enzyme activity of some PADI4 mutants [23]. Furthermore, PADI4 is 
involved in p53 gene expression, as well as the expression of other p53 
target-genes [24,25]. Thus, PADI4 functions as a p53 co-repressor, and 
therefore, inhibitors of this enzyme could be considered potential 
treatments of cancer. 

All PADIs are found in the cytoplasm, except PADI4, which has been 
detected in both the cytoplasm and the nucleus, and PADI2, which is 
also found in the nucleus under some stress conditions [2,26,27]. 
Moreover, all PADIs are Ca2+-dependent enzymes, as PADI-driven cit-
rullination requires supraphysiological levels of such cation [2,11]. In 
fact, PADIs are inactive at normal physiological conditions when Ca2+

concentration is low, and their activity is triggered by the influx of 
extracellular calcium, or its release from intracellular calcium stores 
[11]. 

PADI4 can convert Arg and monomethyl-Arg to citrulline, thereby 
regulating histone arginine-methylation catalyzed by members of the 
protein Arg methyltransferase family [8,10,28]. This PADI4-mediated 
demethylimination and citrullination of histones have been found to 
play a role in transcriptional repression of nuclear receptor target genes 
[3]. The involvement of PADI4 in several diseases, and the fact that is 
also found in the nucleus where it interacts with histones, have 
prompted us to study its presence in different cancer cells, and to 
elucidate its conformational features at different pH values, its stability 
in the absence and in the presence of Ca2+ in solution, and its unfolding 
properties. 

This work revealed that PADI4 expression varied among different 

cancer cell lines, suggesting that PADI4 could have diverse functional 
roles depending on the tumor type. Its conformational features and 

stability were studied by using several biophysical and biochemical 
techniques, namely fluorescence and circular dichroism (CD) spectro-
scopic techniques, dynamic light scattering (DLS), differential scanning 
calorimetry (DSC), differential scanning fluorimetry (DSF) and molec-
ular dynamics (MD) simulations. Our results showed that the protein 
exhibited a native structure in a narrow pH range (pH 6.5 to 8.0), where 
it was a dimer, either in the presence or in the absence of Ca2+. Within 
that pH range, PADI4 had an apparent thermal denaturation midpoint of 
~55 ◦C, as judged by thermal denaturations followed by intrinsic and 
extrinsic fluorescence, far-UV CD, DSF, and DSC; such value is not very 
high, and might facilitate protein-protein interactions with other part-
ners by promoting PADI4 flexibility. The MD simulations results also 
indicated an overall flexibility of the protein that appeared to drive a 
rather homogeneous loss of structure throughout its sequence during the 
thermal denaturation. In the presence of Ca2+, the shapes of the thermal 
and heat denaturation calorimetric curves were modified; thus, the 
interaction with Ca2+ can provide another layer for PADI4 function 
regulation. On the other hand, chemical unfolding occurred through at 
least an intermediate unfolding species, at variance with the thermal 
unfolding process. 

2. Materials and methods 

2.1. Materials 

Kanamycin and isopropyl-β-D-1-tiogalactopyranoside (IPTG) were 
obtained from Apollo Scientific (Stockport, UK). Imidazole, Trizma base, 
8-anilino-naphtalene-1-sulfonic acid ammonium salt (ANS) and His- 
Select HF nickel resin were from Sigma-Aldrich (Madrid, Spain). 
Triton X-100, TCEP (tris(2-carboxyethyl) phosphine) and protein 
marker (PAGEmark Tricolor) were from VWR (Barcelona, Spain). Ultra- 
pure guanidinium hydrochloride (GdmCl) and urea were from Pierce 
(Madison, Wisconsin, USA). Amicon centrifugal devices with a cut-off 
molecular weight of 30 and 50 kDa were from Millipore (Barcelona, 
Spain). The rest of the materials used were of analytical grade. Water 
was deionized and purified on a Millipore system. 

2.2. Protein expression and purification 

The codon-optimized, N-terminal His-tagged PADI4 inserted in the 
vector pHTP1 (with kanamycin resistance) was synthesized and pro-
duced by NZytech (Lisbon, Portugal). Expression of PADI4 was carried 
out in E. coli BL21 (DE3) strain. The protein was expressed with a final 

Abbreviations 

ANS 1-anilino-8-naphtalene sulfonate 
AUC analytical ultracentrifugation 
BSA bovine serum albumin 
CD circular dichroism 
COAD colon adenocarcinoma 
DAPI 4́, 6́ Diamidin-2-phenylindol 
DLS dynamic light scattering 
DSC differential scanning calorimetry 
DSF differential scanning fluorimetry 
FBS foetal bovine serum 
GBM glioblastoma 
GdmCl guanidinium hydrochloride 
IPTG isopropyl-β-D-1-tiogalactopyranoside 

LB Luria Bertani 
MD molecular dynamics 
NLS nuclear localization signal 
PAAD pancreatic adenocarcinoma 
PADI peptidyl-arginine deiminase 
PBS phosphate buffer solution 
PDB Protein Data Bank 
SDS-PAGE sodium dodecyl sulphate polyacrylamide gel 

electrophoresis 
PTM protein translational modification 
RMSF root mean square fluctuations 
TCEP Tris(2-carboxyethyl)phosphine 
UV ultraviolet; 
WB western blot  
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amount of 0.8 mM of IPTG, when the absorbance at 600 nm of 1 L of LB 
medium reached a value in the range 0.8–1.0. After induction, cells were 
grown overnight at 30 ◦C. They were subsequently harvested by 
centrifugation at 5 ◦C for 15 min at 10,000 rpm in a JA-10 rotor (using a 
Beckman Coulter Avanti J26-XP Centrifuge). The cell pellet was resus-
pended in washing buffer (20 mM sodium phosphate (pH 8.0) with 300 
mM NaCl, containing 20 mM imidazole) with an additional tablet of 
SIGMAFAST protease inhibitor cocktail EDTA-free, and DNase with a 
final concentration of 2 mg/L of LB medium (Sigma-Aldrich, Madrid, 
Spain). Cells were disrupted while cooled on ice by using a Branson 
sonicator for 10 periods (amplitude 25% of the maximum power) of 60 s, 
alternated with periods of 60 s on ice. The resulting lysate was centri-
fuged at 5 ◦C for 30 min at 17,000 rpm in a JA-20 rotor (Beckman 
Coulter, Barcelona, Spain) by using the same centrifuge as in the har-
vesting step. The rest of the purification protocol was the same previ-
ously described to purify other PADI isoforms [29–31], but in our case 
we used TCEP as a redox agent and the final concentration of glycerol 
was 5%. Briefly, after elution from the Ni-resin the protein was 
exchanged back (by using Amicon centrifugal devices with a cut-off of 
30 K) to 50 mM Tris buffer (pH 7.5), 5 mM TCEP, 10 mM EDTA, 150 mM 
NaCl and 5% glycerol (Elution buffer). The resulting solution was loaded 
in a Hi-Trap Q HP column (5 mL) (GE Healthcare, Barcelona, Spain) and 
eluted with a gradient from the above buffer to the same buffer modified 
by adding 1 M NaCl in 1 h with a flow rate of 1 mL/min. The protein 
eluted in the range 20%–30% of 1 M NaCl. After that, the protein was 
also exchanged back to the Elution buffer and loaded in a gel filtration 
column Superdex 200 (HiLoad 16/60) (GE Healthcare), which had been 
previously equilibrated in the Elution buffer. Both columns were con-
nected to an AKTA FPLC machine and the protein was detected by 
following the absorbance of the eluting solution at 280 nm. After 
expression and purification of several litres of media, we could also 
confirm that, after elution from the resin, by using solely an Amicon 50 
K, and exchanging to Elution buffer, the protein was pure enough to 
carry out the biophysical studies. Protein was stored in the Elution 
buffer, after being flash frozen, at −20 ◦C until use. For the experiments 
in the presence of Ca2+, the protein, once purified, was exchanged from 
the elution buffer containing 10 mM EDTA to one containing 10 mM 
Ca2+. The protein maintained its His-tag all along the purification pro-
cess, and was used as such in the experiments. 

Protein concentration was determined from the absorbance at 280 
nm of the 13 tyrosine and 10 tryptophan residues of each PADI4 
monomer [32]. 

2.3. Cell lines 

The human colon carcinoma (HT-29) and pancreatic adenocarci-
noma (RWP-1) cell lines, were donated by Instituto Municipal de 
Investigaciones Médicas (IMIM, Barcelona, Spain) [33]. Isolation of 
primary human glioblastoma cell line (GB-39) was performed from 
surgical wash, as reported previously [34]. HT-29 and RWP1 cell lines 
were cultured in Dubelcco’s Modified Eagle’s Medium: High Glucose 
(DEMEM-HG) (Biowest, MO, USA) whereas glioblastoma (GBM) cells 
were cultured in Dubelcco’s Modified Eagle’s Medium: Nutrient Mixture 
F-12 (DMEM F-12) (Biowest, MO, USA). Both culture media, were 
supplemented with 10% (v/v) heat-inactivated foetal bovine serum 
(FBS) (Biowest, MO, USA) and 1% (v/v) penicillin/streptomycin 
mixture (Biowest, MO, USA). Cells were incubated at 37 ◦C in a hu-
midified 5% CO2 atmosphere. 

2.4. Western Blot (WB) 

All cell lysates were analysed for total protein concentration using 
the BCA protein assay kit (Pierce™, Thermo Scientific, Madrid, Spain); 
an amount of 20 μg of total protein was solubilized with loading buffer 
(4x) (2-mercaptoethanol + NuPage; (1:5)) and heated at 95 ◦C for 5 min. 
Then, they were separated by using 10% SDS-PAGE, and transferred to a 

nitrocellulose membrane (Bio-Rad Laboratories Inc, California, USA). 
Following standard protocols, membranes were incubated overnight at 
4 ◦C with primary antibodies: anti-PADI4 (rabbit,1:2500, Invitrogen, 
Barcelona, Spain), anti-p53 (mouse,1:500, Calbiochem, Madrid, Spain) 
and anti-HSP90-B1 (rabbit,1:4000, CUSABIO, Houston, USA) followed 
by 1 h incubation at room temperature with ECL™ anti-mouse IgG and 
ECL™ anti-rabbit IgG, Horseradish Peroxidase linker (GE Healthcare, 
UK). The membranes were visualized with ECL™ Prime Western blot-
ting detection reagent (Amersham™, Barcelona, Spain) in a ChemiDoc 
Bio-Rad (Bio-Rad) instrument. 

2.5. Immunofluorescence 

Cell cultures were fixed with formaldehyde for 20 min and then 
washed with phosphate buffer solution (PBS) (1x). Coverslips were 
blocked with 10% horse serum, 2% bovine serum albumin (BSA), 0.25% 
Triton in PBS for 1.5 h prior to staining. Primary antibodies anti-PADI4 
(rabbit,1:300, Invitrogen) and anti-p53 (mouse,1:300, Calbiochem) 
were prepared in blocking solution and applied to samples to incubate 
overnight at 4 ◦C. Then, primary antibodies were washed with PBS (1x) 
and fluorescent secondary antibodies were applied (1:1000, Invitrogen) 
and incubated for 1.5 h at room temperature. In order to visualize the 
nuclei, samples were incubated for 5 min in 0.1 μg/mL DAPI (4′.6-Dia-
midin-2-phenylindol, Sigma). Coverslips were mounted in Vectashield 
H-1000 (Vector Laboratories, CA, USA) and analysed using Zeiss Axio-
scope 5 microscope with the LED light source Colibri 3. 

2.6. Fluorescence  

(a) Steady-state fluorescence 

Fluorescence spectra were collected on a Cary Eclipse Varian spec-
trofluorometer (Agilent, CA, USA), interfaced with a Peltier unit. Unless 
it is stated otherwise, all experiments were carried out at 25 ◦C. 
Following the standard protocols used in our laboratories, the samples 
were prepared the day before and left overnight at 5 ◦C; before experi-
ments, samples were left for 1 h at 25 ◦C. A 1-cm-pathlength quartz cell 
(Hellma, Kruibeke, Belgium) was used. Protein concentration was 1.5 
μM, in protomer units. A control experiment to follow GdmCl- 
denaturation by measuring intrinsic fluorescence was carried out by 
using a final protein concentration of 10.5 μM, in protomer units. The 
pathlength of the cell was 1 cm. 

For the pH-denaturation experiments either in the presence of Ca2+

(10 mM) or in its absence (10 mM EDTA), protein samples were excited 
at either 280 or 295 nm in the pH range from 2.0 to 12.0. Slit widths 
were 5 nm. The final buffer concentration was 50 mM in all cases con-
taining 5% glycerol and 5 mM TCEP, and the corresponding salts and 
acids used were: pH 2.0–3.0, phosphoric acid; pH 3.0–4.0, formic acid; 
pH 4.0–5.5, acetic acid; pH 6.0–7.0, NaH2PO4; pH 7.5–9.0, Tris acid; pH 
9.5–11.0, Na2CO3; pH 11.5–13.0, Na3PO4. Appropriate blank correc-
tions were made in all spectra. The pH of each sample was measured 
after completion of experiments with an ultra-thin Aldrich (Madrid, 
Spain) electrode in a Radiometer (Copenhagen, Denmark) pH-meter. 

Chemical-denaturations at pH 7.5 (in 50 mM Tris buffer, with 5% 
glycerol and 5 mM TCEP) either followed by intrinsic or ANS (see below) 
fluorescence, and far-UV CD experiments (see below) were carried out 
by dilution of the proper amount of a 7 M GdmCl stock solution. Ex-
periments were carried out either in the presence of Ca2+ (10 mM, final 
concentration) or in its absence (10 mM EDTA, final concentration). 
Also, urea denaturations were followed at the same pH, but the stock 
solution of denaturant agent used to prepare the samples was 8 M. In all 
cases, spectra from blank solutions were subtracted from the corre-
sponding spectra in the presence of the protein. The GdmCl or urea 
concentrations in the stock solutions were quantified by using refractive 
index measurements [35]. Both the chemical- and pH-denaturations 
were repeated at least three times with different samples. Variations 
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by using the same voltage in the fluorescence photomultiplier from ex-
periments repeated day to day were 2–5%.  

(b) Thermal-denaturations 

Experiments were performed at constant heating rates of 60 ◦C h−1 

with an average time of 1 s. Thermal scans were collected at 315, 330 
and 350 nm after excitation at either 280 or 295 nm, typically from 25 to 
80 ◦C. The rest of the experimental set-up was the same described above. 
Thermal denaturations were irreversible; irreversibility was tested by 
acquiring steady-state spectra of thermally denatured proteins, and by 
comparing their shape and intensity with those of the spectra acquired 
before heating. The apparent thermal denaturation midpoint, Tm, was 
estimated from a two-state equilibrium equation taking into account the 
concentration-dependence of the unfolding (see below).  

(c) ANS binding 

The excitation wavelength was 370 nm, and emission was measured 
from 400 to 600 nm at 25 ◦C. Slit widths were 5 nm for both excitation 
and emission. ANS stock solution (10 mM) was prepared in water and 
diluted to yield a final concentration of 100 μM in each sample, with a 
final protein protomer concentration of 1.5 μM (both in the pH- or 
GdmCl-denaturation experiments at pH 7.5). The same set of buffers and 
their concentrations used in the steady-state intrinsic fluorescence ex-
periments (see above) were utilized for the pH-denaturations followed 
by ANS. Experiments were carried out either in the presence of Ca2+ (10 
mM, final concentration) or in its absence (10 mM EDTA, final con-
centration). Spectra from blank solutions were subtracted from the 
corresponding spectra. In the pH-denaturations, the pH of each sample 
was measured after completion of titration with an ultra-thin Aldrich 
electrode in a Radiometer pH-meter. 

We also used ANS to follow thermal denaturations, as it can provide 
information on how the different solvent-exposed hydrophobic patches 
change their environment upon heating [36]. The experimental set-up in 
these denaturations was the same used for measuring the intrinsic 
fluorescence of the protein, except for the excitation (370 nm) and 
emission (480 nm) wavelengths. Thermal denaturations were always 
irreversible.  

(d) Differential scanning fluorimetry (DSF) 

Experiments were acquired in a Mx3005p real-time qPCR (Agilent, 
Madrid, Spain) using SYPRO Orange as an extrinsic fluorescence probe, 
and we measured its fluorescence intensity as a function of temperature. 
As the protein unfolds, SYPRO Orange binds to hydrophobic patches and 
its quantum yield increases, indirectly reporting about the protein 
unfolding process. We used 50 μL of total volume with PADI4 at a 
concentration of 4 μM (in protomer units) and a concentration of dye of 
5 x, in 50 mM Tris buffer (pH 7.5), 5 mM TCEP and 5% glycerol. We are 
fully aware that the pKa of Tris is temperature-dependent, but we have 
preferred to use this buffer as it is the one employed at the high protein 
concentrations of DSC experiments (see below). Furthermore, the use of 
phosphate buffer could lead to precipitation of calcium in the experi-
ments in the presence of the cation. DSF provides a signal reflecting the 
global unfolding of the protein, but it may overlook some unfolding 
steps, if present; therefore, it is usually employed as a semi-quantitative 
technique, mainly aimed at identifying potential ligands for a given 
protein target [37]. 

The mathematical treatment of the experimental data may rely on a 
simple estimation of the unfolding temperature, Tm, through identifi-
cation of the temperature for maximal slope of the fluorescence signal, 
or the calculation of the unfolded fraction, FU, through a well-known 
normalization procedure: 

FU(T)=
S(T) − SN(T)

SU(T) − SN(T)
(1)  

where S(T) is the measured signal at any temperature T, and SN(T) and 
SU(T) are the intrinsic signals corresponding to the native and unfolded 
protein states, usually considered to be linear functions of the temper-
ature. We have used Eq. (1) to normalize the experimental data obtained 
by DSF, and the analyses of the thermal denaturation curves were car-
ried out by using the equations described below (Eq. (9)), taking into 
account the concentration-dependence of the unfolding. A further 
calculation allows the estimation of the unfolding enthalpy from the 
temperature derivative of the unfolded fraction at Tm: 

ΔH(Tm)= 4RT2
m

(∂FU(T)
∂T

)

T=Tm

(2)  

2.7. Circular dichroism (CD) 

The steady-state CD spectra were collected on a Jasco J810 spec-
tropolarimeter (Jasco, Tokyo, Japan) with a thermostated cell holder, 
and interfaced with a Peltier unit at 25 ◦C. The instrument was period-
ically calibrated with (+)-10-camphorsulphonic acid. A cell with a path 
length of 0.1 cm was used (Hellma, Kruibeke, Belgium). All spectra were 
corrected by subtracting the corresponding baseline. Concentration of 
PADI4 was the same used in the fluorescence experiments (1.5 μM, in 
protomer units).  

(a) Far-UV spectra 

Isothermal wavelength spectra at different pH values or GdmCl 
concentrations were acquired at a scan speed of 50 nm min−1 with a 
response time of 2 s, a band-width of 1 nm, and averaged over six scans. 
Both the chemical- and pH-denaturations were repeated at least three 
times with new samples. Buffer concentrations for the pH- and chemical- 
denaturation experiments were 50 mM, and the buffers (in the absence 
or presence of Ca2+) were the same used in the fluorescence experiments 
(see above). Final glycerol concentration was 5% (v/v), and that of TCEP 
was 5 mM. In the pH-denaturations, the pH of each sample was 
measured after completion of titration with an ultra-thin Aldrich elec-
trode in a Radiometer pH-meter. Variations from day to day of with the 
new prepared samples were less than 2%. The samples were prepared 
the day before and left overnight at 5 ◦C to allow for equilibration. 
Before starting the experiments, samples were left for 1 h at 25 ◦C.  

(b) Thermal-denaturations 

Experiments were performed at constant heating rates of 60 ◦C h−1 

and a response time of 8 s. Thermal scans were collected by following 
the changes in ellipticity at 222 nm, typically from 25 to 70 ◦C. The rest 
of the experimental set-up was the same described in the steady-state 
experiments. No difference was observed between the scans aimed at 
testing a drift in the spectropolarimeter signal. Thermal denaturations 
were always irreversible, as shown by: (i) the comparison of spectra 
before and after the heating; and, (ii) the changes in the voltage of the 
instrument detector [38]. The apparent thermal denaturation midpoint, 
Tm, was estimated from a two-state equilibrium denaturation equation 
by taking into account the concentration-dependence of the unfolding 
equilibrium (see below).  

(c) Near-UV spectra 

Spectra of PADI4 either in the presence of Ca2+ (10 mM, final con-
centration) or in its absence (10 mM EDTA, final concentration) were 
acquired between 250 and 320 nm, in a 0.5-cm-pathlength cell at pH 7.5 
(20 mM, Tris buffer, 5 mM TCEP, 150 mM NaCl and 5% glycerol) and 
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25 ◦C. The spectra were collected with a scan speed of 50 nm min−1 with 
a response time of 2 s, a band-width of 1 nm, and averaged over ten 
scans. The spectrum of the buffer solution was subtracted from that of 
the protein. Final protein concentration was 60 μM (in protomer units), 
under both conditions. 

2.8. Differential scanning calorimetry (DSC) 

The thermal stability of PADI4 was evaluated by DSC. The excess 
partial heat capacity of the protein in solution was measured as a 
function of temperature in an Auto-Cap-DSC (MicroCal, Malvern- 
Panalytical, Malvern, UK), using a constant heating rate of 60 ◦C h−1. 
Experiments were done with PADI4 at 23.5 and 26.2 μM, in protomer 
units, in the absence and presence of Ca2+, respectively, in 20 mM Tris 
buffer (pH 7.5), 5 mM TCEP, 150 mM NaCl and 5% glycerol. Buffer scans 
were performed until complete reproducibility was attained; the last 
measured buffer scan was subtracted from the protein scan. A model- 
free analysis provides an evaluation of the complexity of the observed 
unfolding pathway through the comparison of the calorimetric enthalpy 
(ΔHcal, associated with the unfolding of the protein molecule) and the 
van’t Hoff enthalpy (ΔHVH, associated with the unfolding of the coop-
erative unit, defined as below, and the unfolding enthalpy correspond-
ing to a two-state process). Whereas ΔHcal is directly calculated as the 
area under the transition profile, ΔHVH is calculated as follows: 

ΔHVH = 4RT2
mCP,max

ΔHcal
(3)  

where R is the ideal gas constant, Tm is the apparent unfolding tem-
perature, and CP,max is the maximum value of the excess molar heat 
capacity. If ΔHVH = ΔHcal (within experimental error), the cooperative 
unit coincides with the protein molecule (e.g., a protein domain) and the 
two-state model would be appropriate for the data analysis; if ΔHVH <

ΔHcal, the cooperative unit is smaller than the protein molecule and the 
non-two-state model would be appropriate for the data analysis; and if 
ΔHVH > ΔHcal, the cooperative unit is larger than the protein molecule 
(i.e., the protein molecule self-associates into oligomers) and the 
dissociation-two-state model (e.g., oligomer unfolding coupled to 
dissociation into unfolded subunits) would be appropriate for the data 
analysis. 

According to the two-state model (N ↔ U), the equilibrium unfolding 
process can be described by the following set of equations: 

K(T) = FU(T)
FN(T)

= e(−ΔG(T)/RT)

FU(T) =
K(T)

1 + K(T)

ΔG(T) = ΔH(Tm)
(

1 − T
Tm

)
+ ΔCP

(
T − Tm − T ln T

Tm

)

ΔH(T) = FUΔH(T)

ΔCP(T) =
∂ΔH(T)

∂T

(4)  

where K is the equilibrium unfolding constant; FU and FN are the fraction 
of unfolded and native protein molecules, respectively; ΔG is the 
unfolding Gibbs energy; ΔH is the unfolding enthalpy; ΔCP is the 
unfolding heat capacity; <ΔH> is the excess average molar unfolding 
enthalpy; and <ΔCP> is the excess average molar unfolding heat ca-
pacity (the observable provided by the calorimetric signal). 

According to the dissociation-two-state model, particularized for a 
homodimeric protein (N2 ↔ 2U), the equilibrium unfolding process can 
be described by the following set of equations: 

K(T) = PT
(FU(T))2

FN2 (T)
= e(−2ΔG(T)/RT)

FU(T) =
−1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + 8PT/K(T)

√

4PT/K(T)

ΔG(T) = ΔH(T0)
(

1 − T
T0

)
+ ΔCP

(
T − T0 − T ln T

T0

)

ΔH(T) = FUΔH(T)

ΔCP(T) =
∂ΔH(T)

∂T

(5)  

where PT is the total concentration of protein, and energy-related 
quantities have been defined per subunit. T0 is the temperature at 
which the unfolding Gibbs energy is zero. In this case, K(T) is the 
dissociation constant for the protein dimer. Contrary to what happens to 
the two-state model, in the case of an oligomeric protein, T0 is different 
from Tm (temperature for maximal heat capacity) and T1/2 (temperature 
for half-denaturation, FU = 0.5). 

Non-linear regression data analysis of the experimental data using 
Origin 7.0 (OriginLab, Northampton, MA, USA) allowed the estimation 
of the thermal unfolding parameters, from which the stability profile 
(ΔG as a function of T) can be constructed. In order to evaluate different 
models and establish the (statistically) most appropriate, parametric 
tests (e.g., F-test) and non-parametric tests (e.g., Akaike and Bayesian 
Information Criteria) were applied and compared. 

2.9. Dynamic light scattering (DLS) 

DLS measurements were performed in a Zetasizer Nano instrument 
(Malvern Instrument Ltd, Malvern, UK) equipped with a 10-mW helium- 
neon laser (λ = 632.8 nm) and a thermoelectric temperature controller. 
All the experiments were performed at a fixed angle (Θ = 173◦) at 25 ◦C 
and the results were analysed with the Zetasizer software V7.12 (Mal-
vern Instrument Ltd, Malvern, UK). Before each measurement, protein 
samples were centrifuged for 30 min at 14,000 g and filtered through a 
0.2 μm cut-off Millex filter to remove big aggregates and dust. Once in 
the cuvette, samples were sonicated for 1 min to remove bubbles. 
Measurements on each sample were performed 20 times with 10 runs of 
30 s each. The Z-average size was obtained by fitting the autocorrelation 
function with the cumulants method. The hydrodynamic radius, Rh, of 
the protein in solution was calculated by applying the Stokes-Einstein 
equation: 

D= kT
(6 πηRh)

(6)  

where k is the Boltzmann constant, T is the temperature and η is the 
solution viscosity. Experiments in the presence of 10 mM Ca2+ were 
carried out at 12 and 45 μM, in protomer units. Experiments in the 
absence of the cation (10 mM EDTA) were carried out at 8 and 25 μM, in 
protomer units. The buffer conditions were: 20 mM Tris (pH 7.5), 5 mM 
TCEP, 150 mM NaCl and 5% glycerol. 

2.10. Fitting of pH-, chemical- and thermal-denaturations, followed by 
spectroscopic probes 

In the fluorescence experiments, to allow for a better comparison 
among the different probes used (either intrinsic or ANS fluorescence), 
and since we can obtain information over all the spectrum, we calcu-
lated the average energy, <λ>, which is defined as [39]: 

< λ > =

∑n
1

(
1
λi
Ii

)

∑n
1(Ii)

(7) 

The titration points for the pH-denaturation experiments were fitted 
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to the Henderson-Hasselbalch equation: 

X =
(
Xa +Xb10(pKa−pH)) / (1+ 10(pKa−pH)) (8)  

where X is the measured property (<λ>, the fluorescence intensity or the 
ellipticity at 222 nm) for a particular pH; Xa is the same property at low 
pH; Xb is the property at high pH; and pKa is the titration midpoint of the 
pH-transition. When several transitions were observed, the different pKa 
values were obtained by fitting each particular transition to Eq. (8), 
provided we had enough experimental data (at least >4 experimentally 
measured pH data points for the corresponding titration). 

The change in the physical property, Y (the fluorescence intensity or 
the ellipticity at 222 or 230 nm), for the thermal denaturations, was fit 
to: 

Y =
(
YN + YDe(−ΔG/RT)) / (1+ e(−ΔG/RT)) (9)  

where YN = αN + βN[T] and YD = αD + βD[T] are the baselines of the 
folded and unfolded states, respectively, for which a linear relationship 
with temperature is assumed; R is the gas constant; and T is the tem-
perature in K. 

Although the thermal denaturations, either followed by fluorescence 
(intrinsic, ANS or SYPRO Orange) or CD were irreversible, we obtained 
an apparent thermal denaturation midpoint, Tm, allowing us for a rough 
estimate of the stability of PADI4 at the different pH values, and for a 
comparison with the DSC data. The Tm can be obtained from the change 
in free energy, ΔG, given by [40–42]: 

ΔG(T)=ΔHm

(
1− T

Tm

)
−ΔCp

[
(Tm − T)+ Tln

(
T
Tm

)]
− RT ln(2Ct) (10)  

where ΔHm is the van’t Hoff unfolding enthalpy; Ct is the total con-
centration of protein expressed in dimer equivalents; and ΔCp is the heat 
capacity change of the folding reaction. The fact that both in the 
numerator and denominator of Eq. (9) appears the term ΔG(T) derived 
from Eq. (9) avoids to impose restrictions on the value of the ΔCp used in 
the fitting. The term −RT ln(2Ct) comes from considering the dimeric 
nature of the protein (see Results) and it takes into account the 
concentration-dependence of the unfolding equilibria (both heat or 
chemical, see next paragraph) [40–42]; thus, we have assumed that the 
main species when thermal unfolding was carried out was a dimer. 

For the GdmCl-denaturations (followed by intrinsic or ANS fluores-
cence and ellipticity at 222 nm) the same Eq. (9) was used, but in this 
case the value of the ΔG follows a linear relationship with respect to the 
denaturant concentration: ΔG = m ([GdmCl]50% - [GdmCl]) - RTln(2Ct), 
where m-value is the slope of the sigmoidal transition; Ct is the total 
concentration of protein expressed in dimer equivalents; and 
[GdmCl]50% is the concentration of GdmCl at the midpoint of the tran-
sition [43], and the spectroscopic properties of the native and unfolded 
species are given by: YN = αN + βN[GdmCl] and YD = αD + βD[GdmCl], 
respectively. Chemical denaturations were always irreversible, as indi-
cated by refolding experiments. 

Fittings to Eqs. (8)–(10) were carried out by using the general curve- 
fit option of KaleidaGraph (Abelbeck Software, PA, USA). 

2.11. Molecular simulations 

The structure of PADI4 was built from the PDB entry 3APN [31], and 
missing atoms in some loop regions were reconstructed by using the 
Modeller server [44]. Classical MD simulations of the protein in explicit 
solvent were performed by using the GROMACS software [45], with the 
AMBER ff99SB-ILDN force field [46] and the TIP3P water model [47]. 
The dimer was solvated in a box with a dodecahedron shape, main-
taining a minimum distance of 1.5 nm from each edge, and 14 Na+

counterions were added to obtain an overall neutral system charge. 
Simulations were carried out for 10 ns at room temperature (300 K, 
27 ◦C), as well as at a higher value (450 K, 177 ◦C) to probe the early 

stages of the unfolding pathway through an accelerated sampling. Other 
details of the simulation conditions (including the modelling of elec-
trostatic and van der Waals interactions, and the parameters used for the 
virtual thermostat and barostat), and of the simulation protocol (energy 
minimization, annealing, and equilibration) were as previously 
described [48,49]. 

Although MD runs can often be performed even at greater temper-
atures (T = 500 and beyond) [50], in this particular case this led to 
simulation crashes – which is not a rare occurrence, especially for very 
large protein systems. Thus, all-atom MD simulations at higher tem-
perature could not be pursued further. Due to the excessive sampling 
required to probe more denatured protein states, the investigation was 
confined to the early steps of the unfolding, and we enhanced it by using 
a coarse-grained model implemented in the CABS-flex algorithm [51], 
available as a web server [52]. The starting structure of the dimer was 
the same used for MD simulations, with restraints assigned to residue 
pairs only when both possessed a well-defined secondary structure. In 
this case, we used a complete flexibility of the protein chain (assigning a 
null ‘rigidity’ parameter), and a dimensionless reduced temperature 
with a value (T = 2.0) twice larger than the default used to sample 
proteins in a crystal state to speed up the process [52]. 

3. Results 

3.1. PADI4 expression in glioblastoma, pancreatic and colon cancer cells 

It is known that PADI4 is expressed in a variety of adenocarcinomas, 
but absent in normal healthy tissues [53]. Moreover, it has been shown 
that plasma PADI4 levels in patients with malignancies decreased after 
tumour resection, suggesting that PADI4 circulating in the blood may be 
used for diagnostic of tumour tissues [54]. To address the prevalence of 
expression of PADI4 in cancer, protein levels were analysed and 
compared in a panel of tumour cell lines, that had never been tested 
before. We used pancreatic adenocarcinoma (PAAD) (RWP-1), colon 
adenocarcinoma (COAD) (HT-29) and glioblastoma (GBM) (GB-39) cell 
lines. This GBM cell line was obtained from a surgical wash from a pa-
tient that suffered multiforme GBM [34]. Western Blot analyses 
confirmed that the expression of PADI4 varied among the cancer cell 
lines. Out of the three lines examined, the PAAD one showed the least 
PADI4 expression (Fig. 1 A). Moreover, PADI4 expressions in COAD and 
GBM cell lines were of similar intensity, but with a different pattern (i.e. 
there were several bands in the GBM) consistent with the existence of 
alternatively spliced PADI4 transcripts [55]. 

Although most of PADI isoforms are cytoplasmatic, PADI4 has a 
nuclear localization signal (NLS) that allows it to enter the nucleus [2, 
54]. PADI4 first description in hematopoietic human cells shows a clear 
nuclear localization, however it can be also found in the cytoplasm 
depending on the cell line [56]. To investigate the subcellular localiza-
tion of PADI4 in the above-mentioned cancer cell lines, we performed 
immunocytochemistry with PADI4 antibody and analysed it by fluo-
rescence microscopy. PADI4 has an interesting nuclear localization 
pattern, and nuclei of the cells are characteristically stained with 
anti-PADI4 antibody at the nuclear edge. This distinctive signals of 
anti-PADI4 are usually confined to narrow diffuse DAPI-staining regions 
located along segmented forms of the nucleus (Fig. 1 B). Interestingly, 
PADI4 showed a clear nuclear localization only in HT-29 cells. PADI4 in 
GBM showed both a nuclear and cytoplasmatic expression; and in 
RWP-1, PADI4 expression was mostly cytoplasmatic and diffuse (Fig. 1 
B). On the basis of these observations, together with the WB data, we 
hypothesize the presence of several forms of PADI4 with different sub-
cellular localizations, depending on the cancer cell line. 

The tumour suppressor p53 plays a pivotal role in regulating the cell 
cycle progression and apoptosis in response to various genotoxic and 
nongenotoxic stresses [56]. The ability of p53 to function as a 
sequence-specific transcription factor is critical for its tumour suppres-
sor function [57]. It has been shown that PADI4 interacts with p53 and is 
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recruited by the p21 promoter to regulate histone arginine-methylation 
and citrullination to regulate gene expression [24]. Therefore, we 
investigated the relationship between PADI4 and p53 in the three cancer 
cell lines described above. We observed a large expression of p53 in 
HT-29, but not in the other cell lines (Fig. 1 B). Thus, based on two 
different lines of evidence: (i) HT-29 was the sole cell line with a clear 
nuclear localization of PADI4; and (ii) the distinct enzyme expression 
observed in the WB data, we suggest that PADI4 could have a major role 
in tumorigenesis by up-regulating p53 expression in certain types of 
cancer cell types. 

3.2. PADI4 acquired a native structure in a narrow pH range either in the 
absence or in the presence of Ca2+

To measure the conformational stability of PADI4, we firstly needed 
to determine in which pH range it had a native structure. To that end, we 
used several spectroscopic probes, namely intrinsic fluorescence, ANS 
fluorescence, and far- and near-UV CD. The use of this whole set of 
techniques gave us complementary information on different structural 
features of the polypeptide chain. We used intrinsic fluorescence to 
monitor the changes in the tertiary structure of PADI4, around its 13 
tyrosines and 10 tryptophans. We used ANS fluorescence to follow the 
water accessibility of solvent-exposed hydrophobic patches and to 
detect the presence of partially folded species [58]. And finally, we 
carried out far-UV CD experiments to monitor changes in protein sec-
ondary structure, and near-UV CD to follow the changes in the asym-
metry of the environment around aromatic residues at a determined pH. 

3.3. Fluorescence  

(1) Steady-state intrinsic fluorescence and thermal denaturations 

The fluorescence emission spectrum of PADI4 showed a maximum 
around 338 nm at physiological pH in the absence of Ca2+ (Fig. S1 A). 
These results indicate that PADI4 fluorescence was dominated by the 
emission of the 10 tryptophan residues, some of which appeared, from 
the value of the maximum wavelength, to be partially solvent-exposed, 
as also shown in the X-ray structure deposited in the Protein Data Bank 
(PDB) as the entry 3APN [31]. A red-shift of the signal maximum in the 
presence of Ca2+ (towards 342 nm) was observed, as well as a decrease 
in the intensity (Fig. S1). The same changes were also observed by 

excitation at 295 nm, indicating that some tryptophan residues were 
located in the polypeptide regions involved in the binding of Ca2+. This 
result suggests that the environment of at least some of the tryptophans 
and/or tyrosines were altered in the presence of Ca2+, resulting in a 
more solvent-exposed species. 

The value of <λ> (measured either by excitation at 280 or 295 nm) 
in the presence of EDTA (10 mM) showed two transitions (Fig. 2 A): one 
appeared to end around pH 6.5, but we could not find its pKa value due 
to the absence of an acidic baseline; and another one started at pH 8.0, 
which had a pKa value larger than 10, but we could not assess its exact 
value as we could not determine a basic baseline. The same two tran-
sitions were observed by following the changes in intensity (Fig. 2 A), 
and a dumb-bell shape was detected on the whole pH range for the in-
tensity variations. We followed the changes in intensity at pH 7.5 (in the 
middle of the interval where the protein seemed to possess a tertiary 
native structure: pH 6.5–8.0) by thermal denaturations; an irreversible, 
sigmoidal thermal transition was observed with a Tm of 57.7 ± 0.3 ◦C, 
whose value was obtained from Eq. (10) (Fig. S1 B). No sigmoidal 
transitions were observed outside that pH interval (data not shown). 

On the other hand, the fluorescence spectra in the presence of Ca2+

were noisier than those in the presence of EDTA (Fig. S1 A), and 
therefore the pH data from the titrations were more scattered. The <λ>
(either by excitation at 280 or 295 nm) in the presence of Ca2+ showed 
two transitions as well (Fig. 2 B), starting and finishing roughly at the 
same pH values as the transitions found in the presence of EDTA. 
Similarly, the same two transitions at acidic and basic pH values were 
observed by following the changes in intensity (Fig. 2 B). We also per-
formed fluorescence thermal denaturations in that pH range (6.5–8.0), 
as well as outside that interval. No sigmoidal transitions were observed 
by fluorescence (data not shown), and the irreversible transitions 
observed in that pH interval were less co-operative (that is, they were 
flatter than those observed in the presence of 10 mM of EDTA). Attempts 
to fit those curves to Eq. (10) yielded a Tm of 73 ± 5 ◦C (Fig. S1 B). 

Therefore, it seems that, regardless of the absence or the presence of 
Ca2+, the same titrating residues are determining the features of the 
tertiary structure around tryptophan and tyrosine residues at both ex-
tremes of pH, but the presence of Ca2+ changed the environment around 
at least some of the indole or phenol moieties.  

(2) ANS-binding 

Fig. 1. PADI4 expression in cancer cells lines. (A) Western blot analysis of RWP-1, HT-29 and GB-39 cell lines for PADI4 and p53. (B) Immunocytochemistry of 
PADI4 (red) and DAPI (blue) in cancer cell lines. Scale bar: 20 μm. Experiments were repeated three times. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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We also observed two transitions in the pH-titrations (either in the 
presence or absence of Ca2+) followed by ANS (Fig. 3 A). In the presence 
of EDTA, conversely to what we had observed by following the intrinsic 
fluorescence of the protein, the pKa of the acidic transition, obtained 
following <λ>, was 5.3 ± 0.5; in contrast, by following the intensity, we 
could not determine the pKa because we did not have an acidic baseline. 
This acidic transition was completely finished at pH ~6.5. The basic 
transition, which started at pH ~8.0, was clearly observed by following 
<λ>, but such transition could not be monitored by following the in-
tensity at 470 nm. 

On the other hand, in the presence of Ca2+, the pKa of the acidic 
transition followed by <λ> was 5.9 ± 0.6 (Fig. 3 B), similar to that 
observed in the presence of EDTA. We could not determine the pKa of 
this acidic transition from the changes in the fluorescence intensity, due 
to the lack of an acidic baseline. This acidic transition ended at pH ~6.5. 
At basic pH values, as it happened in the presence of EDTA, the transi-
tion was more clearly observed by monitoring <λ> rather than the 

fluorescence intensity; this transition started at pH ~8.0, but we could 
not determine its pKa due to the absence of baseline. 

Thermal denaturations following the ANS fluorescence, at different 
pH values in the presence of EDTA, showed only a single sigmoidal 
transition (Fig S2 A). The apparent Tm value at pH 7.5 was 56.8 ± 0.3 ◦C, 
identical to that measured by intrinsic fluorescence at the same pH. On 
the other hand, in the presence of Ca2+, we also observed only a 
sigmoidal transition for pH values between 6.5 and 8.0 (Fig. S2 B); at pH 
7.5, we obtained a Tm value of 52 ± 4 ◦C. 

Therefore, we can conclude that the variation monitored by ANS in 
the burial of solvent-exposed hydrophobic surface occurred concomi-
tantly to that of the acquisition of tertiary structure, monitored by the 
intrinsic fluorescence of tryptophans and tyrosines, during protein 
folding.  

(3) DSF 

Fig. 2. pH-induced structural changes of PADI4 followed by intrinsic 
fluorescence: Conformational changes of PADI4 monitored by the intrinsic 
fluorescence at 330 nm, after excitation at 295 nm (blank, red circles) and by 
<λ> (average energy), after excitation at 280 nm (blank, blue squares) in the 
presence of EDTA (A), and in the presence of Ca2+ (B). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 3. pH-induced structural changes of PADI4 followed by ANS fluo-
rescence: Conformational changes of PADI4 monitored by ANS fluorescence at 
470 nm, after excitation at 370 nm (blank, red circles) and by <λ> (blank, blue 
squares) in the presence of EDTA (A), and in the presence of Ca2+ (B). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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We also carried out measurements in the presence of the fluorescent 
dye SYPRO Orange as protein unfolding reporter. Our results (Fig. S3 A) 
indicate that the fluorescence of this extrinsic probe was higher in the 
presence of EDTA than when Ca2+ was present, suggesting solvent- 
exposure of hydrophobic regions in the Ca2+-free protein. Thermal 
denaturation experiments further suggest that the Ca2+-free protein 
exhibited an apparent single transition centred at 57 ◦C (similar to the 
values observed by monitoring the intrinsic and ANS fluorescence, see 
above), whereas the Ca2+-bound protein exhibited two transitions cen-
tred at 59 and 71 ◦C, respectively (Fig. S3 B). The former value was 
similar to that obtained from ANS fluorescence in the presence of Ca2+, 
and the latter was similar to that obtained by intrinsic fluorescence (see 
above). An apparent unfolding enthalpy of 45 kcal mol−1 for the Ca2+- 
free protein could be estimated from the derivative of the curve 
expressing the unfolded fraction at such Tm (Eq. (9)). This value is 
relatively small for a 74 kDa protein protomer suggesting: (i) a non- 
complete unfolding of the protein upon heating in the presence of this 
probe; or alternatively, (ii) a considerable level of flexibility, in agree-
ment with the exposure of hydrophobic surface detected in the steady- 
state spectra (Fig. S3 A) (see Discussion). It could be argued that such 
small value of the apparent unfolding enthalpy might be due to a 
disordered nature of the protein; however, the fact that intrinsic fluo-
rescence and far-UV CD spectra (see below) were those of a typical 
folded protein with buried tryptophan residues suggests that such small 
enthalpy value was due to any of the reasons indicated above. 

Far-UV CD: The CD spectrum of PADI4 in the absence of Ca2+ at pH 
7.5 showed minima at 210 and 222 nm (Fig. S4 A). These results indicate 
that the protein had mainly a helical fold, as well as a fraction of β-sheet 
structure, in agreement with its X-ray structure (PDB entry 3APN [31]). 
We estimated the percentage of helical structure by assuming that, at 
222 nm, a 100% amount of fully formed helical structure determines a 
molar ellipticity, [Θ], of −39500 deg cm2 dmol−1 [59]. The [Θ]222 of 
PADI4 at pH 7.5 was −2668 deg cm2 dmol−1, yielding an estimated 
value of 7% of helical structure. The value obtained from the X-ray 
structure (PDB number: 3APN), where 112 residues out of 651 (per 
monomer) are in an α-helix conformation, was 17%. Besides un-
certainties in the determination of secondary structure by using CD data, 
the main difference in the amount of helical structure calculated from 
the X-ray and from experimental far-UV CD data could be attributed to 
the presence of aromatic residues, which also absorb at 222 nm in the 
far-UV CD spectrum [60–63]. We could not acquire a good far-UV CD 
spectrum of PADI4 in the presence of Ca2+, since its presence precluded 
having any meaningful information for wavelengths below 215 nm. 

In the following, we shall not try to over-interpret the CD results, and 
we shall report on those changes which are clearly observable and are 
also supported, to some extent, by the results from fluorescence (either 
in the intrinsic or ANS experiments). In the pH-titrations followed by the 
raw ellipticity at 222 nm (Θ222), either in the absence or presence of 
Ca2+, we also observed two transitions (Fig. 4). We had to observe the 
changes in ellipticity in the presence of Ca2+ at 230 nm, due to the 
poorer signal-to-noise ratio at 222 nm (because of the presence of the 
salt). The first acidic transition resulted in an increase of the helicity (in 
absolute value) as the pH was raised, under either condition. These 
findings mean that the protein has lost its secondary structure, as 
monitored by far-UV CD, at acidic conditions. In the presence of EDTA, 
the first acidic transition had a pKa of 5.1 ± 0.4 (Fig. 4 A); whereas in the 
presence of Ca2+, the transition was at 5.6 ± 0.3 (Fig. 4 B). The two 
values are similar, within the fitting error to the Henderson-Hasselbalch 
equation (Eq. (8)), and comparable to those obtained by ANS fluores-
cence (see above). Under both conditions, we also observed that at basic 
pH values there was a decrease in the ellipticity at 222 nm (in absolute 
value) as the pH was raised (Fig. 4), but we could not determine the pKa 
value, as we did not have a basic baseline. Therefore, to sum up, we can 
conclude that acquisition of secondary structure, as monitored by far-UV 
CD, occurred concomitantly to that of tertiary structure (intrinsic fluo-
rescence) and the burial of solvent-exposed hydrophobic surface (ANS 

fluorescence) under both solution conditions (in the absence and pres-
ence of Ca2+) and moving towards physiological conditions starting 
from either acidic or pH values. Thus, the acquisition of native structure 
only occurred in a narrow pH interval (Figs. 2–4). 

Thermal denaturations in the pH interval where PADI4 acquired a 
native structure were characterized, in the presence of Ca2+, by a poor 
signal-to-noise ratio, thus precluding any reliable determination of Tm. 
On the other hand, in the presence of EDTA at pH 7.5 (Fig. S4 B), the 
irreversible, single sigmoidal denaturation curve yielded a Tm value of 
52.9 ± 0.7 ◦C. This value was smaller than those obtained by intrinsic, 
ANS and SYPRO Orange fluorescence (see above); however, it was 
similar to that obtained for wild-type PADI4 under similar conditions 
reported by other laboratories [31]. These findings might suggest that 
secondary structure, as monitored by far-UV CD, melted before the 
tertiary one, in contrast of what one could expect (i.e., tertiary structure 
melting before the secondary one). This apparent discrepancy is due to 

Fig. 4. pH-induced structural changes of PADI4 followed by far-UV CD: 
Conformational changes of PADI4 monitored by the raw ellipticity at 222 nm in 
the presence of EDTA (A), and in the presence of Ca2+ (B). 

J.L. Neira et al.                                                                                                                                                                                                                                  



Archives of Biochemistry and Biophysics 717 (2022) 109125

10

the strong irreversibility of the thermal denaturation, and it has also 
been observed in thermal denaturations of other large proteins [64–66]. 
It could be argued that the irreversibility can either be inherent to the 
unfolding process (i.e., concomitant with the unfolding) or occur at high 
temperatures much later than the unfolding process. This can be tested 
by performing an unfolding experiment up to the apparent Tm, and then 
reheating. If the reheating recovers most of the unfolding trace, the 
unfolding can be considered reversible, even if maintaining the protein 
at higher temperatures would result in an irreversible process. 
Furthermore, the irreversibility can be assessed in the far UV CD ex-
periments by monitoring the voltage as the thermal unfolding progresses 
[38]. If the voltage follows a linear-temperature dependence, it indicates 
that the unfolding is reversible; on the other hand, if it shows a 
sigmoidal-like behaviour (as that observed for the ellipticity) then the 
process is irreversible indicating aggregation. We used both procedures 
for PADI4: the first one by following intrinsic fluorescence of the protein 
and the second one by using far-UV CD. In the case of fluorescence, 
stopping the thermal scan at the apparent midpoint did not result in 
recovering neither the original fluorescence intensity of the spectrum at 
25 ◦C (Fig. S1 A) nor a sigmoidal-like scan (Fig. S1 B) under both so-
lution conditions. In the case of far-UV CD, we observed a sigmoidal-like 
behaviour in the voltage of the instrument with an apparent midpoint at 
53 ◦C (close to the value observed by following the ellipticity at 222 nm). 
Then, we suggest that unfolding of PADI4 is associated with aggregation 
(that is, a temperature higher than the apparent Tm is not necessary to 
achieve self-association of the unfolded protein). 

Near-UV CD: We only carried out near-UV experiments at pH 7.5 in 
the absence and in the presence of Ca2+. PADI4 has a large number of 
aromatic residues (10 tryptophans, 13 tyrosines, 33 phenylalanines and 
15 histidines in its sequence) and thus, the near-UV CD spectrum under 
both conditions had a large intensity [60–63]. The near-UV spectrum of 
PADI4 showed a broad maximum peak around 265 nm (Fig. S5), and a 
minimum at 297 nm. The normalized ellipticity was larger (in absolute 
value) for the spectrum in the presence of Ca2+ than in the presence of 
EDTA, thus confirming the previous findings obtained by intrinsic 
fluorescence, that the local environment around some of the tryptophan 
residues changed in the presence of the cation (Fig. S1 A). 

To sum up, based on the findings obtained with the different spec-
troscopic probes used, we can conclude that the secondary and tertiary 
structures of PADI4 are lost concomitantly when moving to the two 
extremes values of pH. Thus, the pH range where PADI4 acquired a 
native structure was very narrow, encompassing an interval from 6.5 to 
8.0. 

3.4. PADI4 was a dimer in aqueous solution at physiological pH both in 
the absence and the presence of Ca2+

DLS measurements of PADI4, in the absence and presence of Ca2+, 
were performed at different concentrations ranging from 8 to 45 μM (in 
protomer units). The samples showed a small amount of high molecular 
weight aggregates: lower than 1% in the samples in the presence of the 
cation, and lower than 5% in the presence of EDTA. In the range of 
PADI4 concentrations assayed, its hydrodynamic radius (Rh) did not 
change in presence of Ca2+ when compared to that in the presence of 
EDTA (Fig. 5). The average Rh values of PADI4 under the different 
assayed conditions were: (i) in the presence of EDTA: Rh = 5.4 ± 1.1 nm 
(8 μM) and 5.1 ± 0.6 nm (25 μM); and, (ii) in the presence of Ca2+: Rh =
5.1 ± 1.1 nm (12 μM) and 5.6 ± 0.6 nm (45 μM). The estimated mo-
lecular weight by using the Stokes-Einstein equation (Eq. (6)) for a 
protein with Rh = 5.1 nm is approximately 150 kDa, which indicates the 
presence of a dimer of PADI4 in solution under both conditions (the 
molecular weight of the monomer is 74.0 kDa). These results agree with 
previous findings obtained under slightly different conditions [67], and 
confirm that in solution PADI4 is a dimer as in the crystal structure [30, 
31]. 

3.5. Conformational stability of PADI4 

We proceeded to measure the conformational stability of PADI4 by 
using heat (via DSC), and chemical denaturation followed by intrinsic 
and ANS fluorescence and far-UV CD at pH 7.5. Our previous results 
indicate that thermal denaturations of PADI4 were irreversible and that 
stability of PADI4 at such pH in the presence of EDTA was not very high 
(see above). Even though the thermal denaturations seemed to be irre-
versible, the irreversibility may stem from additional processes different 
from the unfolding process (e.g., aggregation of the unfolded confor-
mation). In that case, although the application of equilibrium models is 
problematic, still those models provide useful estimates of the thermal 
stability parameters. Furthermore, we aimed to obtain an estimate of the 
stability of PADI4 by using far-UV and fluorescence, either in the 
absence or the presence of Ca2+, by using a chemical agent as 
denaturant. 

3.5.1. A calorimetric point of view 
The DSC experiments of PADI4 in the absence and presence of Ca2+

are shown in Fig. 6. The presence of Ca2+ induces a more complex 
unfolding behaviour; it may be possible that, because the unfolding 
shifts to higher temperatures, the irreversibility of the process might be 
more pronounced at those higher temperatures, hindering a reasonable 
analysis. Still, a considerable stabilization effect induced by Ca2+

binding could be observed: an apparent Tm value of 53.2 ◦C without 
Ca2+; and two apparent Tm values of 59.6 and 72.6 ◦C were observed 
when the cation was present. The single Tm observed in the absence of 
Ca2+ and the highest Tm observed in the presence of Ca2+ are similar to 
those observed by fluorescence thermal denaturations (see above). 

The model-free analysis provided apparent values for the thermal 
stability parameters: ΔHcal value of 86 kcal mol−1, and CP,max value of 
11.1 kcal K−1⋅mol −1, from which a ΔHVH value of 109 kcal mol−1 could 
be estimated. From those figures, an enthalpy ratio of 1.27 could be 
calculated, which differs from unity beyond the experimental error. 
Importantly, the unfolding trace is slightly asymmetric, with a negative 
skew, as typically observed in the unfolding of homooligomeric proteins. 
Therefore, the most appropriate model for analysing the unfolding 
process of PADI4 is that of a protein dimer unfolding and dissociating 
simultaneously into unfolded subunits. 

Fig. 6 shows the calorimetric thermal unfolding of PADI4 in the 

Fig. 5. DLS measurements of PADI4: The DLS volume distribution profiles of 
PADI4 in presence and absence of Ca2+: (black line) at 12 μM in the presence of 
Ca2+; (red line) at 45 μM in the presence of Ca2+; (green line) at 8 μM in the 
presence of EDTA; and (blue line) at 25 μM in the presence of EDTA. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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absence of Ca2+ analysed with the two-state model (Tm = 52.2 ± 0.2 ◦C, 
ΔH(Tm) = 94 ± 2 kcal mol−1) and with the unfolding-dissociation model 
(T0 = 64.0 ± 0.3 ◦C, ΔH(Tm) = 117 ± 2 kcal mol−1). It is important to 
note that the T0 obtained by using the dissociation model corresponds to 
the temperature at which the Gibbs energy of unfolding becomes zero, 
which, for a dimeric protein, it is much higher than the Tm, the tem-
perature for maximal unfolding heat capacity, which corresponds to the 
temperature estimated by spectroscopic measurements (see above); in 
fact, the apparent Tm values observed using the different techniques 
(spectroscopy and calorimetry) are very similar. Therefore, this finding 
indicates that the apparent thermal denaturation midpoint determined 
by spectroscopy was probably strongly affected by protein self- 
association. The fitting was visually much better for the unfolding 
dissociation model, but also statistically better considering the residual- 
sum-of-squares (RSS), with values of 4.9⋅107 and 1.1⋅107, for the two- 
state model and the unfolding-dissociation model, respectively. The 
thermal stability parameters were used for extrapolating the unfolding 
Gibbs energy and the equilibrium unfolding constant from 64 to 25 ◦C, 
and a dissociation constant for the PADI4 dimer of 0.9 ± 0.4 μM was 
estimated at 25 ◦C, a value in agreement with the one previously re-
ported from analytical ultracentrifugation (AUC) experiments [67]. 

3.5.2. A chemical-denaturation point of view 
Chemical refolding experiments using GdmCl as denaturant, indi-

cated that unfolding of PADI4 was not reversible. Therefore, we could 
not obtain the free energy (ΔG) of the unfolding reaction, and we will 
not be able to discuss quantitatively the unfolding mechanism of PADI4. 

Firstly, we tried, in the presence of EDTA, to determine whether urea 
or GdmCl was better suited to follow the chemical unfolding of PADI4. 
Experiments using urea as denaturant agent showed that, when using 
<λ> (or the intensity) of the intrinsic fluorescence as the physical 
quantity to follow the denaturation, no transition was observed, but 
rather an un-cooperative, flat transition without any native or unfolded 
baselines of the curve (Fig. S6). On the other hand, the ellipticity at 222 
nm in the urea-denaturations showed two transitions: one occurring at 
low urea concentration, and the other occurring with an [urea]1/2 of 4.1 
± 0.3 M (Fig. S6). These findings suggest that the chemical unfolding of 
PADI4, due to its large size, is complex. Due to the lack of a clear 
transition when PADI4 unfolding was monitored using urea by fluo-
rescence, we decided to use GdmCl as a chaotropic agent. 

Chemical denaturations by using GdmCl as denaturant showed, as 
well, a complex behaviour when the ellipticity at 222 nm was moni-
tored, with at least three transitions (Fig. 7 A); one of them, as it 

happened for experiments with urea, occurring at low denaturant con-
centrations. Conversely, the GdmCl-denaturations followed by fluores-
cence (either <λ> or the intensity) showed a single, very broad 
transition, with [GdmCl]1/2 = 0.9 ± 0.5 M and m = 0.9 ± 0.3 kcal mol−1 

M−1 (at 280 nm), suggesting that PADI4 was a protein with low stability. 
We also followed the GdmCl-denaturations by using ANS as a probe 
(Fig. 7 B), yielding [GdmCl]1/2 = 1.52 ± 0.09 M and m = 2.1 ± 0.4 kcal 
mol−1 M−1. These values are different from those obtained by following 
the intrinsic fluorescence, indicating that the denaturation of PADI4 in 
the presence of EDTA was complex. Furthermore, as PADI4 is a dimer, 
we hypothesized that some of the transitions observed in the far-UV CD 
spectra could be due to dimer dissociation, and then, this reaction could 
be better observed at higher protein concentrations used during the 
experiments. Therefore, we carried out a chemical denaturation exper-
iment at a protein concentration of 10.5 μM, in protomer units (Fig. S7), 
but even at this value we were not able to resolve the different transi-
tions observed at low protein concentration. These results suggest that 
the dissociation constant of the PADI4 dimer was smaller than the lowest 
protein concentration (in protomer units) used in our chemical dena-
turation experiments; in fact, AUC experiments have shown that such 
constant has a value of 0.45 μM at 20 ◦C [67], in agreement with the 
value estimated from our DSC experiments (see above). The thermal 
stability of PADI4 seems to be much lower from the spectroscopic assays 
(ΔG value of 0.8 kcal mol−1 from tryptophan intrinsic fluorescence 
thermal denaturations, and a value of 3.2 kcal mol−1 from ANS extrinsic 
fluorescence thermal denaturations) compared to the value estimated 
from DSC experiments (ΔG value of 4.1 kcal mol−1) and that estimated 
from AUC experiments (ΔG value of 4.3 kcal mol−1). This may be due to 
the local nature of the protein features determining the spectroscopic 
signal, compared to the global nature of the DSC and AUC observable 
signals. 

On the other hand, chemical denaturation experiments of PADI4 
carried out in the presence of Ca2+ did not yield sigmoidal transitions (i. 
e., we observed a non-cooperative behaviour) when followed by fluo-
rescence or ellipticity at 222 nm (Fig. 8 A), suggesting that the unfolding 
of the protein under these conditions was less co-operative than in the 
presence of EDTA. Furthermore, by using ANS as a probe, we obtained 
[GdmCl]1/2 = 2.02 ± 0.08 M and m = 1.9 ± 0.4 kcal mol−1 M−1 (Fig. 8 
B), which yields an apparent ΔG value larger than that obtained in the 
presence of EDTA, and in agreement with the DSC data (Fig. 6), where 
we observed a stabilization of the protein. Therefore, the presence of 
Ca2+ induced changes in the tertiary environment around some aro-
matic residues (see above), as well as variations in the solvent-exposed 

Fig. 6. DSC experiments: (A) Thermal denaturation of PADI4 in the absence of Ca2+. A single apparent unfolding transition is observed. The experimental data 
(empty circles) were analysed according to a two-state model (dashed red line) and a two-state-unfolding-dissociation model (continuous red line). (B) Thermal 
denaturation of PADI4 in the presence of Ca2+ (continuous black line). The unfolding, in the absence of Ca2+ (dotted line), is shown for comparison. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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surface. These results indicate that the solvent-exposure of hydrophobic 
regions of PADI4 was different from that observed in the presence of 
EDTA. These findings are confirmed by the X-ray structures of PADI4 in 
the absence (PDB number: 1APN) and in the presence of Ca2+ (PDB 
number: 1WD9). Furthermore, since by AUC experiments no quaternary 
structure stabilization was observed in the presence of Ca2+ [67], we 
suggest that the changes in stabilization observed by chemical dena-
turation (Fig. 8) and DSC (Fig. 6) were due to stabilization of the sec-
ondary and/or tertiary structure within the monomer (see Discussion). 

3.6. Flexibility of the protein structure in molecular simulations 

Molecular simulations were used to elucidate the flexibility of 
PADI4, which was observed to have peculiar characteristics on the basis 
of our experimental findings (see above). A low rigidity of the protein 
structure could play a mechanistic role in determining its low stability 

and, from a functional point of view, could favor the interaction with 
various molecular partners. To investigate this aspect, we employed MD 
simulation, which is one of the most direct techniques to probe the 
dynamics of a protein [50]. The PADI4 dimer was observed on the time 
scale of 10 ns, which was adequate to equilibrate the deviations of the 
atomic positions with respect to the starting structure (Fig. S8, black 
line). The results reported in Fig. 9 show the root mean square fluctu-
ations (RMSF) of the atomic positions of the Cα atoms as a function of the 
residue number. The data shown are averaged on the two monomers; 
therefore, they tend to evidence non-random, coordinated motions of 
relatively long (>10 residues) portions of PADI4 sequence. At room 
temperature (Fig. 9 A, black line), the stiffer regions of PADI4 have 
fluctuations of ~0.1 nm, whereas the most flexible regions can reach 
values up to ~0.3 nm. It is immediate noticeable that the fluctuations 
were almost evenly distributed on the whole sequence, despite the 
presence of extended protein regions with different secondary (α/β) and 

Fig. 7. Chemical denaturations of PADI4 in the presence of EDTA followed 
by spectroscopic techniques. (A) Conformational changes of PADI monitored 
by <λ>, after excitation at 280 (filled, black circles), and by the ellipticity at 
222 nm (blue, blank squares). (B) Conformational changes of PADI4 monitored 
by the changes in the intensity at 470 nm of the ANS probe (after excitation at 
370 nm). The line through the ANS fluorescence data is the fitting to a two-state 
model according to Eq. (9). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 8. Chemical denaturations of PADI4 in the presence of Ca2þ followed 
by spectroscopic techniques. (A) Conformational changes of PADI monitored 
by <λ>, after excitation at 280 (filled, black circles), and by the ellipticity at 
222 nm (blue, blank squares). (B) Conformational changes of PADI4 monitored 
by the changes in the intensity at 470 nm of the ANS probe (after excitation at 
370 nm). The line through the ANS fluorescence data is the fitting to a two-state 
model according to Eq. (9). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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tertiary structure (three distinct subdomains) [30]. High-temperature 
MD simulation was also used to investigate the early steps of the pro-
tein unfolding; to speed up the process, a simulation value of 450 K was 
used, as it is common practice [68,69]. The results (Fig. 9 A, red line) 
indicated that the RMSF of the atomic positions were about twice larger 
compared to those at room temperature, for both the most rigid and 
flexible protein regions. In particular, the highest fluctuation values 
were found in correspondence with the same regions showing relatively 
high motions also at room temperature. This observation confirms that 
the flexibility of PADI4 remained evenly distributed on the whole 
structure when the temperature was increased. 

Besides the local unfolding of the protein structure in a few selected 
regions, the simulation temperature of 450 K was insufficient to observe 
the melting of the whole structure on a reasonable time scale (see the 
equilibration of atomic deviations in Fig. S8, red line), at variance with 
what we have found for other large proteins [66,70,71]. Thus, the effect 
of high temperature was further tested by using the CABS-flex algorithm 
[51] for mimicking protein structure flexibility, which focuses on the 
coarse-grained modeling of large-scale conformational transitions. In 
particular, we used a temperature twice larger than that typically used 
to reproduce the native protein state, which is usually sufficient for the 
complete melting of unrestrained small polypeptide chains [52]. The 
results shown in Fig. 9 B indicate again a high flexibility for a large 
number of protein regions, scattered throughout the whole sequence. 
The fluctuations calculated by using the CABS-flex and MD data were 
generally in very good agreement (see regions highlighted in cyan both 
in Fig. 9 A and B, each consisting of at least 20 residues), although the 
former tended to be higher in some N-terminal protein regions (around 
residue 130 and 170), and the latter in some C-terminal ones (around 
position 610 and 630). In any case, no indication was found of the po-
tential presence of an unfolding intermediate in the denaturation pro-
cess. Furthermore, although the contact map of the protein residues 
(reported in Fig. S9) showed that most of the inner interactions in the 
homodimer took place within each monomer (and, for both monomers, 
predominantly within each of their three subdomains), no indication 
was found of the dissociation of the two monomers. This suggests that 
the overall secondary, tertiary and quaternary structure of PADI4 might 
not be lost at very different stages during the unfolding process. 

4. Discussion 

Under conditions of cellular stress, some proteins can undergo 
several processes of PTM, such as citrullination. The conversion of 
arginine residues to citrulline by PADI enzymes, results in the 

recognition by the immune system of the citrullinated proteins; this 
recognition occurs in cancer and other diseases. PADI proteins are 
mostly cytosolic; however, PADI4 has an NLS that allows its nuclear 
translocation, and therefore it can citrullinate nuclear targets such as 
histones. Our results not only indicate that the PADI4 gene is signifi-
cantly expressed in various tumour types, but further show different 
protein expression levels and patterns. The WB analyses showed that 
different tumour cell lines had levels of PADI4 protein expression that 
ranged from very low in PAAD to high in COAD and GBM. Moreover, 
protein extracts revealed multiple PADI4 protein bands that reflected 
the fact that PADI4 could undergo alternative splicing, and then 
generate protein species with or without NLS, resulting in a different 
subcellular localization. Immunostaining with anti-PADI4 antibody 
confirmed: (i) the expression of PADI4 in the above-mentioned tumours; 
and (ii) its tumour-dependent distribution. 

The p53 gene is considered the most frequent target of genetic 
alteration identified in human cancers [72]. Biological functions of p53 
include: G1 arrest induction, apoptosis following DNA damage or other 
cellular insults, genomic stability maintenance, and angiogenesis inhi-
bition. To perform those functions, p53 binds DNA in a sequence-specific 
fashion [73] resulting in a transcriptional activation of downstream 
genes that carry out a variety of functions. Biochemical assays indicate 
that p53 interacts with PADI4 both in cells and when the two are 
combined as purified proteins [24]. Our results show that tumour cell 
lines differed in the levels of certain PADI4 protein forms and p53 (Fig. 1 
B). Since PADI4 plays a role during tumorigenesis by antagonizing 
regulation of p53 to tumour suppressor genes [54], we hypothesize that 
PADI4 might play a different role on the cell function and development 
depending on the tumour origin. These results are in line with the ob-
servations made on several types of cancers, where it has been high-
lighted the major role of PADI4 at the onset and progression of cancer 
[74]. Therefore, tampering with citrullination has been proposed as a 
possible target for developing cancer treatments [75]. 

Given the important role of PADI4 in cancer, we reasoned that a first 
step in deciphering its protein interactome and its function was to 
perform its biophysical and conformational characterization. The bio-
physical and biochemical features described in this work will also help 
to understand how PADI4 mediates its interactions and its regulation 
with putative therapeutic agents. We found that PADI4 in solution 
possessed a native structure in a narrow pH range, between 6.5 and 8.0. 
In such pH range, the ellipticity at 222 nm showed the highest value (in 
absolute terms) and we could observe sigmoidal thermal denaturations. 
The acquisition of native secondary and tertiary structure, as well as the 
burial of solvent-exposed hydrophobic surface, occurred concomitantly, 

Fig. 9. Simulated average RMSF of the backbone 
atomic position of PADI4. (A) MD simulations at 
(black line) 300 K and (red line) 450 K. (B) Coarse- 
grained simulation using the CABS-flex model [51], 
with dimensionless reduced T = 2.0. Regions ≥20 
residues highlighted in cyan have RMSF >0.4 and/or 
0.5 nm in MD and CAB-flex modeling, respectively. 
Values are calculated in all cases by simulating the 
dimeric structure and averaging the fluctuations ob-
tained for the two monomers. (For interpretation of 
the references to color in this figure legend, the reader 
is referred to the Web version of this article.)   
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either starting from acidic or basic pH values. We could not explore the 
acquisition of native quaternary structure at low pH values, since the 
protein precipitated at the concentrations used in the DLS experiments. 
The fact that the protein species populated at low pH showed a large 
ANS binding suggests that they are probably molten globules [58], as we 
could further confirm by the absence of thermal unfolding sigmoidal 
curves in the fluorescence or CD experiments at low pH values (data not 
shown). The optimal activity for histone H3 citrullination is between pH 
6.4 and 7.2 [76], close to the pH range observed for the acquisition of 
native secondary structure of PADI4. A similar pH range was observed 
for citrullination of the model compound N-α-benzoyl L-arginine ethyl 
ester [77]. Therefore, the pH range where PADI4 acquires a native 
conformation seems to be within its range for optimal activity. It has 
been shown that, due to the increased glucose metabolism, the pro-
duction of H+ is enhanced in cancer states, resulting in acidification of 
the extracellular milieu (in the range of pH from 6.5 to 6.9) and, in 
parallel, an alkalization of the cytoplasm environment (pH > 7.2) [78, 
79]. We hypothesize that even these variations of pH in cancer cells do 
not alter the functionality of PADI4. However, in such pH range (be-
tween 6.5 and 8.0) the apparent Tm values of the protein were ~55 ◦C. 
We are fully aware, that judging protein stability based only on the value 
of an apparent Tm can skew our reasoning (in fact, the use of Tm to judge 
protein stability can be properly used when comparing similar proteins, 
such as in the case of mutants). However, the apparent ΔG for PADI4 is 
~4 kcal mol−1, which is small for a 74 kDa protein; similar values of the 
apparent thermal denaturation midpoints have been observed for other 
large proteins [65,66], where they has been associated with a low sta-
bility, which often occurs in proteins with large flexibility. Our simu-
lation results support this latter view, as they indicate the dynamics of 
the protein is almost uniformly distributed on the whole sequence, in 
spite of being formed by distinct subdomains. 

PADI enzymes are activated by millimolar concentrations of Ca2+

which can occur, for instance, during apoptosis. Our in vitro analysis 
showed that the presence of Ca2+ did not alter the quaternary structure 
of the protein, and PADI4 remained dimeric in the presence of the cation 
(Fig. 5). However, the local environment around some of the trypto-
phans and/or tyrosines changed when the cation was present in solution 
(Fig. S1), and the use of a probe such as SYPRO Orange indicates dif-
ferences in the solvent-exposure of hydrophobic patches in the protein in 
the Ca2+-free species (Fig. S3). These findings agree with results found in 
the X-ray structure of PADI4 in the absence of Ca2+, where the regions 
Ile313-Ile320, Pro338-Met348, Pro371-Pro387, Pro396-Gly403 and 
Phe633-His644 are solvent-exposed and highly disordered [80]. All 
these regions become well-ordered in the presence of the cation. 
Furthermore, the region from Glu351 to Ala359 has a conformational 
change and acquires a β-strand conformation in the presence of Ca2+. It 
is interesting to note that Tyr356, Trp547 and Tyr636 are included in 
some of those regions, explaining the changes in the intrinsic fluores-
cence observed under the two conditions (Fig. S1) and the results of 
SYPRO Orange (Fig. S3). In addition, the presence of Ca2+ induced a 
considerable stabilization of PADI4, as observed by DSC, although the 
effect may be masked by a further irreversible stage during the dena-
turation process. 

We also found that PADI4 had a complex unfolding behaviour, as 
shown by our DSC findings, in the presence of Ca2+ and during the 
chemical denaturations. The far-UV CD chemical denaturation curves 
used to explore the folding of PADI4 showed at least two intermediates, 
at variance with the chemical denaturations observed by fluorescence 
and the MD simulations. These findings indicate that the unfolding of 
PADI4 was not a two-state process [81]. Furthermore, the CD and ANS 
results suggest the presence of nearby solvent-exposed hydrophobic 
patches in the structure of the protein at physiological conditions, which 
are disrupted by low denaturant concentrations resulting in a 
step-by-step increase of the ellipticity in absolute value, and then in the 
helicity of the protein. The increase of the fluorescence of the ANS at low 
GdmCl concentrations, suggests that those hydrophobic patches are 

close enough among them in the native structure to bind the probe, and 
probably to some PADI4 partners. The simulation results also suggest 
that the protein regions with higher flexibility at room temperature are 
the same that show an enhanced dynamic during the first steps of the 
thermal unfolding process. Furthermore, the melting of the secondary 
structure does not seem to be accompanied by large scale conforma-
tional transitions, neither by the loss of the protein quaternary structure. 

5. Conclusions 

PADI proteins are present in a large number of cell and tissue types, 
and have an important role in key biochemical pathways. In this work, 
we have performed a comprehensive biophysical analysis of PADI4, by 
using a variety of techniques. The results have revealed aspects of the 
protein stability and dynamics that could have a significant importance 
in the interaction with various molecular partners, for instance, in the 
histones citrullination. Furthermore, our biochemical characterization, 
performed by using different cancer cell lines, indicated the presence of 
PADI4 in different subcellular localizations. Our observations also sup-
port a role of this protein in regulating the expression of p53. Taken all 
together, the results here presented not only agree with the proposed 
role of PADI4 in the onset and progression of cancer, but also set the 
knowledge for the development of tools to study the function of PADI4. . 
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[33] M. Fuentes-Baile, D. Bello-Gil, E. Pérez-Valenciano, J.M. Sanz, P. García-Morales, 
B. Maestro, M.P. Ventero, C. Alenda, V.M. Barberá, M. Saceda, CLyta-DAAO, free 
and immobilized in magnetic nanoparticles, induces cell death in human cancer 
cells, Biomolecules 10 (2020) 222, https://doi.org/10.3390/biom10020222. 

[34] M.P. Ventero, M. Fuentes-Baile, C. Quereda, E. Perez-Valeciano, C. Alenda, 
P. Garcia-Morales, D. Esposito, P. Dorado, V.M. Barbera, M. Saceda, Radiotherapy 
resistance acquisition in glioblastoma. Role of SOCS1 and SOCS3, PLoS One 14 
(2019), e0212581, https://doi.org/10.1371/journal.pone.0212581. 

[35] Y. Nozaki, The preparation of guanidine hydrochloride, Methods Enzymol. 26 
(1972) 43–50, https://doi.org/10.1016/S0076-6879(72)26005-0. 

[36] P. Cimmperman, D. Matulis, Protein thermal denaturation measurements via a 
fluorescent dye, in: A. Podjrany, A. Dejaegere, B. Kieffer (Eds.), Biophysical 
Approaches Determining Ligand Binding to Biomolecular Targets: Detection, 
Measurement and Modelling, Royal Society of Chemistry, London, 2011, 
pp. 247–274, https://doi.org/10.1039/9781849732666-00247. 

[37] A. Velazquez-Campoy, J. Sancho, O. Abian, S. Vega, Biophysical screening for 
identifying pharmacological chaperones and inhibitors against conformational and 
infectious diseases, Curr. Drug Targets 17 (2016) 1492–1505, https://doi.org/ 
10.2174/1389450117666160201110449. 
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4.5 Chapter 5. PADI4 and its role in cancer progression (Unpublished 
Results)  

As PADI4 is involved in cancer progression, we investigated whether a well-known PADI4 

inhibitor, GSK484, could have an effect on GBM and PDAC cell proliferation. First, we 

performed a WB assay to determine the differences among the seven GBM cell lines (Figure 

17).  

Figure 17. PADI4 expression in GBM cell lines. (A) Western Blot of seven GBM cell lines. (B) 

Densitometric quantifications of PADI4 protein level relative to ß-actin. A representative immunoblot is 

shown. Values represent the mean ± SD from three independent experiments. OD, Optical Density. 

The above graph shows that GB-16 and GB18 had a higher expression of PADI4 than the 

other five cell lines, being the GB-42 cell line the one showing the lowest expression. Then, 

we measured the antiproliferative effect of GSK484 using the MTT assay. The results showed 

that GB-18 was the most sensitive cell line followed by GB-39, and GB-42, while GB-16, GB-

37, and GB-48 were most resistant to GSK484 treatment as shown with the IC50 (Figure 18). 

On the other hand, the RWP-1 cell line was only partially sensitive to this treatment. These 

results were consistent with those of WB, in which GB-39 and GB-42 had the lowest expression 

of PADI4 and were very sensitive to treatment. Similarly, GB-16 had the highest expression of 

the protein and was one of the most resistant to treatment, together with GB-37 and GB-48. 

Surprisingly, although GB-18 had high protein expression, it was the most sensitive to the 

inhibitor. 
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Figure 18. GSK484 effect on GBM and RWP-1cell lines proliferation. (A) Cancer cells were treated 

with increasing concentrations of GSK484. Proliferation was measured in GBM and PDAC cell lines. (B) 

IC50 for those cell lines was calculated and shown in the table. The red color represents the IC50, values 

>20 µM, and with ND (no data), the cell lines that do not reach an IC50 value. Asterisks indicate the 

statistical significance of the results (* p<0.05, **p<0.01, **p<0.01, ****p<0.0001).  

As previously tested for other drugs, we wondered whether GSK484 loaded in small EVs had 

a higher effect on cell proliferation than the administration of the drug alone. We used the direct 

incubation method to load GB-39 small EVs with 63 µM GSK484 (GB-39 EVsGSK484). Then, we 

performed HPLC analysis to measure the amount of drug that finally was loaded into small 

EVs (0.045 µM) (Figure 19 A). As shown in Figure 19B, the use of GB-39 EVGSK484  at a lower 

concentration lead to a great decrease in GB-39 cell proliferation at every concentration 

ranging from 5 to 50 %; at 50 % concentration, the decrease in cell proliferation was 21 %. 
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This treatment had a slight effect on the GB-42 cell line, with only an 8 % antiproliferative effect 

at 50 % concentration, and the same effect was observed in the RWP-1 cell line, with a major 

effect observed at 12.5 and 25 %, with a decrease in cell proliferation of 15 % (Figure 19B). It 

should be noted that in GB-42 and RWP-1, the treatment was not dose-dependent, 

corroborating our previous observations that small EVs show target specificity for their parental 

cell line. 

 

Figure 19. HPLC-MS analysis of small EVs sample RWP-1 EVsGSK484 and cell proliferation effect. 
(A) The amount of GSK484 incorporated into small EVs was quantified by HPLC. The dark blue arrow 

indicates the standard GSK484 (3.80 ppm) at 6.52 min retention time. The yellow arrow indicates the 

GB-39 EVsGSK484 sample (direct incubation) (0.023 µg/mL) at a retention time of 6.54 min. (B) Small EVs 

of GB-39 were loaded directly with a 63 µM concentration of GSK484 (GB-39 EVsGSK484). Small EVs 

alone or serial dilutions of GB-39 EVsGSK484 were applied to the GB-39, GB-42, and RWP-1 cell lines, 

and their effect on proliferation was measured. The red box indicates the equivalence of concentrations. 

Asterisks indicate the statistical significance of the results (*p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001). EVs, extracellular vesicles; Intens, intensity. 
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4.6 Chapter 6. Intrinsically disordered chromatin protein NUPR1 binds to the 
enzyme PADI4 

Summary of the results 

In this study, we described the interaction between NUPR1 and PADI4. NUPR1 is an 82-

residue-long, intrinsically disordered protein involved in various cellular processes, including 

carcinogenesis. PADI4 is an enzyme that modifies proteins by citrullination, and its 

deregulation has been correlated with several diseases, including cancer. Citrullination is a 

post-translational modification converting the amino acid arginine into citrulline. In this study, 

we used in cellulo, in vitro, and in silico techniques namely, fluorescence, far-uV CD, nuclear 

magnetic resonance spectroscopy (NMR), molecular dynamics (MD) simulation, 

immunofluorescence (IF), and PLA, to investigate the interaction between NUPR1 and PADI4.  

We expressed and purified recombinant NUPR1 and PADI4 proteins, then used NMR to 

identify the specific regions of NUPR1 that bind to PADI4, as we had the assignment of 

NUPR1. We found that the region around the 30s of NUPR1 was involved in binding to PADI4. 

Binding in vitro was also confirmed by fluorescence and far-uV CD. Besides, the blind 

molecular docking corroborates this finding, as we were able to obtain a NUPR1-PADI4 

complex model. 

To verify the in cellulo localization of the proteins, we performed IF assays with seven GBM 

cell lines, and the result was nuclear colocalization in every patient-derived cell line. Therefore, 

we used the PLA technique to investigate the interaction between NUPR1 and PADI4. This 

sensitive method resolves the binding of proteins that occurs at distances of less than 16 Å. It 

uses pairs of antibodies conjugated to complementary oligonucleotides that recognize and 

bind to the target proteins in close proximity. When the antibodies bind to their target proteins, 

the oligonucleotides are brought into close proximity and a ligation reaction occurs, producing 

a DNA template that can be amplified using fluorescent probes, and the interaction is visualized 

by fluorescence microscopy. As a result of the application of PLA, we observed red dots that 

confirmed a positive interaction between the two proteins, which occurred mostly in the nuclei 

of all GBM cell lines.  

In summary, our findings indicate binding between PADI4 and NUPR1, suggesting that this 

interaction may have implications for cancer therapy. 
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Abstract

The nuclear protein 1 (NUPR1) is an intrinsically disordered protein involved in stress-mediated cellular
conditions. Its paralogue nuclear protein 1-like (NUPR1L) is p53-regulated, and its expression down-
regulates that of the NUPR1 gene. Peptidyl-arginine deiminase 4 (PADI4) is an isoform of a family of
enzymes catalyzing arginine to citrulline conversion; it is also involved in stress-mediated cellular condi-
tions. We characterized the interaction between NUPR1 and PADI4 in vitro, in silico, and in cellulo. The
interaction of NUPR1 and PADI4 occurred with a dissociation constant of 18 ± 6 lM. The binding region of
NUPR1, mapped by NMR, was a hydrophobic polypeptide patch surrounding the key residue Ala33, as
pinpointed by: (i) computational results; and, (ii) site-directed mutagenesis of residues of NUPR1. The
association between PADI4 and wild-type NUPR1 was also assessed in cellulo by using proximity ligation
assays (PLAs) and immunofluorescence (IF), and it occurred mainly in the nucleus. Moreover, binding
between NUPR1L and PADI4 also occurred in vitro with an affinity similar to that of NUPR1. Molecular
modelling provided information on the binding hot spot for PADI4. This is an example of a disordered part-
ner of PADI4, whereas its other known interacting proteins are well-folded. Altogether, our results suggest
that the NUPR1/PADI4 complex could have crucial functions in modulating DNA-repair, favoring metas-
tasis, or facilitating citrullination of other proteins.
! 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-
mons.org/licenses/by/4.0/).
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Introduction

Peptidyl-arginine deiminases (PADI, EC
3.5.3.15), or L-arginine iminohydrolases, catalyze
Ca(II)-dependent hydrolysis (deimination or
citrullination) of peptidyl-arginine to peptidyl-
citrulline. This post-translational modification
(PTM) is irreversible and leads to the loss of a
positive charge in the protein, which may cause
functional alterations. The number of PADI
isotypes in vertebrates increased during evolution
from one in fishes and amphibians, to five human
genes encoding PADI isoforms: PADI1, PADI2,
PADI3, PADI4 and PADI6.1–8 Each of these
enzymes has a tissue-specific expression pattern
that depends on the cell differentiation stage, and
on the overall physiological or pathological condi-
tions.1 PADI4 was initially cloned from human mye-
loid leukemia HL-60 cells, after been induced by
retinoic acid.2 PADI4 is usually located in cytoplas-
mic granules of inflammatory cells (eosinophil, neu-
trophils and macrophages), mammary gland cells,
stem cells, and in several tumor and metastatic tis-
sues9–14; it is expressed in the cytosol and in the
nucleus. Several PADI4 haplotype mutants show
an increase in their enzymatic activity during apop-
tosis occurring via the mitochondrial pathway.10 In
addition, PADI4 is involved in the expression of
the p53 gene and of other p53-target genes,9,15,16

as well as in p53-regulated PTMs of several pro-
teins17 and in p53-histone modification and alter-
ation of the chromatin structure.13 DNA-histone
interaction is charge-dependent, and any change
in the isoelectric point of a histone, including citrulli-
nation, will weaken protein–protein interactions
(PPIs) involving such modified proteins.13

Since cancer tissues are persistently exposed to
oxidative stress, activation of PADI4 in cells would
possibly be related with cellular stress
conditions13: PADI4 could work as a tumor suppres-
sor mediating the apoptotic process in damaged
cells. We have recently shown that PADI4 is a
dimeric protein expressed in glioblastoma (GBM),
pancreatic adenocarcinoma, and colon cancer.18

Furthermore, PADI4 binds to importin a3 (Imp a3),
a member of the armadillo (ARM) repeat-
containing family of proteins, to allow its transloca-
tion into the cell nucleus,19 and to plakophilin 1
(PKP1),20 another protein with an ARM-repeat
architecture.
NUPR1 is an 82-residue-long (8 kDa), highly

basic, monomeric intrinsically disordered protein
(IDP) that is overexpressed during the acute
phase of pancreatitis, and in the development and
regeneration of pancreas.21 NUPR1 does not have
any stable structure,22,23 in fact, there is no evi-
dence of transient secondary or tertiary structure
along any patch in its sequence when it is isolated
in solution. Furthermore, when NUPR1 binds to
other macromolecules, it remains fuzzy (disor-
dered) in the corresponding complexes.24–27

NUPR1 binds to DNA,24 as it happens to other chro-
matins, and it is involved in its repairing.25 It is
translocated into the nucleus by means of importin
a3,26,27 and possibly other importin species. It does
interact with different proteins during transcription,
where it is considered a crucial protein, as well as
being an essential element in the stress-cell
response and cell-cycle regulation, although its
exact function is not known.25,26,28–32 In all these
PPIs, or in the binding to DNA, NUPR1 uses two
hydrophobic regions, the so-called “hot spots”, cen-
tered around residues Ala33 and Thr68.30,31,33 The
expression of the NUPR1 gene is down-regulated
by NUPR1L, a 100-residue-long NUPR1 isoform;
in turn, NUPR1L expression is p53-regulated.34

NUPR1L translocates to the nucleus of the cell, by
means of a fully characterized nuclear localization
signal,35 and there it binds to DNA.34 Threading
and homology-based modelling studies suggest
that NUPR1L has properties analogous to those of
members of the HMG-like family of chromatin regu-
lators. NUPR1L is an oligomeric IDP,36 as proven
by biophysical and spectroscopic methods.37

It has previously been shown that both NUPR1
and PADI4 are involved in stress-cell processes,
sharing several regulation routes with other
proteins25,26,38–41 and intervene in the development
of several types of cancer. Moreover, they share the
same localization inside the cell and have comple-
mentary isoelectric points. Therefore, we hypothe-
sized that NUPR1 and PADI4 could interact in
cellulo. In addition, we have recently shown that
the same proteins binding to NUPR1 are also cap-
able of interacting with NUPR1L37; hence, in this
work, we also investigated whether there was bind-
ing between NUPR1L and PADI4. To characterize
the binding between PADI4 and both NUPR1 or
NUPR1L, we carried out in cellulo, in vitro and in sil-
ico experiments. Spectroscopic techniques comple-
mented by molecular simulations were used, while
in cellulo assays were carried out by means of prox-
imity ligation assay (PLA) and immunofluorescence
(IF). Our hypothesis-driven experiments showed
binding between these proteins both in cellulo and
in vitro, with an affinity of !10 lM. The binding
region of NUPR1 involved a hydrophobic patch sur-
rounding the key residue Ala33 (hereafter referred
to as the “30 s region”), as shown by NMR. NUPR1
remained disordered in the complex, as it occurs
when it takes part in the formation of other com-
plexes.24–27,42 Blind molecular docking studies car-
ried out by using the X-ray structure of PADI443 in
interaction with all possible polypeptide patches of
NUPR1 showed that the binding region involved
Ala33 and its hydrophobic surroundings, as hap-
pens with other PPIs where NUPR1 is involved.25–
27,30–33 This finding was further confirmed by
protein-engineering studies: the interaction with
PADI4 was fully abolished in vitro, when mutations
at Ala33 occurred. Similarly to other protein part-
ners of NUPR1, NUPR1L was also capable of bind-

Salomé Araujo-Abad, José L. Neira, B. Rizzuti, et al. Journal of Molecular Biology 435 (2023) 168033

2



ing to PADI4, with a dissociation constant similar to
that of wild-type NUPR1, as measured by fluores-
cence. To the best of our knowledge, NUPR1 and
NUPR1L are unconventional molecular partners of
PADI4, compared to its other known interacting pro-
teins, because of their intrinsically disordered nat-
ure. Our findings suggest that NUPR1 may play a
PADI4–associated function, perhaps involving the
common p53-route, which may help to explain both
its gene regulatory and oncogenic functions.

Results

PADI4 and NUPR1 interacted in vitro

To test whether PADI4 could bind to NUPR1
in vitro, we followed an experimental approach
combining fluorescence, CD, and NMR, together
with the use of two mutants of NUPR1 (Thr68Gln
and Ala33Gln/Thr68Gln) to define the interacting
region of NUPR1 involved in the binding.
Fluorescence was used to determine whether

there was a change in: (i) the value of the
maximum wavelength in the emission spectrum;
(ii) the fluorescence intensity observed at that
maximum wavelength; or (iii) both these physical
parameters, when the spectrum of the complex
was compared to that obtained from the addition
of the spectra of the two isolated proteins. A
variation in fluorescence intensity by excitation at
280 nm was observed when the complex of
PADI4 with NUPR1 was formed (Figure 1 (A)), but
there were no changes in the position of the
maximum wavelength. Similar variations were
observed by excitation at 295 nm. These findings
suggest that there was binding between the two
proteins, as monitored by fluorescence.
Next, we carried out far-UV CDmeasurements, to

elucidate whether there were changes in the
intensity or the shape of the addition spectrum
and that of the complex. This comparison could
allow us to conclude whether secondary structural
changes in any of the proteins occurred when they
were mixed together. The far-UV addition
spectrum was identical to that of the complex
(Figure 1 (B)). Since NUPR1 is an IDP, with a
much smaller size than PADI4, and a spectrum
typical of a random-coil conformation, with a
minimum at !200 nm24,25 (Figure S1), our far-UV
CD results can be rationalized by considering that
the spectroscopic signal was mainly due to the
native structure of the latter. The X-ray structure
of PADI4 is composed of two domains: an
immunoglobulin-like domain at the N terminus,
and an a /b-propeller one (containing the active site)
at the C-terminus.43 Therefore, these findings sug-
gest that NUPR1 remained disordered upon binding
to PADI4.
To characterize the molecular bases behind the

formation of the NUPR1/PADI4 complex, we
sought to determine the NUPR1 regions involved
in the binding. Because we have previously

reported the NMR assignment of all residues of
wild-type NUPR125 (Biological Magnetic Reso-
nance Data Bank entry n. 19364), we used 2D
1H-15N heteronuclear single quantum correlation
(HSQC) spectra of wild-type NUPR1 to monitor
any possible changes in chemical shifts and/or sig-
nal intensities upon PADI4 addition. We carried out
the experiments at pH 7.2, a value at which PADI4
is stable and has a native structure.18 At this pH,

Figure 1. Binding of wild-type NUPR1 to PADI4 as
monitored by spectroscopic techniques: (A) Fluo-
rescence spectrum obtained by excitation at 280 nm of
the NUPR1/PADI4 complex, and addition spectrum
obtained by the sum of the spectra of the two isolated
macromolecules. (B) Far-UV CD spectrum of the
NUPR1/PADI4 complex, and addition spectrum
obtained by the sum of the spectra of the two isolated
macromolecules.
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only the residues of wild-type NUPR1 most pro-
tected from solvent-exchange could be observed,30

resulting in spectra with an unusually low number of
detected signals for an 82-residue-long polypeptide
chain (Figure 2). The additional presence of PADI4
in the solution resulted in no changes in the chemi-
cal shifts of the signals of the spectrum, but rather in
a smaller signal intensity of the cross-peaks com-
pared to those of the spectrum of isolated wild-
type NUPR1 for residues Leu29, Tyr30 and
Arg82. Furthermore, the signals of residues Ser31
and Ala33 disappeared in the presence of PADI4.
This decrease in intensity, or even the complete dis-
appearance of the cross-peaks, suggests a closer
proximity of the NUPR1 residue to the enzyme. As
there was no variation in the chemical shifts of
any residue, it seems that NUPR1 remained disor-
dered upon binding, confirming the results of the
far-UV CD technique (Figure 1). Moreover, as there
were changes only in the intensities of the cross-
peak signals, the equilibrium exchange between
the free and bound wild-type NUPR1 must be
intermediate-to-slow within the NMR time-scale. It
could be thought that the observed broadening of
the signals is due, at least in part, by the change
of medium viscosity due to the presence of PADI4
in solution,44 or even by the typical difficulties faced
when measuring peak intensities in HSQC spec-
tra.45 However, we did not observe broadening of
signals in the spectra of NUPR1 while working at
protein concentrations larger than 1 mM.25 The fact

that we observed the most severe broadening only
in the above indicated cross-peaks suggests that
such effect is specific and due to the binding of
PADI4.
The results from NMR experiments suggest that

the region around the 30 s of NUPR1 was
involved in the binding to PADI4. The other
ordinary hot spot region of NUPR1 in the
interaction with its molecular partners is located
around Thr68, and it contains the nuclear
localization signal of NUPR1.27 However, we could
not figure out from the NMR experiments whether
that region was also involved in the binding to
PADI4, as it happens in the presence of other
NUPR1 binding partners.25,26,30 This region is more
solvent-exposed than the 30 s portion of the
sequence and, thus, the signals from residues
belonging or close to that region disappeared at
the pH value where the spectra were acquired. To
test the importance of Thr68 in the binding to
PADI4, we carried out fluorescence titration experi-
ments of NUPR1 mutants, Thr68Gln and Ala33Gln/
Thr68Gln, with PADI4. Whereas the fluorescence
titration curve of the double mutant did not show a
clear decrease of the fluorescence intensity as the
mutant concentration was raised (Figure S2 (A)),
the single mutant at position Thr68 did show a clear
decrease of the intensity (Figure S2 (B); however,
such variation could not be fit properly to Eq. (1).
These findings with PADI4 suggest that Ala33 was
a key residue in the binding to PADI4, whereas

Figure 2. Interaction of wild-type NUPR1 to PADI4 mapped by 2D 1H-15N HSQC spectra of NUPR1: Overlay of
wild-type NUPR1 spectra in the presence of 0 lM (black) and 300 lM of PADI4. Residues within parenthesis indicate
signal overlapping.

Salomé Araujo-Abad, José L. Neira, B. Rizzuti, et al. Journal of Molecular Biology 435 (2023) 168033

4



removal of Thr68 resulted in a somewhat lower
affinity for PADI4 than that of wild-type NUPR1
(see below), but without fully hampering the binding.
Thus, the NMR experiments further confirmed

both the fluorescence and far-UV CD results,
pinpointing not only the occurrence of binding, but
also that such association: (i) did not alter the
disordered nature of NUPR1, as shown by far-UV
CD experiments; and (ii) mainly involved the 30 s
region of NUPR1.

Since we observed binding between NUPR1 and
PADI4, as monitored by both fluorescence and
NMR, we decided to measure quantitatively such
binding by using fluorescence. The titration curve
yielded a dissociation constant for the complex
NUPR1/PADI4 in the presence of EDTA of
18 ± 6 lM (Figure 3), and the exact same value
was observed in the presence of Ca(II)
(Figure S3). Thus, there were no changes in the
affinity between the two proteins in the presence

Figure 3. Measurement of the affinity of wild-type NUPR1 and NUPR1L to PADI4 as measured by
fluorescence: (A) Titration curve monitoring the changes in the fluorescence at 330 nm (after excitation at 295 nm)
when NUPR1 was added to PADI4 in the presence of EDTA. The fluorescence intensity is the relative signal after
removal of the corresponding blank. The line through the data is the fitting to Eq. (1). (B) Titration curve monitoring the
changes in the fluorescence at 330 nm (after excitation at 280 nm) when NUPR1L was added to PADI4 in the
presence of EDTA. The fluorescence intensity is the relative signal after removal of the corresponding blank. The line
through the data is the fitting to Eq. (2).
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of the ion, and thenwe did not pursue any longer the
investigation of the effects of Ca(II) in the binding to
PADI4 of the mutants of NUPR1, or of wild-type
NUPR1L. Furthermore, the binding with wild-type
NUPR1 was observed to be stronger than that
with the Thr68Gln mutant (Figure S2 (B)).
To sum up, NUPR1 and PADI4 interacted with an

affinity constant in the low micromolar range, and
the region of NUPR1 involved in the binding was
mainly that around Ala33.

Computational prediction of the interaction
between PADI4 and NUPR1

Molecular docking was used to obtain additional
information on the binding between PADI4 and
NUPR1. Because of the intrinsically unfolded
structure of NUPR1, we considered the docking
on the surface of PADI4 of seven-residue
fragments encompassing the whole sequence of
this IDP. In fact, this methodology has proved to
be successful to study the binding of NUPR1 to
other folded proteins27,30,31 and to organic synthetic
compounds.46–48

Figure 4 shows the binding affinity predicted for
the various fragments, as a function of the NUPR1
sequence. The curve for wild-type NUPR1
(Figure 4, solid line) shows a global minimum in
correspondence of the two seven-residue
fragments centered on Asp28 and Ala33 and,
therefore, overall includes the contribution of
residues 25–36. The affinity was relatively
favorable ([ –9 kcal/mol), comparable to the one
predicted for the association of this region to some
specific binding sites of NUPR1 molecular
partners, such as the basic binding patch in the
groove of the armadillo-repeat domain of PKP1.31

A less pronounced local minimum in the curve
was also visible in correspondence of residues

Gln13 and Glu18, and another one around Ser58.
Notably, the affinity values corresponding to resi-
dues Ala33 and Thr68 in wild-type NUPR1 both dra-
matically reduced (by !1 kcal/mol) upon their
mutation to glutamine (Figure 4, dotted line). These
results agree with our experimental findings
obtained with the two NUPR1 mutants, because
substitution of Ala33 fully abolished the binding to
PADI4 (Figure S2 (A)), and substitution of the sole
Thr68 resulted in a less favorable binding (Figure S2
(B)).
In all cases, it must be noted that the docking

scores obtained in simulation should be
considered as a lower limit (i.e., the affinity
corresponding to the most favorable, ‘ideal’ case)
for the actual binding energies of the NUPR1
fragments. In fact, the binding modes found for
single NUPR1 fragments: (i) may not correspond
to conformations easily accessible to each
sequence segment when the intact polypeptide
chain is considered; and (ii) the docking technique
is more accurate in determining the enthalpic
component of the binding, but does not consider
the dynamics of the molecular system, which will
likely tend to hamper the association in this case.
Despite the limitations of the simulation

techniques discussed above, based on our
findings, we could draw two simple but important
conclusions. First, the simulation can correctly
reproduce our experimental results, at least
qualitatively, and contributes to pinpoint the region
around the 30 s of NUPR1 sequence as the most
important one for the binding to PADI4. This
region is also the key hot spot for the interaction
of NUPR1 with other molecular partners,26,30,31

and this could be considered a further confirmation
of the reliability of the simulation predictions. As a
second conclusion, we point out that other regions
of NUPR1 had a binding energy that almost

Figure 4. Predicted affinity for the binding to PADI4 of fragments of the sequence of NUPR1. The binding
energy is obtained from molecular docking of seven-residue fragments performed for both wild-type NUPR1 (solid line
and symbols) and the Ala33Gln/Thr68Gln protein mutant (dotted line and empty symbols).
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matched that of the region around the 30 s in the
interaction with the surface of PADI4, although
being less favorable. In the context of a very hydro-
philic and disorder-prone polypeptide chain such as
NUPR1, this could be expected to result in a very
dynamic and fuzzy ensemble of bound conforma-
tions of this IDP in complex with PADI4.
The most favorable docking poses obtained in

simulation for the fragments of the sequence of
NUPR1 were also mapped on the surface of
PADI4, to identify their preferred binding locations.
The results reported in Figure 5 clearly suggest
the crevices at the interface of the two monomers
of PADI4 as the favored region for the interaction.
The docking poses were found clustered in four
possible binding locations, which could be
considered corresponding to two sole binding
patches due to the symmetry in the structure of
the PADI4 homodimer.43 These two binding
patches are at the interface between either of the
two immunoglobulin-like b-structure subdomains
at the N terminus, which are present in each mono-
mer of PADI4, and the facing a -structure domain (at
the C terminus) belonging to the other monomer. In
particular, most of the docking poses appeared to
be in contact with the immunoglobulin-like subdo-
mains closer to the central region of PADI4. These
four binding patches (or, more precisely, two cou-
ples of symmetric of patches) on the surface of
PADI4 may provide a further variety of possibilities
for the interaction between the two proteins.

Evidence of the interaction of NUPR1 with
PADI4 in an intracellular environment

To test whether interaction between endogenous
PADI4 and NUPR1 occurred within cells, we used
different GBM cell lines. To perform these
experiments, we used the patient-derived GBM
cell lines HGUE-GB-16, HGUE-GB-18, HGUE-
GB-37, HGUE-GB-39, HGUE-GB-40, HGUE-GB-
42, and HGUE-GB-48.49,50 They have been previ-
ously described to show different sensitivity/resis-
tance profile to a variety of cancer treatments and,
therefore, we hypothesized that PADI4 and NUPR1
could have different degree of association within
these cell lines.49 First, we performed IF experi-
ments to address whether both proteins were
expressed and colocalized in the same cellular
compartments for the different cell lines (Figure S3).
Interestingly, we found that the two proteins were
highly expressed in every patient-derived cell line.
Moreover, the fact that both proteins shared a
nuclear staining, as shown by the colocalization
with DAPI, indicates the possibility that they could
interact within the nuclear compartment (Figure S3).
Subsequently, we sought to confirm their interaction
by using the Duolink in situ assay. This technique,
known as PLA, resolves the binding of proteins that
occurs at distances shorter than 16 !A. The green
fluorescent spots, corresponding to the PLA sig-
nals, indicates that PADI4 efficiently interacted with
NUPR1 within the nucleus of GBM cells (Figure 6).

Figure 5. Predicted locations for the binding to PADI4 of fragments encompassing the sequence of NUPR1.
The two monomers in the homodimer of PADI4 are represented in slightly different colors (dark and light grey).
Molecular docking was performed by considering seven-residue fragments of NUPR1, overall encompassing the
entire protein sequence. Fragments follow a rainbow color scheme (red? yellow? green? cyan? blue?magenta)
from the N to the C terminus of NUPR1.
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It is important to highlight that, regardless of the
patient’s cell line, our results strongly indicate that
PADI4 and NUPR1 are expressed, and efficiently
interacted within the nuclear compartment of GBM
tumor cells. As, so far, it was thought that the
major role of PADI4 in the nucleus was histone
citrullination, the fact that in this location it can
also bind NUPR1 opens new venues to elucidate
the role of both proteins in tumorigenesis.

The isoform of NUPR1, NUPR1L, also
interacted with PADI4

Given that the isoform of NUPR1, i.e. NUPR1L,
can interact with typical partners of NUPR1, such
as prothymosin a and the C-terminal region of
RING 1B,37 we wondered whether NUPR1L could
bind to PADI4, as well. As described above for
NUPR1, we first performed steady-state fluores-

Figure 6. proximity ligation assays of PADI4 with wild-type NUPR1. Mouse anti-human PADI4 and rabbit anti-
human NUPR1 were tested to reveal the interaction between the proteins in different patients-derived GBM cells.
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cence and far-UV CD experiments, and next we
measured the affinity between NUPR1L and PADI4
by means of fluorescence titrations. In fact, we
observed a variation in the intensity between the flu-
orescence spectrum of the complex and that
obtained by the addition of the spectra of the iso-
lated macromolecules (Figure 7 (A)), similar to the
results for wild-type NUPR1 (Figure 1 (A)). On the
other hand, conversely to what happened with
NUPR1 (Figure 1 (B)), for NUPR1L the far-UV CD
spectrum of the complex and that resulting from
the addition of the spectra did show differences

(Figure 7 (B)). Following the same reasoning
applied above for NUPR1, these results suggest
that, upon binding to PADI4, there was a certain
degree of ordering in NUPR1L, which is also an
IDP in isolation.37 Fluorescence titrations of
NUPR1L over PADI4, in the absence of Ca(II), led
to an apparent dissociation constant of 14 ± 4 lM,
which is similar, within the error, to that obtained
for wild-type NUPR1 (Figure 3 (B)). Therefore, we
can conclude that NUPR1L was also capable of
binding to PADI4 in vitro.

Figure 7. Binding of NUPR1L to PADI4 as monitored by spectroscopic techniques: (A) Fluorescence
spectrum obtained by excitation at 280 nm of the NUPR1L/PADI4 complex, and addition spectrum obtained by the
sum of the spectra of the two isolated macromolecules. (B) Far-UV CD spectrum of the NUPR1L/PADI4 complex, and
addition spectrum obtained by the sum of the spectra of the two isolated macromolecules.
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Discussion

NUPR1 was bound to PADI4 in vitro and in the
cell

We have identified and characterized the
interaction between NUPR1 and the enzyme
PADI4, both being involved in stress-mediated cell
responses, carcinogenesis, and cancer
progression. The interaction between the two
proteins was specific, as shown by two pieces of
evidence: (i) the results in cellulo of the PLAs
(Figure 4); and (ii) the findings obtained with the
Thr68Gln and Ala33Gln/Thr68Gln mutants of
NUPR1 in vitro (Figure S2). The mutations at
those two specific residues decreased, or
completely abolished in the case of Ala33, the
interaction between NUPR1 and PADI4. The
importance of residue Ala33 and of the
surrounding regions of the sequence in the
binding was further confirmed by the docking in
silico of the complexes of PADI4 with wild-type
NUPR1 and its mutants (Figure 4). The
spectroscopic results further indicated that NUPR1
remained fuzzy in the complex formed,42 as it hap-
pens in its other complexes either with other folded
polypeptides30–32 or with DNA.25

The recognition region of NUPR1 involved
residues around the 30 s region in the sequence,
as suggested by the NMR and protein-engineering
results, and further confirmed by the docking
simulations (Figures 4 and 5). The aromatic
residues in this region have been previously
described to intervene also in the binding to: (i)
prothymosin a33; (ii) the C-terminal region of
RING1B30; (iii) importin a326,27; and (iv) PKP1.31

In fact, previous molecular simulations contribute
to indicate that aromatic residues in that region
(Tyr30 and Tyr36) also play a role in the association
to DNA36 and in the binding of drugs designed to tar-
get NUPR1.46–48 Not only the 30 s region of NUPR1
is a hot spot, but Thr68, as it happens in the binding
with other proteins or DNA,25–27,30,31 did also inter-
vene in the interaction with PADI4, although it did
so to a lesser extent (Figure S2). Conversely, this
residue is key in the interaction with importin a3 dur-
ing translocation, as its phosphorylation hampers
binding to this karyopherin.27 The fact that mutation
of the sole residue Ala33 in NUPR1 can disrupt
binding to another macromolecule is not unusual.
A similar effect of full disruption in the binding to
molecular partners by mutation of a single residue
has been observed for a -synuclein51,52 or some
kinases.53,54 In addition, our findings in this work fur-
ther pinpoint that the short linear motif55 including
Ala33 was mainly responsible for the binding of
NUPR1 to PADI4 (Figure 2).
Not only the intervening hot spot region, but also

the measured Kd of NUPR1 for PADI4 (!10 lM)
was similar to that observed for the binding of this
IDP to other proteins25–27,30,31 and small organic
compounds.46 Such affinity is relatively small, but

we believe that this low value is enough to obtain
a proper control of the several regulation routes
where NUPR1 intervenes,28,29,38 achieving a high
specificity despite a low affinity. Affinities in the
range 1–10 lM have also been described in the for-
mation of fuzzy complexes, involving at least an IDP
that remains disordered upon binding.42,56

PADI4 and the NUPR1 isoform, NUPR1L, also
interacted in vitro

NUPR1L is an isoform of NUPR1, and it is also an
IDP, although with some evidence of residual
structure. This protein is oligomeric, and capable
of binding to NUPR1.37 In contrast to what hap-
pened with NUPR1, binding of NUPR1L to PADI4
caused an ordering of the former (Figure 7 (B)),
suggesting that the complex NUPR1L/PADI4 was
not as disordered as that of NUPR1/PADI4. The
affinity constant for PADI4 of both isoforms was
similar, but it must be kept in mind that such con-
stant for NUPR1L should include the contribution
due to its self-association. Studies with other pro-
teins capable of binding to both NUPR1L and
NUPR1 have shown differences in their affinities
for each isoform.37 Conversely to what happens in
the binding of NUPR1L to both prothymosin a and
NUPR1,37 it remains unclear whether its residue
Trp62 was involved in the binding to PADI4, as
the latter has several tryptophan residues, whose
fluorescence hampers any conclusion.

Biological implications of the interaction
between PADI4 and NUPR1

Although NUPR1 is an oncogene known to
regulate carcinogenesis, tumorigenesis and
metastasis,38,57 it also has a suppressive function
in several cancers.38,58 On the other hand, PADI4
is activated in a large proportion of cancer tissues,
probably due to citrullination of several proteins,39,59

but it also acts as a tumor suppressor in regulating
breast cancer stem cells.60 Since both proteins can
have several opposite functions (oncogene and
suppression) in cancer cells, in the next para-
graphs, we hypothesize how the formation of the
newly-identified NUPR1/PADI4 complex, described
in this work, might modulate several cell functions.
Some of these hypotheses are being currently
investigated in our laboratories.
PADIs catalyze the PTM of peptidyl arginine to

citrulline. This citrullination reaction is a hydrolytic
deamination removing the positive charge of the
arginine side-chain. The human isoform PADI4 is
nuclear-targeted, calcium-regulated, and it
intervenes in gene regulation by citrullination of
histones and in chromatin remodeling. The
regions of PADI4 that are involved in the binding
to NUPR1 are not yet fully experimentally
identified, but based on our simulation results we
predict that they are close to both the
immunoglobulin-like domains and to the interface
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of its two monomers. It is interesting to note that the
N-terminal immunoglobulin-like domains of PADI4
have been already indicated as being involved in
the binding to the p53 protein61 and of the inhibitor
growth 4 (ING4), which is also citrullinated.62 On
the other hand, NUPR1 interacted with PADI4
through the hot spot comprising residues around
Ala33, and with a contribution of Thr68, as shown
by NMR, site-directed mutagenesis (Figure S1
(B)), and our in silico results (Figure 4). NUPR1
has 9 arginine residues out of 82 amino acids, at
residue number 42, 45, 48, 56, 64, 75, 78, 81, and
82. Given that NUPR1 does not contain any argi-
nine around the 30 s, which is the main interacting
region with PADI4, and Arg64 and Arg75 are close
to Thr68, it seems unlikely that NUPR1 is a sub-
strate for PADI4. However, at this stage, we cannot
rule out that citrullination of NUPR1 is involved in
the binding between the two proteins. We hypothe-
size that a possible role of NUPR1/PADI4 complex
formation could be the regulation of PADI4 function.
PADI4 is Ca(II)-regulated, but ion concentrations
required to achieve maximal PADI4 activity are
100–1000 fold higher than those observed in acti-
vated cells. On the other hand, binding of NUPR1
could modify the conformation of the PADI4 active
site, through an allosteric mechanism, in a similar
fashion as the binding of Ca(II) to PADI4 does.
Therefore, we can speculate that PADI’s calcium
dependency is altered by the interaction with
NUPR1. Along this hypothesis, antibodies isolated
from patients with rheumatoid arthritis might bind
and activate PADI4 by lowering the Ca(II) concen-
tration required for its maximal activity.63

The mechanisms that regulate PADI4 function
and how it works within cells remain unclear.40,41

It is known that estrogen regulates the expression
of PADI4 through both the classical and non-
classical pathways.64 It has also been reported that
p53 transactivates PADI4 through a p53-binding
site at the first intron.15 Moreover, the significance
of PADI4-mediated protein citrullination in the p53-
signaling pathway has been proved by attenuating
p53-mediated growth-inhibitory activity after the
knockdown PADI4 expression.17 PADI4 is involved
in the repression of p53-target genes by interacting
with the C-terminus of p53, as well as having other
modulation effects on p53-target genes.15,16 As
PADI4 has histone-deiminase activity, it results in
the negative regulation of downstream p53-target
genes, and thus PADI4 functions as a p53 co-
repressor. Moreover, NUPR1L is also p53-
regulated, and its expression down-regulates that
of the NUPR1 gene, leading to binding to NUPR1.
We suggest that the formation of the complex
NUPR1/PADI4 might avoid the repression of p53
and, in addition, hampering the binding of NUPR1
by its own isoform.
In response to DNA damage, histones H3 and H4

are citrullinated by PADI4, which in turn promotes
DNA fragmentation.13 In addition, DNA damage

triggers the formation of a complex between
NUPR1 and the male specific lethal protein
(MSL).25,65 The NUPR1/MSL complex protects
cells from death. The possibility of forming a com-
plex NUPR1/PADI4 might hamper the activation of
the two DNA-repair routes, and thus it could be a
way of modulating such repair.
The role of NUPR1 in cancer progression was

identified in the study of breast metastasis from
breast cancer.66 This study has shown that expres-
sion of NUPR1 allows one to discern between
metastatic-potential breast cancer cells and those
without such potential; that is, NUPR1 is necessary
for the establishment of cells derived from breast
cancer cells in a secondary organ. Citrullination of
glycogen synthase kinase-3b (GSK-3b) by PADI4
induces epithelial-to-mesenchymal transition in
breast cancer cells,67 which is a key step in breast
cancer cells to achieve metastasis in other organs.
We suggest that the presence of NUPR1, and for-
mation of its complex with PADI4, might hamper
the citrullination of GSK-3 b,and therefore would
decrease the epithelial-to-mesenchymal transition
in breast cancer cells.
Altogether, then, our results demonstrate the

interaction between PADI4 with NUPR1 and
NUPR1L, and they might highlight the importance
of this complex in tumorigenesis and shed some
light in the possible regulation mechanisms of
these proteins.

Materials and methods

Materials

Imidazole, Trizma base and acid, DNase,
SIGMAFAST protease tablets, NaCl and Ni(II)-
resin, were from Sigma (Madrid, Spain). Isopropyl-
b-D-1-thiogalactopyranoside, kanamycin and
ampicillin were obtained from Apollo Scientific
(Stockport, UK). Dialysis tubing with a molecular
weight cut-off of 3500 Da, Triton X-100, TCEP
(Tris(2-carboxyethyl)phosphine) and the SDS
protein marker (PAGEmark Tricolor) were from
VWR (Barcelona, Spain). Amicon centrifugal
devices with a molecular weight cut-off of 30 kDa
or 3 kDa were from Millipore (Barcelona, Spain).
The rest of the materials used were of analytical
grade. Water was deionized and purified on a
Millipore system.

Protein expression and purification

PADI4, NUPR1 and NUPR1L were purified as
previously described.18–20,24,25,37 Protein concen-
trations were determined by UV absorbance,
employing an extinction coefficient at 280 nm esti-
mated from the number of tyrosines (in particular,
NUPR1 has only two tyrosine residues) and trypto-
phans in each protein.68
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Fluorescence

Steady-state fluorescence. A Cary Varian
spectrofluorometer (Agilent, Santa Clara, CA,
USA), interfaced with a Peltier unit, was used to
collect fluorescence spectra at 25 "C, by excitation
at either 280 or 295 nm. The other experimental
details have been described elsewhere.69 Appropri-
ate blank corrections corresponding to curves
obtained for samples containing only buffers were
made in all spectra. Following the standard proto-
cols used in our laboratories, the samples were pre-
pared the day before and left overnight at 5 "C;
before experiments, samples were left for 1 h at
25 "C. A 1-cm path length quartz cell (Hellma, Krui-
beke, Belgium) was used. Concentration of PADI4
was 2 lM (in protomer units) and those of NUPR1
or NUPR1L were 20 lM (in protomer units for the
latter). Experiments were performed in 20 mM Tris
buffer (pH 7.5), 5 mM TCEP, 150 mM NaCl,
10 mM EDTA and 5 % glycerol, in triplicates with
newly prepared samples. Variations of results
among the experiments were lower than 5 %.

Binding experiments of PADI4 with wild-type
NUPR1. For the titration of wild-type NUPR1 with
PADI4, increasing amounts of monomeric
NUPR1, in the concentration range 0–30 lM,
were added to a solution with a fixed
concentration of PADI4 (2 lM, in protomer units).
Experiments were carried out in the buffer
described above, with the same experimental set-
up; experiments were also carried out in the
presence of buffer, without EDTA and with 10 mM
Ca(II). In all cases, the appropriate blank
corrections with solutions containing only the
corresponding amount of NUPR1 were applied.
Spectra were corrected for inner-filter effects.70

The titration was repeated three times, using new
samples. In the three cases, the variations in the
results were lower than 10 %.
The dissociation constant of the complex, Kd, was

calculated by fitting the binding isotherm obtained
by plotting the observed fluorescence change as a
function of NUPR1 concentration to a general
binding model, explicitly considering ligand
depletion in solution71,72:

F ¼ F 0 þ
DFmax

2 PADI4½ %T
ð NUPR1½ %T þ PADI4½ %T þ Kd Þ

(
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð NUPR1½ %T þ PADI4½ %T þ Kd Þ

2 ( 4 NUPR1½ %T PADI4½ %T
" #r

ð1Þ

where F is the measured fluorescence of the solution
with the fixed PADI4 concentration (2 lM, in protomer
units) and a given value for NUPR1, after subtraction of
the corresponding blank with the same concentration of
the latter; DFmax is the largest change in the
fluorescence of NUPR1 when saturation was reached,
compared to the fluorescence of each isolated chain;
F0 is the fluorescence intensity when no NUPR1 was

added; [PADI4]T is the constant, total concentration of
PADI4 (2 lM, in protomer units); and [NUPR1]T is that
of NUPR1, which was varied during the titration. Fitting
to Eq. (1) was carried out by using KaleidaGraph
(Synergy software, Reading, USA).

Binding experiments of PADI4 with NUPR1
mutants. For the titration of mutants with PADI4,
increasing amounts of either the single mutant
Thr68Gln or the double mutant Ala33Gln/
Thr68Gln of NUPR1, in the concentration range
0–30 lM, were added to a solution with a fixed
concentration of PADI4 (2 lM, in protomer units).
Experiments were carried out as described for
wild-type NUPR1, with the same experimental set-
up, in the presence of 10 mM EDTA.

Binding experiments of PADI4 with NUPR1L. For
the titration of NUPR1L with PADI4, increasing
amounts of NUPR1L species, in the concentration
range 0–25 lM, were added to a solution with a
fixed concentration of PADI4 (2 lM, in protomer
units). Experiments were carried out in the buffer
described above, with the same experimental set-
up, in the presence of 10 mM EDTA. In all cases,
the appropriate blank corrections by using spectra
obtained for solutions containing only the
corresponding amount of NUPR1L were applied.
Spectra were corrected for inner-filter effects.70

The titration was repeated three times, using new
samples. In the three cases, the variations in the
results were lower than 10 %.
The dissociation constant of the complex, Kd, was

calculated by fitting the binding isotherm obtained
by plotting the observed fluorescence change as a
function of NUPR1L concentration to a general
binding model, explicitly considering ligand
depletion in solution71,72:

F ¼ F 0 þ
DFmax

2 PADI4½ %T
ð NUPR1L½ %T þ PADI4½ %T þ Kd Þ

(
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð NUPR1L½ %T þ PADI4½ %T þ Kd Þ

2 ( 4 NUPR1L½ %T PADI4½ %T
" #r

ð2Þ

where the symbols in Eq. (2) have the same meaning as
those in Eq. (1). However, it is important to indicate that
the Kd obtained from Eq. (2) was an apparent
dissociation constant, as NUPR1L is an oligomer with a
self-dissociation in the order of nM.37

Circular dichroism (CD)

Far-UV CD spectra were collected on a Jasco
J810 spectropolarimeter (Jasco, Tokyo, Japan)
with a thermostated cell holder and interfaced with
a Peltier unit. The instrument was periodically
calibrated with (+)-10-camphorsulfonic acid. A 0.1-
cm path length cell was used (Hellma, Kruibeke,
Belgium). All spectra were corrected by
subtracting the corresponding baseline.
Concentration of each polypeptide (wild-type
NUPR1, NUPR1L, or PADI4) and the buffers used
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were the same used for fluorescence experiments.
We could not obtain meaningful data below
!200 nm, for any of the two proteins, due to the
absorbance of the components of the buffer
(Figure S1). Samples were prepared the day
before and left overnight at 5 "C to allow them to
equilibrate. Before starting the experiments,
samples were further left for 1 h at 25 "C.
Isothermal wavelength spectra of each isolated
macromolecule (at 25 "C) and those of the
corresponding complex (NUPR1/PADI4 or
NUPR1L/PADI4) were acquired as an average of
6 scans, at a scan speed of 50 nm/min, with a
response time of 2 s and a band-width of 1 nm.

Nuclear Magnetic Resonance (NMR)

The NMR experiments were performed on a
Bruker Avance DRX-500 spectrometer (Karlsruhe,
Germany) equipped with a triple resonance probe
and z-pulse field gradients. Spectra were acquired
at 25 "C and pH 7.2 (Tris, 50 mM); probe
temperature was calibrated with a methanol NMR
standard.73 It is important to indicate here that the
buffer employed in the NMR experiments is slightly
different to that used in the far-UV CD and fluores-
cence experiments, to increase the signal-to-noise
ratio in the spectra (which would deteriorate in the
presence of high NaCl concentration, EDTA, TCEP
and glycerol).
The cross-peaks in the 2D 1H-15N HSQC NMR

spectra74 of NUPR1 were identified by using previ-
ously determined assignments at pH 4.5.25 We did
not carry out the study of the binding between
NUPR1 and PADI4 at this pH value, because the
latter precipitates at acidic conditions.18 The num-
ber of signals observed in the 2D 1H-15N HSQC
NMR spectra at pH ) 7.0 dramatically decreased
when compared to low pH due to hydrogen-
exchange at physiological conditions, as it has been
observed when exploring binding to other part-
ners30,31,75 (see also Results section).The sample
containing the mixture of NUPR1 and PADI4 was
prepared by using Amicon centrifugal devices of
3 kDa cut-off, where both proteins were initially
mixed at dilute concentrations in buffer in 20 mM
Tris (pH 7.5), 5 mM TCEP, 150 mM NaCl, 10 mM
EDTA and 5 % glycerol, and then concentrated
and exchanged to deuterated Tris buffer, used in
NMR experiments.
Spectra were acquired in the TPPI (time

proportional phase increment) mode. The
concentration of 15N-labeled NUPR1 was 100 lM
either in isolation or in the presence of 300 lM of
PADI4. The spectra were typically acquired with
2,048 complex points in the 1H dimension, 60
complex points in the 15N dimension, with 32 or 64
scans. Typical spectral widths for the 2D 1H-15N
HSQC NMR spectra were 6,000 (1H) and 1,500
(15N) Hz. The resulting matrix of each experiment
was zero-filled to double the number of original
points in all dimensions, and shifted squared sine-

bell apodization functions were applied before
Fourier transformation. NMR data were processed
and analyzed using TopSpin 1.3 (Bruker,
Karlsruhe, Germany). Signal intensities in the two
NMR spectra (of isolated NUPR1, and in the
presence of PADI4) were measured, and in each
experiment, intensities were corrected by the
corresponding value of the receiver gain. Spectra
were calibrated with external TSP for 1H and for
the indirect dimensions, as previously described.73

Molecular docking

Molecular docking was used to study the binding
of PADI4 and NUPR1 in a simplified way, because
of the relatively large size of PADI4 (a homodimer
with 663 residues in each monomer) and, more
importantly, the intrinsically unfolded character of
NUPR1 (an 82-residue-long fully disordered
sequence). The structure of PADI4 was built on
the basis of the X-ray diffraction model deposited
in the Protein Data Bank (PDB entry: 3APN.43 The
binding affinity towards PADI4 was predicted by
considering seven-residue fragments encompass-
ing in total the whole sequence of NUPR1, following
the same protocol we adopted in other previous
works.30,31,27,76 The fragments were capped at the
N- and C-terminal endings by using an acetyl and
amide moiety, respectively – with the exceptions
of the protein termini, where the –NH3

+ and –COO–

groups were preserved.
The simulations were performed by using the

docking engine AutoDock Vina, version 1.1.2.77

Apolar hydrogen atoms were subsumed in the car-
bon atoms they are attached to, whereas polar
hydrogens were explicitly considered for both the
docking host protein PADI4 and the guest frag-
ments of NUPR1. A blind exploration was carried
out with an exhaustiveness twice larger with respect
to the default value.78 The search volume was cen-
tered on the PADI4 homodimer and had the size of
110!A* 70!A* 110!A, which was enough to include
the whole protein surface. Full flexibility due to rota-
tions around each dihedral angle was guaranteed to
the NUPR1 fragments.

Cell lines

Isolation of the seven, primary human GBM cell
lines (HGUE-GB-16, HGUE-GB-18, HGUE-GB-
37, HGUE-GB-39, HGUE-GB-40, HGUE-GB-42
and HGUE-GB-48) was performed from surgical
washes, as reported previously.49 GBM cells were
cultured in Dulbecco’s Modified Eagle’s Medium:
Nutrient Mixture F-12 (DMEM F-12) (Gibco, New
York, USA), supplemented with 10 % (v/v) heat-
inactivated fetal bovine serum (FBS) (HyClone/
Cytiva, Little Chalfont, UK) and 1 % (v/v) penicillin/
streptomycin mixture (Biowest, Bradenton, USA).
Cells were incubated at 37 "C in a humidified 5 %
CO2 atmosphere as previously described.49,50
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Immunofluorescence (IF)

An amount of 40,000 GBM cells were seeded in
twenty-four-well plates on coverslips.25,30 After fixa-
tion, cells were incubated with a mouse anti-PADI4
(1:200, mouse; Abcam, Cambridge, UK) primary
antibody and anti-NUPR1 antibody (1:100, rabbit;
homemade). After washing out the first antibody,
cells were incubated with Alexa Fluor 568-labeled
anti-mouse (1:500) and Alexa Fluor 488-labeled
anti-rabbit (1:500) secondary antibodies (Invitro-
gen, Barcelona, Spain) and DAPI (40,6-diamidino-
2-phenylindole, Thermo Fisher Scientific, Valencia,
Spain) was used to stain the nucleus. Image acqui-
sition was carried out by using a confocal micro-
scope LSM 880 (*63 lens) controlled by Zeiss
Zen Black (Zeiss, Oberkochen, Germany).

proximity ligation assay (PLA)

An amount of 40,000 GBM cells of each patient
were seeded in twenty-four-well plates on
coverslips. Cells were assayed 24 h later. Cells
were washed twice in phosphate buffer solution
(PBS), fixed, washed twice again, permeabilized
in PBS/0.2 % Triton X-100, and saturated with
blocking solution for 30 min before
immunostaining with Duolink by using PLA
Technology (Merck, Madrid, Spain), following the
manufacturer’s protocol. Anti-PADI4 and anti-
NUPR1 primary antibodies were used. Then,
slides were processed for in situ PLA by using
sequentially the Duolink In Situ Detection
Reagents Green, Duolink In Situ PLA Probe Anti-
Mouse MINUS, and Duolink In Situ PLA Probe
Anti-Rabbit PLUS (Merck, Madrid, Spain). In these
experiments, green fluorescence corresponds to
the PLA-positive signal, and it indicates that the
two proteins are bound to form a complex. Blue
fluorescence corresponds to nuclei (so-called
DAPI staining). To check the specificity of the PLA
signal, negative control experiments omitting one
of the primary antibodies and positive controls25,30

were performed. Image acquisition was carried
out by using the same confocal microscope
described above.
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Appendix A. Supplementary Data

The supplementary material contains: far-UV CD
spectra of isolated NUPR1 and PADI4 in 20 mM
Tris buffer (pH 7.5), 5 mM TCEP, 150 mM NaCl,
10 mM EDTA and 5 % glycerol (Figure S1);
fluorescence titration curves for Thr68Gln and
Ala33Gln/Thr68Gln mutants of NUPR1 in the
presence of PADI4 and 10 mM EDTA (Figure S2);
fluorescence titration curve of wild-type NUPR1
when added to PADI4 in the presence of 10 mM
Ca(II) (Figure S3); IF experiments on PADI4 with
NUPR1 in several patient-derived cell lines
(Figure S4). Supplementary data to this article can
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González-Ros, J.M., Rico, M., Cánepa, E., Moreno, S.,
et al., (2001). Human p8 is a HMG-I/Y-like protein with DNA

binding activity enhanced by phosphorylation. J. Biol.
Chem. 276, 2742–2751. https://doi.org/10.1074/jbc.

M008594200.
25. Aguado-Llera, D., Hamidi, T., Doménech, R., Pantoja-
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4.7 Chapter 7. The N-terminal region of MDM2 binds to human enzyme 
PADI4 

Summary of the results 

In this work, we described the interaction between PADI4 and MDM2. MDM2 (EC. 2.3.2.27) is 

a key protein that regulates p53 through several processes, including (i) altering p53-

transcriptional activity, (ii) exporting p53 from the nucleus, and (iii) activating p53-degradation 

via ubiquitin-proteasome pathways. Given the relationship between MDM2, PADI4, and p53, 

we suggest that they could also interact in several cancer cell lines. In this study, we used in 

cellulo, in vitro, and in silico techniques to identify the interaction between PADI4 and MDM2. 

In order to verify the in cellulo localization of the proteins, we performed IF assays using GB-

42, RWP-1, and SW-480 cell lines. The results showed nuclear colocalization that was 

observed in all cell lines. Therefore, we used PLA to analyze the interaction between MDM2 

and PADI4. As a result of PLA, we observed red dots that confirmed a positive interaction 

between the two proteins, which occurred in the nuclei and cytoplasm of all cell lines. We also 

tested the effect of GSK484 on this interaction, which resulted in a significant decrease in the 

nuclear PLA signal in all cell lines, suggesting that MDM2 probably binds to the active site of 

PADI4. 

In vitro studies showed an affinity in the micromolar range, as measured by isothermal titration 

calorimetry (ITC), which was comparable to the measured IC50 of GSK484, which was ~ 20 

µM. NMR experiments showed that the PADI4-binding region of N-MDM2 was mainly formed 

by residues Thr26, Val28, Phe91, and Lys98 [206].  

Finally, we tested the effect of the PADI4 inhibitor GSK484 in combination with TMZ in a GBM 

cell line. The results showed that when both drugs were applied together, they had a better 

cytotoxic effect than when applied alone. This could improve the benefits of other drugs used 

for cancer treatment. 

Our findings indicate binding between MDM2 and NUPR1, suggesting that this interaction may 

be a target for cancer therapy. 
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Abstract

PADI4 is one of the human isoforms of a family of enzymes implicated in the

conversion of arginine to citrulline. MDM2 is an E3 ubiquitin ligase which is

crucial for down-regulation of degradation of the tumor suppressor gene p53.

Given the relationship between both PADI4 and MDM2 with p53-signaling

pathways, we hypothesized they may interact directly, and this interaction

could be relevant in the context of cancer. Here, we showed their association

in the nucleus and cytosol in several cancer cell lines. Furthermore, binding

was hampered in the presence of GSK484, an enzymatic PADI4 inhibitor, sug-

gesting that MDM2 could bind to the active site of PADI4, as confirmed by in

silico experiments. In vitro and in silico studies showed that the isolated
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N-terminal region of MDM2, N-MDM2, interacted with PADI4, and residues

Thr26, Val28, Phe91 and Lys98 were more affected by the presence of the

enzyme. Moreover, the dissociation constant between N-MDM2 and PADI4

was comparable to the IC50 of GSK484 from in cellulo experiments. The inter-

action between MDM2 and PADI4 might imply MDM2 citrullination, with

potential therapeutic relevance for improving cancer treatment, due to the gen-

eration of new antigens.
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1 | INTRODUCTION

PADI4 belongs to a family of peptidyl-arginine deiminases
(PADI, EC 3.5.3.15) hydrolytic enzymes responsible of cat-
alyzing citrullination, that is, the conversion of arginine to
citrulline residues in a polypeptide chain, in the presence
of Ca(II). This post-translational modification (PTM) is
permanent, unless the protein is degraded. Such modifica-
tion influences the molecular properties of the polypeptide
chain and it has important roles in human disease
(Gudmann et al., 2015; György et al., 2006; Ishigami &
Maruyama, 2010; Yuzhalin, 2019). PADI4 is usually
located in cytoplasmic granules of inflammatory cells
(eosinophils, neutrophils and macrophages), mammary
gland cells, stem cells, and tumor cells, where is highly
expressed, either in the cytosol or in the nucleus. This pro-
tein is involved in gene transcription and immune system
modulation, leading to cell inflammation and immune
response (Slade et al., 2014; Wang et al., 2021; Witalison
et al., 2015; Yang et al., 2021; Ying et al., 2009). In addi-
tion, an enzymatic activity increase is observed for several
PADI4 haplotype mutants during the apoptosis enhanced
through the mitochondrial pathway (Hung et al., 2007).
Furthermore, PADI4 is involved in p53-gene expression,
as well as in the expression of other p53-target genes (Li
et al., 2008; Li et al., 2010; Yang et al., 2021). We have
shown recently that PADI4 is expressed in glioblastoma
(GBM), pancreatic adenocarcinoma and colon cancer
(Neira, Araujo-Abad, et al., 2022), and it binds to other
key proteins involved in cancer development, such as
importin α (Neira, Rizzuti, et al., 2022) and plakophilin

1 (Neira et al., 2023). Therefore, in recent years, PADI4
has attracted the attention of the research community due
to its key role in cancer progression, which affects patient
survival and prognosis.

Tumor suppressor genes (TSGs) are frequently down-
regulated in cancer, leading to dysregulation of the path-
ways they control and, therefore, provide opportunities
for alternative therapies (Gregory & Copple, 2022). The
protein p53 is a protein produced by a well-known TSG
(Lei et al., 2023). A key p53 regulator is the cellular pro-
tein MDM2 (murine double minute 2 oncoprotein)
(EC. 2.3.2.27) (Momand et al., 1992; Reza Saadatzadeh
et al., 2017), an E3 ubiquitin ligase encoded by the mdm2
oncogene. MDM2 can inhibit p53 in several ways: (i) the
N-terminal region of MDM2, N-MDM2 (comprising the
first 125 residues), binds to the p53 N-terminal transacti-
vation domain (residues 15–29, TA), and can alter
p53-transcriptional activity; (ii) the full-length MDM2
exports p53 from the nucleus (Chen et al., 1993; Kussie
et al., 1996; Momand et al., 1992); and (iii) MDM2 acti-
vates p53-degradation via ubiquitin-proteasome pathways
(Kubbutat et al., 1997). The N-MDM2, which includes
the well-folded p53 binding-domain (residues 25–109;
McCoy et al., 2003), is composed by four α-helices (resi-
dues 32–41, 50–63, 81–86 and 96–104) and a three-
stranded anti-parallel β-sheet (residues 66–68, 74–76 and
90–92) (Kussie et al., 1996; Uhrinova et al., 2005). The
α-helices are the side-walls and bottom of the cavity
where the TA of p53 binds, and the antiparallel β-sheet
covers the binding cleft from both sides. Since p53 and
MDM2 interact, as well as p53 and PADI4 (Chen
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et al., 1993; Kussie et al., 1996; Reza Saadatzadeh
et al., 2017), we hypothesized that PADI4 and MDM2
might interact directly as well.

In this work, we hypothesized that given the relation-
ship of MDM2 and PADI4 with p53, they could also inter-
act directly, and indeed we identified and described the
interaction between intact MDM2 and PADI4 in cellulo in
several cancer cell lines. Importantly, in the presence of
GSK484, an enzyme inhibitor of PADI4, we observed that
the interaction between the two proteins was hampered.
Those results indicate that the MDM2-binding region of
PADI4 could be located in, or close to, its active site, or
alternatively, in another region involved in a conforma-
tional change associated with an allosteric inhibition. As
p53 binds MDM2 at the N-MDM2 region, we performed
in vitro and in silico analyses to characterize the possible
association of PADI4 through the N-MDM2. We provided
evidence of this binding by a combination of experimental
and simulation techniques. The in vitro studies showed an
affinity in the micromolar range, as measured by isothermal
titration calorimetry (ITC) (Kd ! 1 μM), fluorescence
(Kd ! 6 μM) and biolayer interferometry (BLI) (Kd !
2 μM), comparable to the measured IC50 of GSK484 that
was !20 μM (taking into consideration that IC50 is not a
true interaction constant depending on many experimental
factors). The PADI4-binding region of N-MDM2 was
mainly formed by residues Thr26, Val28, Phe91 and Lys98,
as suggested by nuclear magnetic resonance (NMR) experi-
ments. Blind docking and simulations followed by
re-scoring through molecular mechanics (MM) methods
further pinpointed the involvement of most of these resi-
dues of N-MDM2 in the binding, together with the critical
participation of some arginine amino acids. Furthermore,
the simulation results strongly supported the idea that the
binding of N-MDM2 involved the active site of PADI4.
Interestingly, N-MDM2 has four arginine residues (Arg29,
Arg65, Arg97 and Arg105) that could be susceptible of being
citrullinated by PADI4 to further modulate its binding to
p53. The fact that MDM2 might be post-translationally
modified opens the possibility to develop new cancer thera-
pies based on its citrullination, or alternatively, its use in
liquid biopsy for early detection and prognosis of citrulli-
nated species or the antigens raised against them.

2 | RESULTS

2.1 | Binding of PADI4 to intact MDM2
occurred in cellulo in the cytosol and
nucleus

To test whether interaction between endogenous PADI4
and intact MDM2 occurred within cancer cells, we used

different cell lines. For GBM, we employed a previously
described patient-derived cell line, HGUE-GB-42
(Ventero et al., 2019). We also used other two cell lines,
SW-480, isolated from the large intestine of a Dukes C
colorectal cancer patient, and RWP-1, as a model of pan-
creatic cancer. First, we performed immunofluorescence
(IF) experiments to address whether both proteins were
expressed and colocalized in the same cellular compart-
ments for the different cell lines (Figure S1). We found
that the two proteins were highly expressed in all the
patient-derived cell lines. Moreover, the fact that both
proteins had a nuclear staining, as shown by the colocali-
zation with DAPI, suggested that they may interact
directly within the nuclear compartment. Subsequently,
we sought to confirm their interaction by using the Duo-
link in situ assay. The red fluorescent spots, correspond-
ing to the Proximity ligation assay (PLA) signals,
indicated that PADI4 interacted with full-length MDM2
within the nucleus and cytosol, regardless of the cancer
cell type (Figures 1 and S2).

To sum up, our results indicate that PADI4 and the
intact MDM2 not only co-expressed, but they interacted
directly in different cell compartments of cancer cells cor-
responding to several tissues.

2.2 | Inhibition of PADI4 in cellulo
resulted in a decrease of PADI4-MDM2
interaction

It has been described that the compound GSK484 is an
enzymatic inhibitor of PADI proteins, but it shows a
strong preference for PADI4 over the other isozymes
(Lewis et al., 2015). To establish the optimal concentra-
tion at which GSK484 had an effect on the studied tumor
cell lines, we performed a series of proliferation assays.

We observed that the GBM was the most sensitive cell
line to the presence of GSK484, with an IC50 of 12.7 μM
(Figure 2a), followed by the colorectal cell line, SW-480,
with an IC50 of 19.2 μM. At 20 μM of GSK484, the highest
tested concentration, the pancreatic cancer cell line, did
not reach a 50% reduction in the cell proliferation. We
considered that the reduction by 40% shown by RWP-1
was sufficient to affect the binding, and hence, we
decided to use GSK484 at 20 μM concentration in the
PLAs with PADI4 and MDM2.

We treated the cells with GSK484 for 6 and 24 h, and
then, we fixed them to perform PLAs. After 6 h, we
already observed a great reduction in the number of
observed red dots, indicating that the interaction between
PADI4 and MDM2 occurred mainly in the nucleus as
shown by DAPI nuclear counterstaining (Figures 2b and
S3). The reduction in the population of MDM2/PADI4
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formed complexes was even greater after the 24-h treat-
ment with the inhibitor (GSK484), suggesting that the
binding of GSK484 could prevent the binding of MDM2
with PADI4. At this stage, we cannot unambiguously
conclude that PADI4 may likely competitively prevent
the binding of MDM2 with PADI4 or alternatively, the
presence of GSK484 could modify allosterically the
MDM2-binding site of PADI4. (Figures 2b,c and S3).
Interestingly, each of the tumor cell lines responded dif-
ferently to GSK484 treatment. Contrary to what we
would expect after the proliferation experiments, RWP-1
showed a large decrease in the amount of the MDM2/
PADI4 complexes formed already at 6 h, and the number
of those formed was not substantially decreased by longer
treatment times. On the other hand, SW-480 did not
respond until 24-h exposure to the GSK484 treatment.
The number of dots per cell in the GBM cell line, HGUE-
GB-42, decreased over time, suggesting a direct correla-
tion between the treatment time and inhibition effect by
GSK484 (Figures 2c and S3). These results agree with pre-
vious observations reporting that PADI4 inhibition
results in different outcomes in multiple cancer cell lines
(Yuzhalin, 2019), besides its different expression among

several cell lines, as we have recently shown (Neira,
Araujo-Abad, et al., 2022). Then, all in all, those findings
suggest that the inhibitory effect of GSK484 may have dif-
ferent effects among the cell lines (Duan et al., 2016;
Stadler et al., 2013; Yuzhalin et al., 2018; Zhang
et al., 2021). Altogether, our experiments showed that, in
the presence of GSK484, the binding between MDM2 and
PADI4 was hampered (Figures 2 and S3).

2.3 | PADI4 was bound to N-MDM2
in vitro

The complex between MDM2 and p53 is primarily
formed by the interaction between the N-terminal
domain of MDM2 (N-MDM2), comprising the first
125 residues of the protein, and the TA of p53 (Joerger &
Fersht, 2008; Wallace et al., 2006; Yadahalli et al., 2019).
Therefore, as the in cellulo experiments indicated unam-
biguously that there was binding between intact MDM2
and PADI4, we hypothesized that MDM2 could also
interact with PADI4 by using that same p53-binding
region. Then, we tested whether PADI4 interacted with

FIGURE 1 MDM2 interacted
directly with PADI4 in cellulo. PLAs of
PADI4 with MDM2 reveal the direct
interaction between the two proteins in
different patient-derived HGUE-GB-42,
SW-480 and RWP-1 cells. A
representative experiment is shown
(n = 5). Scale bar = 20 μm.
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N-MDM2 in vitro, by following a two-part experimental
approach. First, we used steady-state fluorescence, far-
ultraviolet (UV) circular dichroism (CD) and NMR, as

spectroscopic techniques to observe a possible binding
and concomitant conformational changes in the macro-
molecules; and second, we used fluorescence, BLI and

FIGURE 2 MDM2/PADI4 interaction inhibited by GSK484. (a) Proliferation cell experiments in the presence of GSK484 (at 20 μM) for
the three cell lines. (b) PLA was performed in HGUE-GB-42, RWP-1 and SW-480 cells in the presence or absence of GSK484 at a
concentration of 20 μM, for 6 and 24 h. Control experiments were carried out at 6 h. Scale bar = 20 mm. (c) A representative experiment is
shown (n = 5). Each panel corresponds to the cell lines shown in B. The Fiji software was used to account for the number of red dots. Data
represent mean ± SD, Student's 2-tailed unpaired t test was used, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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ITC to quantitatively measure the thermodynamic
parameters of such binding.

We used fluorescence to determine whether there
was a change in: (i) the position of the maximum wave-
length; (ii) the intensity at that wavelength; or (iii) both,
when the spectrum of the complex was compared to that
obtained from the addition of the separated spectra of the
two isolated proteins. A variation in fluorescence inten-
sity by excitation at 280 nm was observed when the com-
plex of PADI4 with N-MDM2 was formed (Figure 3a, left
panel), but there were no changes in the maximum wave-
length of the spectrum.

Next, we carried out far-UV CD measurements, trying
to confirm the fluorescence binding results. In agreement
with the observations by fluorescence described above,
the addition spectrum was different from that of the com-
plex (Figure 3a, right panel). Then, we can conclude that

there were changes in the secondary structure of PADI4
and/or in that of N-MDM2 when the two proteins were
bound; however, we cannot rule out that the changes
observed were due to displacements of some aromatic
residues (or interactions involving these residues) of at
least one of the proteins.

To further confirm in vitro the binding between the
two proteins, and to elucidate the PADI4-binding region
of N-MDM2, we acquired a 2D 1H-15N HSQC NMR spec-
tra in isolated 15N-labeled N-MDM2 and in a complex,
with an excess of PADI4 (Figure 4a). The chemical shift
perturbations (CSPs) (Equation (2)) of residues Thr26,
Val28, Leu33, Gln44, Glu52, Glu69, Phe91, His96 and
Lys98 of N-MDM2 in the presence of PADI4 were larger
than the average ± standard deviation (SD) (Figure 4b).
As Glu52, Glu69 and His96 have ionizable side-chains,
which could be titrating at the pH of the experiments, we

FIGURE 3 Binding of N-MDM2 to PADI4 as monitored by different biophysical probes: (a) (Right panel) Fluorescence spectrum
obtained by excitation at 280 nm of the N-MDM2/PADI4 complex, and addition spectrum obtained by the sum of the spectra of the two
isolated macromolecules. (Left panel) Far-UV CD spectrum of the N-MDM2/PADI4 complex, and addition spectrum obtained by the sum of
the spectra of the two isolated macromolecules. (b) Titration curve monitoring the changes in the fluorescence at 315 nm when N-MDM2
was added to PADI4. The fluorescence intensity on the y-axis is the relative signal after removal of the corresponding blank. The line
through the data are the fitting to Equation (1). Experiments were carried out at 25"C. (c) Calorimetric titrations for the PADI4 binding to
N-MDM2. Upper panel show the thermogram (thermal power as a function of time), and lower panel show the binding isotherm (ligand-
normalized heat effects per injection as a function of the molar ratio in the calorimetric cell). Continuous lines correspond to the fitting
curves according to a single ligand binding site interaction model. Experiments were carried out at 25"C.
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did not consider any further these residues. The presence
of such large CSPs for the rest of the residues indicates a
fast equilibrium between the free and bound-N-MDM2
and, therefore, it confirms the binding to PADI4. We also
point out that the fact that large CSP values are restricted
to some particular residues of N-MDM2 further confirms
that the association is specific, as already suggested by:
(i) the ITC titration curves observed (Figure 3c); and
(ii) the well-defined stoichiometry of the binding reac-
tion. On the other hand, when mapped on the tertiary
structure of N-MDM2 (Figure S4), the CSP values are
scattered on several distant regions; this is suggesting that
some of those variations might be due to indirect effects
on the affected residues rather than a direct contact with
the surface of PADI4, and/or to multiple binding modes
(i.e., orientations) of N-MDM2 on the same hot-spot of
PADI4. It is interesting to note that some of those resi-
dues are not far away from those involved in forming the
p53-binding pocket in N-MDM2 (Kussie et al., 1996):
Leu54, His96, Ile99 and Tyr100. On the other hand, we
observed a general decrease in the signal intensity of any
cross-peak of the spectrum of the complex (i.e., general

broadening), when compared with the intensity of the
corresponding cross-peak of the spectrum of isolated
N-MDM2 (Figure 4c).

Since we observed changes in the fluorescence spectra
upon PADI4 binding to N-MDM2, to determine the affin-
ity constant, we carried out titrations by keeping constant
the concentration of PADI4, and increasing that of
N-MDM2. The results provided a Kd value of 5 ± 2 μM
(Figure 3b) for the interaction between PADI4 and
N-MDM2. We also used ITC to determine the thermody-
namic binding parameters (Figure 3c). The results indi-
cated that the interaction was highly exothermic
(favorable enthalpic contribution and unfavorable entro-
pic contribution to the Gibbs energy of binding), with
ΔH = # 42 kcal mol#1, and the Kd was 1.0 ± 0.2 μM
(slightly lower than the value obtained by fluorescence).
The stoichiometry of the reaction was 1.1, indicating that
the dimer of PADI4 was bound to two molecules of
N-MDM2.

The results from BLI (Figure 5a) yielded a value of
the dissociation constant similar to that measured by ITC
and fluorescence. The Kd value obtained was: 2 ± 2 μM,

FIGURE 4 Binding of N-MDM2
to PADI4 mapped by NMR. (a) 2D
1H-15N HSQC NMR spectra of
isolated N-MDM2 (black) and in the
presence of PADI4 (red). (b) CSPs
(Equation (2)) of the unambiguously
assigned cross-peaks, showing no
overlapping with others. The dotted
line is the average value ± SD.
(c) Ratio of the intensity of a cross-
peak in the spectrum of the complex
(red in panel a) to the intensity of the
same cross-peak in the spectrum of
isolated MDM2 (black in panel a).
The dotted line is the average value
± SD. Experiments were carried out
at 25"C.
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with kon = 0.17 ± 0.10 μM#1 s#1 and koff = 0.3 ± 0.2 s#1

(Figure 5b). The latter value was similar to the average
obtained from the fitting of dissociation curves of the sen-
sorgrams at the different N-MDM2 concentrations.

To sum up, we conclude that N-MDM2 could bind to
PADI4, with a dissociation constant in the low micromo-
lar range through an enthalpically driven process, and
therefore the binding we had observed in cellulo should
occur through the N-terminus of the intact protein.

2.4 | Using blind docking to define the
binding regions of PADI4 and N-MDM2

Protein–protein docking was used to model the essential
features of the structure of the N-MDM2/PADI4 complex,
and to clarify details of their respective hot-spot regions
in the binding.

Some of the results of our in vitro and in cellulo exper-
iments were used to simplify the simulations in a prelimi-
nary stage, and as a filter to sort out the predicted
docking poses in a subsequent stage. To begin with, the
hot-spot of MDM2 was restricted to a subset of residues
of its N-terminal region N-MDM2 and, more precisely, of
the well-folded p53-binding domain encompassing resi-
dues 25–109 (McCoy et al., 2003). In fact, both the
N-terminal (residues 1–24) and C-terminal region (resi-
dues 110–125) of N-MDM2, flanking the p53-binding
domain from either side, are unstructured in the unli-
ganded protein species, and not solved in NMR com-
plexes with protein partners different from PADI4 (Jae-
Sun et al., 2015; Michelsen et al., 2012; Nagata
et al., 2014). More importantly, the residues of N-MDM2
whose NMR signals were significantly affected by the
binding to PADI4 and do not contain a titrating side-
chain around pH 7.0 (Thr26, Val28, Leu33, Gln44, Phe91,
and Lys98) are all included within the sequence of the
p53-binding domain. Therefore, in our docking simula-
tions we limited our study to the binding of this sole
domain.

Possible conformations of the complex between
PADI4 and the p53-binding domain of MDM2 were pre-
dicted on the basis of the consensus obtained from differ-
ent popular docking algorithms: ClusPro (Kozakov
et al., 2017), GRAMM (Katchalski-Katzir et al., 1992),
HDOCK (Yan et al., 2020), ZDOCK (Pierce et al., 2014),
and pyDock (Jiménez-García et al., 2013). These algo-
rithms provide a variety of anchoring positions and orien-
tations, which were subsequently screened up to select
only eight possible binding modes (Figure 6) on the basis
of some simple criteria, again solely based on our previ-
ous experimental results. As a first criterion, when two
distinct docking poses obtained with the same algorithm
were anchored to PADI4 in a symmetric fashion, this was
considered equivalent to the prediction of a single bind-
ing mode, because the binding stoichiometry we had
found by using ITC (Figure 3c) consists of two monomers
of N-MDM2 bound to a sole PADI4 homodimer. For
instance, the best two docking poses obtained by ClusPro
were located in a similar fashion on each monomer, lead-
ing to a single prediction for the molecular complex
(Figure S5). As a second criterion, any docking pose was
excluded if it overlapped with its symmetrical image
when the two were considered together. In fact, their

(a)

(b)

FIGURE 5 Affinity of N-MDM2 toward PADI4 from BLI
assays. (a) Sensorgrams at different concentrations of N-MDM2
used in the assays for PADI4-immobilized on the sensor.
(b) Pseudo-first order plot of the binding of N-MDM2 to PADI4
(Equation (6)). The error bars are errors from fitting sensorgrams to
Equation (5). Experiments were carried out at 25"C.
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actual existence would be mutually exclusive and, there-
fore, incompatible with the binding stoichiometry
expected. This condition eliminated all of the docking
poses predicted by GRAMM, as well as most of the those
predicted by HDOCK, with the except for a pair of sym-
metrical poses. As a third criterion, a maximum of three
binding modes were considered for each predictor, when
they were too similar to each other. This criterion is nor-
mally satisfied in the output of most docking algorithms,
but it was necessary in our case to reduce the number of
predictions of ZDOCK, which essentially clustered in a
single conformation for each monomer of PADI4.
Finally, the poses predicted by pyDock were eliminated
upon visual inspection because they appeared little
anchored to the surface of PADI4, with the sole exception
of the best docking conformation bound to the catalytic
site of PADI4.

The eight docking poses obtained at the end of the
screening procedure represent alternative binding modes
that may coexist (although with different statistical
weights) in the thermodynamic ensemble of the PADI4/
MDM2 complex, as they can interconvert in solution.
The predictions of all the docking programs were further
re-scored by using MM/GBSA, one of the most popular
techniques to estimate the free energy of the binding of a
biomolecular complex in simulation. This procedure was
performed for several reasons: (i) to use a more accurate
methodology to calculate the binding score of the

docking poses; (ii) to compare on a common ground the
results of the different docking predictors, for obtaining a
single classification for all the poses; (iii) to provide a
quantitative value of the affinity of the docking poses,
besides their relative position in an energy ranking list;
and (iv) to decompose the free energy of binding in dis-
tinct per-residue contributions.

The main results of the re-scoring procedure are sum-
marized in Table 1. It appears clear that the best results
were those obtained by using ClusPro as docking algo-
rithm. In particular, in the highest ranked model of the
complex (Figure S5), the p53-binding domain interacted
closely with the catalytic residue Cys645 of PADI4 by
means of the two pairs of consecutive residues
Arg97-Lys98 and Tyr104-Arg105. The best docking poses
found by using both HDOCK and ZDOCK, although hav-
ing a binding affinity significantly less favorable com-
pared to the top prediction of ClusPro (#55.21 and
#69.66 kcal mol#1 vs. #112.33 kcal mol#1, respectively),
had a similar position and orientation (RMSD <2 Å). In
contrast, pyDock was found to be less accurate than the
other predictors, suggesting that the geometry of the
encounter complex proposed by this algorithm has likely
little specificity.

Some interesting conclusions can be drawn by analyz-
ing the binding interface calculated for the two proteins,
on the basis of the residues providing the largest contri-
bution to the calculated binding affinity. As shown in

FIGURE 6 Simulated binding locations of N-MDM2 on the surface of PADI4. Structures are predicted by using molecular docking,
considering the sole p53-binding domain (residues 25–109) of N-MDM2, and obtained by using (blue) ClusPro [54], (green) HDOCK (Yan
et al., 2020), (red) ZDOCK (Pierce et al., 2014), and (black) pyDock (Jiménez-García et al., 2013). A detail of the hot-spot location on the
surface of PADI4 (yellow) is shown, with the key catalytic residue Cys645 in van der Waals representation. (a) Pose 1 and 2 of ClusPro;
(b) pose 3 and 4 of ClusPro; (c) pose 7 and 8 of ClusPro; (d) pose 3 and 4 of HDOCK; (e) pose 1 of ZDOCK; (f) pose 2 of ZDOCK; (g) pose
3 and 4 of ZDOCK; (h) pose 7 of pyDock. The Arg residues (magenta) of N-MDM2 are explicitly shown and labeled.
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Figure 7, the docking poses selected from all the predic-
tors are clustered on a single position on the surface of
PADI4, which is approximately centred on the catalytic
site of the protein with significant accuracy. This observa-
tion is intriguing due to the relatively large surface area
of PADI4, and because of the protocol of blind docking

adopted in the search did not make any prior assumption
on the binding pocket. The result obtained strongly sug-
gests that the competitive binding observed in our in cel-
lulo experiments (Figure 2) is not due to an allosteric
effect, and that N-MDM2 targets directly the active site of
PADI4 not only with a good affinity, but also with a high
specificity.

It is also evident that in all the docking poses found
there is an arginine of N-MDM2 involved as the residue
contributing the most to the binding energy in the associ-
ation of the two proteins (Table 1). Moreover, in most of
the docking complexes a second arginine is also present
among the other top residues ranked in terms of their
most favorable affinity toward PADI4. Since only four
arginine residues are present in the p53 domain of
N-MDM2, their affinity toward the catalytic site of PADI4
on the basis of the simulation results can be ranked as
follows: Arg97 ≳ Arg105 > Arg29 > Arg65. We note that,
although our simulations cannot provide evidence of the
citrullination of MDM2, the direct and favorable interac-
tion of these arginines with the active site of PADI4—
both in terms of geometry (Figure 6) and affinity
(Table 1)—coupled with the high reactivity of the cata-
lytic centre of this protein strongly supports this hypothe-
sis, especially for Arg97 and Arg105. We also stress that
our simulation findings have a good agreement with the
NMR results, because most of the residues with the high-
est contribution to the binding affinity of the complex
correspond to those whose NMR signals were affected by

TABLE 1 Docking poses of the p53-binding domain of N-MDM2 to the host structure of PADI4, obtained from different predictors and
ranked by using the MM/GBSA technique, with total binding affinity and per-residue contribution (in parentheses).

Docking
algorithm

Pose
rank

Binding affinity
(kcal mol#1)

Best contributions to binding affinity (kcal mol#1)

PADI4 MDM2

ClusPro 1, 2 #112.33 Phe634 (#6.99), Thr635 (#5.71), Asp473
(#5.68)

Arg97 (#12.91), Tyr104 (#6.98), Arg105
(#4.96)

ClusPro 3, 4 #91.38 Phe633 (#7.47), Asp345 (#4.67), Ser402
(#4.05)

Arg97 (#6.48), Arg105 (#5.48), Thr26
(#4.82)

ClusPro 7, 8 #74.14 Gln349 (#8.25), Phe576 (#6.49), Tyr636
(#4.47)

Arg97 (#6.97), Met50 (#6.27), Thr26
(#5.74)

ZDOCK 2* #69.66 Phe634 (#4.55), Phe633 (#4.52), Thr635
(#4.06)

Arg97 (#7.30), Tyr104 (#5.56), Val108
(#2.68)

HDOCK 3, 4 #55.21 Phe634 (#3.78), Ser312 (#3.74), Thr635
(#3.73)

Arg105 (#6.52), Arg97 (#4.71), Thr26
(#3.10)

ZDOCK 1* #51.83 Ile313 (#4.13), Asp632 (#3.95), Glu642
(#3.63)

Arg97 (#12.7), Lys31 (#5.74), Arg105
(#4.11)

ZDOCK 3,4 #42.97 Phe634 (#5.34), Gln346 (#3.34), Asp632
(#3.30)

Arg105 (#8.06), Arg97 (#6.78), Lys31
(#3.76)

pyDock 7* #25.78 Phe633 (#5.10), Phe634 (#4.08), Tyr636
(#3.58)

Arg29 (#5.32), Arg105 (#2.75), Leu27
(#2.62)

*Single docking pose, missing a similar symmetric pose bound to the other monomers of the homodimeric structure of PADI4.

FIGURE 7 Clustering of residues of PADI4 with the most
favorable affinity toward the p53-binding domain of N-MDM2. Top
three residues of PADI4 with the most favorable binding affinity to
each of the eight selected docking poses, as obtained by using
MM/GBSA with per residue decomposition (Table 1), are shown
(cyan) in van der Waals representation. The key catalytic residue
Cys645 is also explicitly shown and labeled. The two chains of the
homodimeric structure of PADI4 are represented in different
colors.
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the binding to PADI4, either exactly or shifted by 1–2 res-
idues (Figure 4b, Table 1).

2.5 | Inhibition of PADI4 enhanced
temozolomide (TMZ) effect on GBM cells

We observed a strong decrease in the population of
MDM2/PADI4 complexes formed at the nucleus of the
GBM cell line upon GSK484 treatment (Figure 2). It has
been shown that the inhibition of MDM2 expression
leads to down-regulation of O6-methylguanine methyl-
transferase (MGMT) enhancing tumor cell sensitivity to
the main GBM treatment: the use of the oral alkylating
agent TMZ (Sato et al., 2011), which methylates the DNA
and triggers the death of tumor cells. Some drugs can
bind to proteins that are responsible of drug resistance
or, alternatively, relevant in cancer treatment. The
sequential application of several drugs, used for different
purposes, can have an impact on the cells at different
extent; for instance, the co-administration of a PADI
inhibitor and an androgen receptor signal transduction
inhibitor hampered tumor growth in prostate cancer and
cell proliferation (Wang et al., 2017). In that way, the use
of TMZ in combination with other drugs can increase its
cytotoxicity at a much lower concentration than when
used in isolation (Chakravarty et al., 2021). Therefore, we
speculated that the treatment of GBM tumor cells by
TMZ could be also enhanced by the presence of GSK484.
For this reason, we carried out a first experiment, where
the concentration of the inhibitor was increased while
that of TMZ was kept constant. TMZ contains a methyl
group that modifies the purine DNA bases (O6-guanine;
N7-guanine and N3-adenine) in cells. The addition in the
first place of this drug, results in an alkylating modifica-
tion, and therefore may have an impact on the cells for a
possible GSK484 action on PADI4, although the exact
details of the mechanism are unknown. Then, we also
treated the cells firstly with a constant concentration of
TMZ, followed by GSK484 increasing concentrations, to
experimentally explore the effect of inhibition of PADI4
on cells whose purine bases had been previously
alkylated.

To ensure that single treatments did not affect GBM
cell line proliferation, we performed monotherapy experi-
ments at low dosages with the two drugs (Figure 8a,b).
First, we observed that a range of GSK484 treatment
between 1 and 6 μM led to no effect in proliferation of
HGUE-GB-42 cells (Figure 8a). Similarly, low dosage of
TMZ ranging between 1 and 12 μM did not significantly
reduce their proliferation either (Figure 8b).

To test whether the combination of both compounds
had an impact on GBM proliferation, we treated the cells

at a TMZ constant concentration of 6 μM, that was previ-
ously reported to have no effects (Figure 8b). That con-
stant TMZ concentration was administered together with
increasing concentrations of GSK484, at the same range
of low concentrations, at which monotherapy did not
alter proliferation (Figure 8a). Our experiments showed
that such combined treatment of GBM cells resulted in a
significant decrease of proliferation, which was highly
dependent on the GSK484 concentration (Figure 8c). We
also performed the reverse experiment where the cells
were treated with a constant concentration of 6 μM of
GSK484. Concomitantly, cells were treated with increas-
ing concentrations of TMZ ranging from 1 to 12 μM, also
resulting in a significant decrease of cell proliferation
(Figure 8d). These results demonstrate the synergistic
effect of the two drugs, opening the venue for new treat-
ments based on the additive effect that PADI4 inhibition
might have, in combination with other drugs approved
for different types of cancers.

3 | DISCUSSION

Cancer accounts for nearly one in six deaths correspond-
ing to around 10 million deaths in 2020 (Sung
et al., 2021). To ensure more effective treatments, we
need to improve not only the identification of aggressive
tumors at an earlier stage, but also to increase the effi-
ciency of therapies against current cancer targets, or
alternatively to find new ones (Adashek et al., 2021). This
would not only improve the quality of cancer patients
lives, but would also enhance survival rates of patients
for many types of cancers. Given the importance of
PADI4 and MDM2 in cancer, we discuss the possible
implications of this new interaction for tumor develop-
ment and progression.

We observed that the inhibition of PADI4 by GSK484
enhanced the sensitivity to an oral DNA alkylating agent,
TMZ, the current main GBM treatment. The combination
of these two compounds had a synergistic effect that led
to a decrease in GBM cell proliferation, which neither of
the isolated drugs could achieve independently. These
results might lead to more effective treatments to
enhance the effects of other approved drugs against can-
cer, by using GSK484 against PADI4 in several protein
routes. The observed different effects on several cancer
cell lines (Section 2.1) is related to the different cross-talk
routes where PADI4 can intervene. For instance, in
epithelial-to-mesenchymal transition (EMT), PADI4 inhi-
bition results in different outcomes in multiple cancer
cell lines. In breast cancer, PADI4 acts through glycogen
synthase kinase 3 beta GSK3β; whereas in lung cancer,
the inhibition of PADI4 increases the ETS-domain
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containing protein (Elk1) expression. On the other hand,
in colon cancer, citrullination of the extracellular matrix
by PADI4 promotes the EMT, and therefore cancer pro-
gression (Yuzhalin et al., 2018). We do not know exactly
how the combination of TMZ (acting on DNA) and
GSK484 (acting on PADI4) results in a synergistic effect
in the cells, but it could probably involve a combined
action on several proteins along the pathway, at least one
of which implies handling of modified DNA (due to the
TMZ effect). We hypothesized that a direct interaction of
intact MDM2 with PADI4 could take place through the
N-terminal region of MDM2, the N-MDM2, which also
intervenes in the interaction with the S100 proteins (van
Dieck et al., 2010) and the sterile alpha motif (SAM) of

p73, SAMp73 (Neira et al., 2019). The results of our
in vitro experiments support that hypothesis clearly dem-
onstrating the binding of N-MDM2 and PADI4. In addi-
tion, the NMR experiments indicated that the
PADI4-binding region of N-MDM2 comprised Thr26,
Val28, Gln44– all involved in several loops–, and Phe91
and Lys98– forming the C-terminal α-helix. These two
latter residues are close, but they do not belong to the
region implicated in the binding to the TA of p53; how-
ever, different protein partners (either PADI4 or p53)
might elicit different changes in the structure of MDM2
to modulate functions in several cellular processes.
Except for the above indicated residues, and those whose
side chains could be titrating at the pH where

FIGURE 8 Combinatorial effect of
GSK484 and TMZ. Monotherapy applied
to GBM cell line HGUE-GB-42 with
GSK484 (a) and TMZ (b). (c) Scheme and
measurements showing the proliferation
assays made keeping a constant
concentration of 6 μM TMZ and
increasing those of GSK484. (d) Scheme
and measurements showing the
proliferation assays made keeping a
constant concentration of 6 μM GSK484
and increasing those of TMZ. Asterisks
indicate the statistical significance of the
results (**p < 0.01, ***p < 0.001,
****p < 0.0001).
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experiments were acquired, the chemical shifts of the
amide protons of residues of N-MDM2 did not change
substantially in the presence of PADI4 (Figure 4a), indi-
cating that the secondary structure of N-MDM2 was not
modified dramatically upon binding to PADI4. Therefore,
the observed changes in the far-UV CD spectra must
occur in the backbone of PADI4, in the disordered N-
and C-terminal regions of MDM2 (which are not
observed in the NMR spectra), or alternatively in the ori-
entation of some aromatic residues of any of the two pro-
teins (Figure 3a, right panel). For instance, it has been
shown that the side-chains of His96 and Tyr100 move
away in the presence of TA of p53 to allocate the side-
chain of Pro27 of p53. Interestingly enough, residues
Ile99 and Tyr100 showed split resonances in the 1H-15N
HSQC spectra of isolated N-MDM2, indicating a slow
conformational equilibrium exchange in such region
(Uhrinova et al., 2005). We hypothesize that similar
changes in the side-chains of His96 and Tyr100, both
close enough to Phe91 and Lys98, can occur in the pres-
ence of PADI4, explaining the variations in the far-UV
CD spectra.

ITC experiments demonstrating the interaction
between N-MDM2 and the intact p53 have provided a
value of !0.30 ± 0.01 μM for the dissociation constant of
the complex (Schon et al., 2002; Schon et al., 2004; Yu
et al., 2006). These values are comparable to the one mea-
sured between N-MDM2 and the TA of p53: 0.10
± 0.03 μM (Kussie et al., 1996; Lai et al., 2000). Further-
more, the core region of p53 (residues 93–293) also binds
to the acidic domain and part of the zinc finger domain of
MDM2 with similar values of affinity (0.1–0.3 μM, depend-
ing on the MDM2 region explored) (Yu et al., 2006). All
these values are within the same range determined in this
work for the interaction between N-MDM2 and PADI4
(Figure 3c,d), by ITC (Kd = 1.0 ± 0.2 μM). Similar, but
slightly larger figures have been found when the binding
between N-MDM2 and SAMp73 has been studied:
8 ± 3 μM by fluorescence, or 18 ± 6 μM by BLI (Neira
et al., 2019). Thus, it seems that the affinity of N-MDM2
for any of its partners is in the low micromolar region, fur-
ther pinpointing that PADI4 should be among the canoni-
cal binding proteins of intact MDM2.

A close look into the N-MDM2 region involved in
binding to PADI4 further indicates which arginine resi-
dues could be the potential citrullination sites. The
N-MDM2 has four arginines: Arg29, Arg65, Arg97 and
Arg105. Three of them are close to residues having the
largest conformational shifts: Arg29 (close to Val28),
Arg97 and Arg105 (both close to Lys98). (Figure 4 B).
The simulation results support the idea that some of
those arginines are candidates to be citrullinated by
PADI4. More specifically, they exclude access of Arg65 to

the active site of PADI4; they suggest as possible, but
unlikely, an interaction of Arg29; and they point out to
Arg97 and Arg105 as the most likely candidates.
Although molecular docking cannot demonstrate directly
that the citrullination reaction will take place, there is a
very favorable interaction geometry and affinity of the
enzymatic site of PADI4 with Arg97, which is close to
His96. However, we could not unambiguously conclude
that their chemical shifts were only affected by the pres-
ence of PADI4 because of its titrating imidazole side-
chain. Moreover, Arg97 is close to Ile99, which forms the
pocket where Leu26 of p53 is located in the complex with
such protein, and therefore, it could hamper the binding
of p53, suggesting a potential role of PADI4 in the mech-
anism of degradation and regulation of p53 by MDM2.

There is a relationship between p53 pathways and
citrullination, where PADI4 citrullinates the nuclear local-
ization signal of ING4, preventing ING4 binding to p53
(Guo & Fast, 2011).The lack of ING4/p53 association ham-
pers ING4-promoted-p53-acetylation and the expression of
p21. Furthermore, in several PADI4-overexpressing cancer
cells, the use of PADI4 inhibitors or PADI4 siRNA raised
the expression of p53 target genes, resulting in apoptosis
and cell cycle arrest (Yao et al., 2008). Moreover, p53
transactivates PADI4 through an intronic p53-binding site,
but, the relationship with MDM2 has never been studied
(Tanikawa et al., 2009). We hypothesize that MDM2 might
be a non-histone substrate, which could add to the well-
known list of substrates of the PADI4 enzyme, such as
ING4, p300 or GSK3β (Zhu et al., 2022). MDM2 not only
regulates p53 function by mediating its export from the
nucleus in a manner that involves mono-ubiquitination
and SUMOylation (Brooks & Gu, 2011), but it can also
self-ubiquitinate. MDM2 can also be SUMOylated
(Chen & Chen, 2003), phosphorylated (Li &
Kurokawa, 2015), and acetylated. Then, as regulation of
MDM2 takes place at multiple levels including transcrip-
tional, post-transcription, and even by protein modifica-
tion through ubiquitination, it would not be surprising
that MDM2 might also be citrullinated. Taken all together,
our study opens up venues for understanding the basis of
molecular mechanism of cancers although, given the pro-
miscuity of PADI4 in the interaction with several proteins,
further studies are necessary to translate these findings
into possible therapeutic applications.

4 | MATERIALS AND METHODS

4.1 | Materials

Imidazole, Trizma base, DNase, SIGMAFAST protease
tablets, NaCl, Ni2+-resin, temozolamide (TMZ),
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3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium
bromide (MTT), dimethyl sulfoxide (DMSO), DAPI
(40,6-diamidino-2-phenylindole) and Amicon centrifugal
devices with a molecular weight cut-off of 3 or 30 kDa
were from Sigma (Madrid, Spain). The
β-mercaptoethanol was from BioRad (Madrid, Spain).
Ampicillin and isopropyl-β-D-1-thiogalactopyranoside
were obtained from Apollo Scientific (Stockport, UK).
Triton X-100, Tris(2-carboxyethyl)phosphine (TCEP),
dialysis tubing with a molecular weight cut-off of
3500 Da and the SDS protein marker (PAGEmark Tri-
color) were from VWR (Barcelona, Spain). Thrombin and
GST-resin were from GE Healthcare (Barcelona, Spain).
The rest of the used materials were of analytical grade.
Water was deionized and purified on a Millipore system.

4.2 | Protein expression and purification

The dimeric PADI4 (with 663 residues per monomer) and
monomeric His-tagged N-MDM2 (residues 6–125 of the
intact protein) were purified as previously described (Neira
et al., 2019; Neira, Araujo-Abad, et al., 2022). The first five
residues of N-MDM2 were missing due to optimization of
cloning sequence. For BLI experiments, GST-tagged-N-
MDM2 was produced as described (Yadahalli et al., 2019)
and the GST-tag was removed by using thrombin on the
same GST-column. For the 15N-labeled His-tagged
N-MDM2, BL21 cells were grown in M9 minimal medium
supplemented with 1 g of 15NH4Cl per liter of media, and
the protein was purified as that obtained in rich media. In
all cases, protein concentrations were determined by UV
absorbance, employing an extinction coefficient at 280 nm
estimated from the number of tyrosines and tryptophans in
each of these proteins (Gill & von Hippel, 1989). The con-
struct of His-tagged N-MDM2 has eight tyrosines, that of
GST-tagged-N-MDM2 has seven tyrosines and PADI4 has
10 tryptophans and 13 tyrosines permonomer.

4.3 | Cell lines

Isolation of the primary human GBM cell line (HGUE-
GB-42) was performed from surgical washes, as reported
previously (Ventero et al., 2019). Human pancreatic ade-
nocarcinoma (RWP-1) and colorectal cancer (SW-480)
cell lines were donated by Instituto Municipal de Investi-
gaciones Médicas (IMIM, Barcelona, Spain) (Fuentes-
Baile et al., 2020). The RWP-1 and SW-480 cell lines were
cultured in Dulbecco's Modified Eagle's Medium: High
Glucose (DEMEM-HG) (Biowest, MO, USA). The GBM
cells were cultured in Dulbecco's Modified Eagle's
Medium: Nutrient Mixture F-12 (DMEM F-12) (Biowest,

MO, USA), supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (FBS) (Capricorn Scientific, Ebsdorfer-
grund, Germany) and 1% (v/v) penicillin/streptomycin
mixture (Biowest, MO, USA). Cells were incubated at
37"C in a humidified 5% CO2 atmosphere as previously
described (Fuentes-Baile et al., 2021; Ventero
et al., 2019).

4.4 | Immunofluorescence

An amount of 30,000 cells of HGUE-GB-42, SW-480 and
RWP-1 cell lines were seeded into 24-well plates on cov-
erslips. After 24 h, they were fixed with paraformalde-
hyde at 4% concentration and blocked with FBS/PBS
(phosphate buffered saline) (1$) (50 μL/mL). Next, cells
were incubated with anti-PADI4 (1:200, mouse; Abcam,
Cambridge, UK) and anti-MDM2 (1:100, rabbit, Invitro-
gen, Barcelona, Spain) primary antibodies. After washing
out the first antibody, cells were incubated with Alexa
Fluor 568-labeled anti-mouse (1:500) and Alexa Fluor
488-labeled anti-rabbit (1:500) secondary antibodies
(Invitrogen, Barcelona, Spain); the DAPI reagent was
used to stain the nucleus. Coverslips were mounted in
Prolong™ Gold Antifade Reagent (Invitrogen, Barcelona,
Spain) and analyzed using a Zeiss Axioscope 5 microscope
with the LED light source Colibri 3 (Carl Zeiss, Oberko-
chen, Germany).

4.5 | Proximity ligation assay

An amount of 30,000 cells of HGUE-GB-42, SW480 and
RWP-1 cell lines were seeded in 24-well plates on cover-
slips to perform the experiments, either in the absence or
the presence of GSK484 (at a final concentration of
20 μM). Experiments were carried out at either 6 or 24 h;
control experiments were carried out with 6 h. After the
corresponding time, cells were washed twice in PBS (1$),
fixed, washed twice again, permeabilized in PBS, with
0.2% Triton X-100, and saturated with blocking solution
for 30 min before immune-staining with Duolink by
using PLA Technology (Merck, Madrid, Spain), following
the manufacturer's protocol. Anti-PADI4 and anti-MDM2
primary antibodies were used. Then, slides were pro-
cessed for in situ PLA by using sequentially the Duolink
In Situ Detection Reagents Red, Duolink In Situ PLA
Probe Anti-Mouse MINUS, and Duolink In Situ PLA
Probe Anti-Rabbit PLUS (Merck, Madrid, Spain). In these
experiments, red fluorescence corresponds to the PLA-
positive signal, and it indicates that the two proteins are
bound, forming a protein complex. Blue fluorescence cor-
responds to nuclei (DAPI staining). Both negative and
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positive control experiments, the former by omitting one
of the primary antibodies, were performed. Image acqui-
sition was carried out by using an Axio Observer Z1
inverted microscope (Carl Zeiss, Oberkochen, Germany)
at $63 magnification.

4.6 | Proliferation assays

The HGUE-GB-42, SW480 and RWP-1 cell lines were
seeded in 96-well standard plates (Sarstedt, Nümbrecht,
Germany) with a density of 4000 cells/well and incubated
at 37"C in the presence of 5% CO2 for 24 h. Subsequently,
cells were treated with increasing concentrations of one
of the drugs—either the PADI4 enzyme inhibitor
(GSK484) or TMZ—for 72 h under the same conditions.
Then in any of the experiments, 0.25 mg/mL of MTT
were added and the samples were incubated for 3 h;
afterwards, the medium was removed and 100 μL of
DMSO were added. The plate was shaken at room tem-
perature for 20 min to dissolve the formed formazan crys-
tals. Finally, the absorbance was measured on an Eon™
Microplate Spectrophotometer (BioTeK®, Winooski, VT,
USA) at 570 nm.

Experiments with HGUE-GB-42 were carried out
with GSK484, in concentrations ranging between 1 and
6 μM. Similarly, dosage of TMZ with the same cell lines
ranged between 1 and 12 μM. For the first series of exper-
iments in the presence of both compounds, the concen-
tration of TMZ was kept constant at 6 μM, whereas that
of GSK484 was increased in the range described above.
For the second series of experiments in the presence of
both compounds, the concentration of GSK484 was kept
constant at 6 μM, whereas that of TMZ was increased in
the range described above.

4.7 | Fluorescence

4.7.1 | Steady-state fluorescence

Fluorescence spectra were collected on a Cary Varian
spectrofluorometer (Agilent, Santa Clara, CA, USA),

interfaced with a Peltier unit. Following the standard
protocols used in our laboratories, the samples were

prepared the day before and left overnight at 5"C;
before experiments, samples were left for 1 h at 25"C. A
1-cm-pathlength quartz cell (Hellma, Kruibeke,
Belgium) was used. Concentration of PADI4 was 3 μM
(in protomer units), and that of N-MDM2 was 20 μM.
Experiments were performed in 20 mM Tris buffer
(pH 7.5), 5 mM TCEP, 150 mM NaCl and 5% glycerol.
Protein samples were excited at 280 and 295 nm. The
other experimental parameters have been described
elsewhere (Neira et al., 2016). Appropriate blank cor-
rections were made in all spectra. Fluorescence experi-
ments were repeated in triplicates with newly prepared
samples. Variations of results among the experiments
were lower than 10%.

4.7.2 | Binding experiments with PADI4

For the titration between N-MDM2 and PADI4, increas-
ing amounts of the monomeric N-MDM2 species, in the
concentration range 0–20 μM, were added to a solution
with a fixed concentration of PADI4 (2.8 μM in protomer
units). The samples were prepared the day before and left
overnight at 5"C; before the measurements, they were
incubated for 1 h at 25"C. Experiments were carried out
in the same buffer used for the steady-state experiments.
The samples were excited at 280 and 295 nm, and the rest
of the experimental set-up was the same described above.
In all cases, the appropriate blank-corrections were made
by subtracting the signal obtained with the corresponding
amounts of N-MDM2 by using the software Kaleida-
Graph (Synergy software, Reading, PA, USA). Spectra
were corrected for inner-filter effects during fluorescence
excitation (Birdsall et al., 1983). The titration was
repeated three times, using new samples; variations in
the results were lower than 10%.

The dissociation constant of the corresponding com-
plex, Kd, was calculated by fitting the binding isotherm
constructed by plotting the observed fluorescence
change as a function of N-MDM2 concentration to the
general binding model, explicitly considering protein
depletion due to binding (Beckett, 2011; Royer &
Scarlata, 2008):

where F is the measured fluorescence at any particular
concentration of N-MDM2 after subtraction of the

F ¼F0þ
∆Fmax

2 PADI4½ (T
N#MDM2½ (T þ PADI4½ (T þKd

! "
#

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N#MDM2½ (T þ PADI4½ (T þKd

! "2#4 N#MDM2½ (T PADI4½ (T
$ %r

ð1Þ
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spectrum of sample containing only the same concentra-
tion of such protein (i.e., F is the differential, or differ-
ence fluorescence); ΔFmax is the largest change in the
fluorescence of N-MDM2 when all polypeptide mole-
cules were forming the complex, compared to the fluo-
rescence of each isolated protein (at the same
corresponding concentration); F0 is the fluorescence
intensity when no N-MDM2 was added; [PADiI4]T is
the constant, total concentration of PADI4 (2.8 μM in
protomer units); and [N-MDM2]T is that of N-MDM2,
which was varied during the titration. Fitting to
Equation (1) was carried out by using KaleidaGraph
(Synergy software, Reading, PA, USA).

4.8 | Circular dichroism

Far-UV CD spectra were collected on a Jasco J810 spec-
tropolarimeter (Jasco, Tokyo, Japan) with a thermostated
cell holder and interfaced with a Peltier unit. The instru-
ment was periodically calibrated with
(+)-10-camphorsulfonic acid. A cell of path length 0.1 cm
was used (Hellma, Kruibeke, Belgium). Spectra were cor-
rected by subtracting the corresponding baseline. Poly-
peptides concentrations and the buffers were the same
used in the fluorescence experiments.

Isothermal spectra of each isolated macromolecule
and that of the complex were acquired at 25"C as an aver-
age of 6 scans, at a scan speed of 50 nm/min, with a
response time of 2 s and a band-width of 1 nm. Samples
were prepared the day before and left overnight at 5"C to
allow them to equilibrate. Before starting the experi-
ments, samples were further left for 1 h at 25"C.

4.9 | Nuclear magnetic resonance

The NMR experiments were acquired in a 600 MHz
(1H) Bruker AVNEO spectrometer, (Karlsruhe,
Germany) equipped with a z-gradient cryoprobe. Spectra
were acquired at 25"C in 20 mM Tris buffer (pH 7.5),
5 mM TCEP, 150 mM NaCl, 10 mM EDTA, and 5% glyc-
erol with 50 μL of D2O; probe temperature was calibrated
with a methanol NMR standard (Cavanagh et al., 2007).

The cross-peaks in the 2D 1H-15N HSQC NMR spectra
(Bodenhausen & Ruben, 1980) of N-MDM2 were identi-
fied by using previously determined assignments (BMRB
number 6612) (Uhrinova et al., 2005). The sample con-
taining the mixture of N-MDM2 and PADI4 was prepared
by using Amicon centrifugal devices of 3 kDa cut-off, in
which both proteins were initially mixed at diluted con-
centrations in the above indicated buffer, and then, con-
centrated in the same buffer; any possible precipitation

in the Amicon devices was removed during the concen-
tration step. For the isolated N-MDM2 the buffer was the
same, with a final protein concentration of 95 μM. In the
sample of the complex, the concentration of N-MDM2
was the same, and that of PADI4 was 234 μM
(in protomer units). The pH of both samples (complex
and isolated N-MDM2) was measured after removal from
the Amicon device with an ultra-thin electrode. Spectra
were processed with TopSpin 4.1.3 (Bruker, Karlsruhe,
Germany).

Chemical shift perturbations (CSPs) for every cross-
peak in the spectra of either isolated N-MDM2 or the
complex were calculated as:

CSP¼ ∆δHð Þ2þ ∆δN
5

& '2
" #1=2

ð2Þ

4.10 | Isothermal titration calorimetry

Calorimetric titrations for assessing the interaction of
PADI4 with N-MDM2 were carried out in an automated
high-sensitivity Auto-iTC200 calorimeter (MicroCal,
Malvern-Panalytical, Malvern, UK). Experiments were
performed at 25"C in 20 mM Tris buffer (pH 7.5), 5 mM
TCEP, 150 mM NaCl and 5% glycerol at 25"C. PADI4
(100 μM in protomer units) in the injection syringe was
titrated into the N-MDM2 solution (10 μM) in the calori-
metric cell. A series of 19 injections with 2 μL volume,
0.5 μL/s injection speed, and 150 s time spacing was pro-
grammed while maintaining a reference power of
10 μcal/s and a stirring speed of 750 rpm. The heat effect
per injection was calculated by integration of the ther-
mal power raw data after baseline correction, and the
interaction isotherm (ligand-normalized heat effect per
injection as a function of the molar ratio) was analyzed
by non-linear least-squares regression data analysis,
applying a model that considers a single binding site to
estimate the association constant, Ka; the interaction
enthalpy, ΔH; and the stoichiometry of binding,
n (although, in practice, the apparent stoichiometry
n usually reports the fraction of active protein in the
calorimetric cell). The background injection heat (usu-
ally called “dilution heat,” but reflecting any unspecific
phenomenon such as solute dilution, buffer neutraliza-
tion, temperature equilibration or solution mechanical
mixing) was accounted for by including an adjustable
constant parameter in the fitting equation. Due to the
presence of glycerol in solution, the background injec-
tion heat was rather large. The data analysis was con-
ducted in Origin 7.0 (OriginLab, Northampton, MA,
USA) with user-defined fitting functions.
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4.11 | Biolayer interferometry

4.11.1 | Experimental design of BLI
experiments

The association (kon) and dissociation (koff) rate con-
stants of the binding of N-MDM2 to PADI4 were deter-
mined by using a BLItz system (ForteBio, Pall,
Barcelona, Spain) (Frenzel & Willbold, 2014). The buffer
used in the experiments was that recommended by the
manufacturer. As PADI4 had a His-tag, it was immobi-
lized on His-tag biosensors (Forte Bio) at 0.45 μM, and
we used N-MDM2 derived from a GST-tagged protein,
where the tag had been removed. Experiments were car-
ried out at 25"C. The N-MDM2 concentrations were in
the range from 1 to 9 μM during the association step.
The general schemes of the protein association/
dissociation reactions in the BLItz system were: 30 s of
acquisition of the initial baseline with the 10 $ kinetics
buffer; 120 s of loading PADI4 into the biosensor; 30 s of
baseline with the 10 $ kinetics buffer; 120 s of associa-
tion of N-MDM2 to the biosensor (which had been pre-
viously loaded with PADI4); and 120 s of dissociation of
N-MDM2 from the biosensor.

4.11.2 | Fitting of the sensorgrams

Fittings of the sensorgrams was carried out by using
KaleidaGraph (Synergy software, Reading, PA, USA)
(Pantoja-Uceda et al., 2016). The interferometry response
during the association step, R(t) (measured in response
units, RU), and the binding rate, dR(t)/dt, can be used to
evaluate the kinetics of the formation of the N-MDM2/
PADI4 complex, according to:

dR tð Þ
dt

¼ kon N#MDM2½ ( Rmax #R tð Þð Þ#koffR tð Þ ð3Þ

where Rmax is proportional to the total concentration of
biosensor-bound PADI4; and [N-MDM2] represents the
corresponding concentration of N-MDM2.

In Equation (3), R(t) is given by:

R tð Þ¼Req#Reqe #kobs t#t0ð Þð Þ ð4Þ

where Req is the steady-state (or equilibrium) response
obtained at infinite time when dR(t)/dt = 0, and
t0 = 180 s is the time at which the association step
between biosensor-immobilized PADI4 and N-MDM2 in
the solution started. We fitted the experimentally
obtained R(t) under any condition as:

R tð Þ¼Req#Reqe #kobs t#t0ð Þð Þ #R´eq t# t0ð Þ ð5Þ

since we observed a slope of the signal at the largest sen-
sorgram acquisition times. The determined kobs was used
for the pseudo-first order plots, where its value is
given by:

kobs ¼ kon N#MDM2½ (þkoff ð6Þ

The dissociation process was always fitted to a single
exponential, with R(t) given by:

R tð Þ¼R1 e #koff t#t0ð Þð Þ ð7Þ

where t0 = 300 s is the time at which the dissociation of
N-MDM2 from the biosensor-bound PADI4 started in our
experimental set-up, and R1 is the response level when
dissociation starts.

4.12 | Molecular modeling and
simulation

PADI4 was built in homodimeric form as previously
described (Neira, Araujo-Abad, et al., 2022), on the basis
of the structure deposited in the Protein Data Bank
(PDB) and obtained by x-ray diffraction (PDB entry:
3APN; Horikoshi et al., 2011).

The structure of N-MDM2 is present in numerous
entries in the PDB database (>100 structures with
sequence identity ≥98%), including a 24-model ensemble
of the unliganded protein in solution obtained by NMR
(PDB entry: 1Z1M (Uhrinova et al., 2005)) as well as
bound to a large variety of molecular partners (McCoy
et al., 2003). Both the N-terminal (residues 1–24) and
C-terminal region (residues 110–125) of N-MDM2 are
unstructured in the unliganded protein species. More
importantly, they are generally not solved in the experi-
mentally determined structure of the complexes—or
absent in the protein construct used to obtain crystals.
These observations suggest that the two termini of
N-MDM2 do not tend to acquire a structure when the
protein is engaged in a complex, and may not be essential
in the binding. Therefore, for our molecular docking sim-
ulations we considered the sole well-folded N-terminal
domain of N-MDM2, the so-called p53-binding domain,
encompassing residues 25–109 (Marine et al., 2007).

The structure of the p53-binding domain is essentially
identical (deviations of backbone atoms <1 Å) in almost
all the structures of N-MDM2 reported in the PDB
(McCoy et al., 2003). To avoid any potential bias due to
choosing a specific experimental structure over any other,
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for our calculations we used the structure of the
p53-binding domain obtained from the AlphaFold Pro-
tein Structure Database (Varadi et al., 2022), entry
Q00987. Models of the complex between PADI4 and the
p53-binding domain of MDM2 were built on the basis of
the 10 most favorable conformations predicted by each of
the following protein–protein docking servers: ClusPro
(version 2.0) (Kozakov et al., 2017), GRAMM (current
version) (Katchalski-Katzir et al., 1992), HDOCK (version
2020) (Yan et al., 2020), pyDock (current version)
(Jiménez-García et al., 2013), and ZDOCK (version 3.0.2)
(Pierce et al., 2014). All these algorithms were used with
default parameters, and without specifying any prefer-
ence or constraint on the possible binding hot-spot of the
two proteins.

After the protein–protein docking stage, the poses cal-
culated with the different predictors were sieved to elimi-
nate those that were not consistent with our
experimental findings, leading to a smaller subset that
was re-scored by using a more accurate methodology to
estimate the binding free energy, and evaluate its decom-
position into contributions of each single residue. To this
aim, MM combined with generalized Born surface area
(MM/GBSA) continuum solvation was applied
(Rizzuti, 2022), as implemented in the web server Hawk-
Dock (Weng et al., 2019). Interactions were calculated
after an energy minimization of 5000 steps (steepest
descent followed by the conjugate gradient algorithm for
2000 and 3000 cycles, respectively), using the Amber ff02
force field (Cieplak et al., 2001) and the implicit solvent
GBOBC1 model (Onufriev et al., 2004) with interior dielec-
tric constant εin = 1.

4.13 | Statistical analysis

Results in the isolated or combined therapy (GSK484 and
TMZ) are always shown as the mean ± standard devia-
tion (SD) of three independent experiments. To evaluate
the normal distribution of the data, the Shapiro–Wilk sta-
tistical test was used; either the Student's t-test or the
Mann–Whitney U test were used to analyze the associa-
tion between variables. Differences were considered to be
statistically significant with a p-value <0.05. Statistical
analysis was performed with GraphPad Prism v7.0a soft-
ware (GraphPad Software Inc., San Diego CA, USA).
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5. Discussion 
 

Hard-to-treat cancers, such as GBM and PDAC, have the worst prognosis and do not receive 

curative treatment. The standard of care for both types of patients is surgery, followed by 

chemotherapy and radiotherapy. Therefore, the development of new strategies for more 

efficient treatments is urgently required. In this context, studies on small EVs have emerged. 

Small EVs are nanovesicles that are released from normal and abnormal cells of every type of 

tissue. They participate in cell-to-cell communication and are also involved in cancer 

progression. Moreover, small EVs can be used as drug delivery systems because they can 

incorporate drugs into the hydrophobic and hydrophilic compartments. In this work, we have 

used them to probe target specificity for their parental cells and if they are suitable for cancer 

treatment. Additionally, we investigated the citrullination process performed by the PADI4 

protein, its implication in hard-to-treat cancer progression, and its role as a target for cancer 

therapy. 

 

Small EVs as drug delivery systems: could small EVs derived from hard-to-treat cancer cells 

improve actual therapies? 

 

In Chapter 2 “Glioblastoma derived small EVs: Nanoparticles for glioma treatment”, ”, we 

showed for the first time the isolation and characterization of GBM small EVs derived from 

seven patient cell lines established by Ventero et al. [204]. Differential ultracentrifugation was 

used as the isolation method, which is a standard method in the field and has been employed 

to isolate several cancer-derived small EVs, including colon cancer, melanoma, hepatocellular 

carcinoma, gastric, and breast cancer [123,149,209–211]. As there is no consensus on the 

use of certain markers because they are not the same for all EVs, as mentioned by MISEV 

2018, we used WB to identify proteins that are normally present in small EVs and we observed 

that they were positive for ALIX, TSG101, and CD63 [92]. Additionally, as a control, we used 

a-tubulin and HSP90, which were only present in cells but not in small EVs, contrary to other 

findings with small EVs isolated from breast or prostate cancer cells [212,213]. Moreover, the 

absence of these proteins can be indicative of the purity of the isolation, as reported by other 

authors [209]. For morphological characterization, we used DLS and FESEM, being the size 

of small EVs measured by DLS between 100-150 nm. This small size correlates with the 

literature where authors obtained measurements for other EV types, such as prostate-derived 

EVs, with a similar diameter of 120-150 nm [214] or breast cancer patient-plasma-derived EVs 

with a diameter of 100 nm [215]. FESEM was used to visualize small EVs, which appeared 

round in shape, consistent with other findings [216–218]. 
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Once the small EVs were characterized, we tested whether they were suitable for drug 

delivery. Methods like electroporation, transfection, and sonication can be used to load small 

EVs but they can damage and alter the structure of the EVs, therefore we used incubation 

methods in our studies [219,220]. More precisely, we loaded GB-39-derived small EVs with 

two chemotherapeutic drugs TMZ and EPZ015666, using direct and indirect incubation 

methods. 

TMZ is the chemotherapeutic drug used in the Stupp protocol for GBM treatment. This protocol 

includes tumor resection followed by chemotherapy and radiotherapy [38,79]. High doses of 

this drug are used and have several side effects such as headache, fatigue, and loss of 

appetite among others [42–44]. TMZ is dissolved in DMSO in the majority of experiments 

where is used, which increases its cytotoxicity, therefore we used Milli-Q water in our 

experiments according to tests done by other authors [221]. Consequently, the results and the 

cytotoxic effects of TMZ that we have shown solely correspond to the drug. We have also 

tested the effect of EPZ015666, a newly developed specific PRMT5 inhibitor. PRMT5 has 

emerged as a target in several cancer types including GBM [48], which is upregulated in the 

classical GBM subtype, and its expression has also been correlated with poor patient 

outcomes [15]. In this work, we demonstrated for the first time not only that direct application 

of EPZ015666 has an effect on patient-derived GBM cell lines but also that it decreases GBM 

cell proliferation more than the current treatment, TMZ.  

Although TMZ and EPZ015666 loaded into the small EVs by both incubation methods reduced 

cell proliferation when applied to cancer cells, the direct incubation method has proven to be 

more efficient. Along this line, HPLC measurements showed higher loading efficiency of the 

direct incubation method for any of the drugs. Moreover, this was the first time that the 

EPZ015666 measurement protocol was tested and we concluded that can be used for small 

EVs. HPLC analysis of the loaded GBM small EVs revealed that a very low concentration of 

EPZ015666 was more harmful to cancer cells than TMZ. This is probably because of the type 

of drugs we used and their hydrophobicity capacity, which has better interaction with the lipid 

bilayer of small EVs, as was reported for other compounds [222–224]. 

Loaded small EVs derived from GBM cell lines were used to test their effect on cell 

proliferation, showing a significant dose-dependent effect on GBM cells regardless of the 

patient they belong to. The fact that the RWP-1 cell line was also affected by GB-39 drug-

loaded small EVs, but not in a dosage-dependent manner, suggests that this drug delivery 

system could also be used to treat secondary metastases (i.e. pancreas) [225]. Although 

extracranial metastases of GBM are rare, they occur in less than 2 % of patients [226,227]. 

Hence, these patients could also benefit from the finding that GBM-derived small EVs are also 

capable of affecting other tumor cells, although additional analysis is needed to further 

investigate this possibility. The results of this work showed that GB-39 small EVs could be 
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loaded with 400 times less EPZ015666 and at least 200 times less TMZ without compromising 

efficiency. It is known that chemotherapy alone can damage healthy cells; in this sense, small 

EVs may constitute an alternative to reduce both, toxicity and the amount of drug being 

administered to a patient with the same effect as the drug alone. Then, this study provides a 

basis for the use of GBM small EVs as drug delivery systems for GBM treatment. 

 

In Chapter 3 “New therapy for pancreatic cancer based on extracellular vesicles”, we 

further explore the use of small EVs as drug delivery systems for other types of cancer. We 

tested the effect of RWP-1 small EVs loaded with TMZ and EPZ01566, and similar to the 

observations in Chapter 2, we noticed a higher decrease in proliferation with these treatments 

than with applying the drugs alone. Additionally, we used GB-39 small EVs to treat the RWP-

1 cell line to corroborate that RWP-1 small EVs were more efficient than GB-39 small EVs. 

These results confirmed the small EVs target specificity for their own parental cells, having a 

greater effect on proliferation when they are isolated from the same type of cancer cell. Other 

studies have reported this characteristic of small EVs in fibrosarcoma (HT1080) and cervical 

(HeLa) cancer cell lines [141].  

There are different storing conditions for small EVs 4 ºC, -20, and -80 ºC [228]. We evaluated 

the stability of RWP-1 small EVs loaded with drugs at -80 ºC after two years of storage. Our 

study further corroborated previous observations by several authors, that consider -80 ºC as 

the best temperature to store small EVs for a long term [229–231]. When we performed 

proliferation experiments with RWP-1-derived EVsTMZ and EVsEPZ015666 stored at temperatures 

below -80 ºC for two years, we only found a 4 % reduction in TMZ efficiency and a 10 % 

decrease in EPZ015666 efficiency compared to our previous results. These results are 

important because they confirm that the treatment can be maintained for a long period at a low 

temperature of -80 ºC. However, incorporation and stability also depend on the type of drug 

used. 

As small EVs have tropism for their parental cells [137,141], we challenge to visualize the 

internalization of the RWP-1 small EVs into their parental cells. We performed an assay in 

living cells for 3 h and 6 h treating RWP-1 cell line with red-labeled RWP-1 small EVs loaded 

with TMZ. These small EVs tended to aggregate in the nucleus, and their number significantly 

increased after 6 h. In addition, we performed an ICC at 6 h of treatment with red-labeled RWP-

1 small EVs, and showed that these small EVs were internalized in the RWP-1 cell line and 

aggregated around the nucleus. This internalization of small EVs into the nucleus can target 

specific nuclear components and molecular pathways that play a critical role in cancer 

progression. 

We showed that TMZ and EPZ015666 were more effective at minimum concentrations when 

loaded into small EVs, thereby inhibiting the growth of GBM and PDAC cells in vitro. It is 
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important to note that the optimal use of small EVs depends on the type of drug employed, 

probably because of the multiple interactions between the chemical composition of the drug 

and the extravesicular membrane that determine its internalization. Our results indicated that 

TMZ interacts with the lipid bilayer more effectively than EPZ015666.  

Overall, these findings highlight the possible use of small EVs derived from RWP-1 and GB-

39 as drug delivery systems to achieve better therapeutic benefits for hard-to-treat cancer 

patients. 

 

PADI4 expression in different cancer cell lines: a potential new therapeutic target for cancer. 

 

PADI proteins catalyze a PTM called citrullination, which affects the arginine residues. 

Citrullination facilitates cancer development through several mechanisms including cell 

differentiation and apoptosis. One isoform in humans, PADI4, is involved in the development 

of several diseases and apoptosis cascades. It has been observed that under hypoxic 

conditions, PADI4 expression and production of citrullinated proteins are increased in some 

tumor cell lines, such as GBM [232]. In Chapter 4 “Biochemical and biophysical 

characterization of PADI4 supports its involvement in cancer”, we explored the 

localization of PADI4 in different cancer cell lines, GBM (GB-39), colon adenocarcinoma (HT-

29), and pancreatic cancer (RWP-1). We observed different intracellular localizations among 

different cancer cell lines, indicating the possibility that PADI4 could play different functional 

roles depending on the tumor type. Additionally, the WB analyses showed different protein 

expression levels and patterns. In PDAC, PADI4 expression was lower than in colon 

adenocarcinoma, and GBM showed the highest expression. In addition, protein extracts 

showed several PADI4 bands, indicating the possibility that PADI4 might experience 

alternative splicing, resulting in the generation of protein species with or without NLS, which in 

turn would result in variable subcellular localizations. Anti-PADI4 antibody immunostaining 

supported (i) PADI4 expression in the aforementioned tumors and (ii) tumor-dependent 

distribution. 

On the other hand, p53 is believed to be the gene most frequently altered in human cancer 

[233]. Li et al. observed that p53 interacts with PADI4 in the 293T epithelial cell line [183], and 

our results showed that the cancer cell lines differed in p53 and PADI4 protein expression 

levels. In this sense, we speculate that PADI4 may have a variable impact on cell function and 

development depending on tumor origin because it interferes with p53 control of tumor 

suppressor genes during carcinogenesis [54]. In agreement with other authors, our findings 

also support the major role of PADI4 in cancer development in other cancer types [234]. 

Therefore, inhibition of citrullination mediated by PADI4 could be proposed as a target for 

cancer treatment. 
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PADI4 and its citrullination capacity are related to cancer progression, migration, and 

metastasis, therefore we focused on PADI4 to explore its expression in GBM and PDAC cell 

lines. We load the GB-39 small EVs, mentioned in Chapter 2, with a PADI4 inhibitor. In Chapter 

5 “PADI4 and its role in cancer progression”, we observed different PADI4 expression in all 

GBM cell lines using WB. Based on these differences, we determined whether PADI4 was 

inhibited by the specific inhibitor GSK484 in GBM and RWP-1 cell lines by performing 

antiproliferative assays. We observed different responses to GSK484 treatment depending on 

the cell line being GB-18, GB-39, and GB-42 cell lines the most sensitive, whereas GB-16, 

GB-37, and GB-48 were resistant. On the other hand, the RWP-1 cell line was partially 

sensitive to GSK484. Other studies with this drug demonstrated that triple-negative breast 

cancer cell lines such as MDA-MB-231 and BT-549 were sensitive to treatment at very low 

concentrations, and its apoptotic effect was increased when it was combined with IR [196]. All 

these results highlight the heterogeneity of this type of tumor depending on the patient, 

stressing the need for advancements in personalized medicine. 

Consistent with our previous studies with other drugs, when loading GSK484 by direct 

incubation method into small EVs derived from GB-39, it was necessary a small amount of the 

drug to trigger an effect in GB-39, GB-42, and RWP-1 cell lines [67,137]. Moreover, it is 

important to mention that the antiproliferative effect of the loaded small EVsGSK484 was only 

dose-dependent in GB-39, confirming the small EVs tropism for their parental cells. 

 

PADI4 interactome study to develop new hard-to-treat cancer therapies. 

 

PADI4 protein has several partners, and its interaction can modulate cell function. We have 

previously investigated the relationship of PADI4 with plakophilin1 and integrin a3 [208,235]. 

In Chapter 6 “Intrinsically disordered chromatin protein NUPR1 binds to the enzyme 

PADI4”, we showed the interaction between PADI4 and NUPR1, and how this interaction could 

be a possible target in cancer therapy. The interaction of NUPR1/PADI4 was identified in GBM 

cancer cells using the PLA technique, which is a sensitive method that detects the binding of 

proteins that occur at distances less than 16 Å. This technique is widely used to test protein-

protein interactions [236,237].  

PADI4 and NUPR1 are involved in cancer development, carcinogenesis, and stress-mediated 

cellular responses. NUPR1 is an oncogene known for its capacity to control carcinogenesis, 

tumorigenesis, and metastasis [238,239]. However, other authors have reported its 

suppressive function in Panc-1 and BxPc-3 pancreatic cells and in PC-3, DU145, and CA-

HPV10 prostate cancer cells [239–241]. On the other hand, PADI4 also acts as a tumor 

suppressor in breast cancer cells [234]. Both proteins have different mechanisms of action in 

cancer cells; therefore, the NUPR1/PADI4 complex may be modulating several cell functions. 
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In breast cancer cells, the lack of GSK3β citrullination by PADI4 induces EMT, which is a 

crucial stage for breast cancer cells to spread to other organs [186]. Thus, the formation of the 

NUPR1/PADI4 complex might prevent GSK3β from becoming citrullinated, which would 

enhance the EMT in breast cancer cells. Similarly, in GBM the NUPR1/PADI4 complex could 

activate pathways associated with EMT, such as the TGF-β pathway, enhance the expression 

of genes related to cell cycle progression, and inhibit apoptosis, resulting in a more migratory 

and invasive phenotype of GBM cells [242]. Therefore, this protein complex could be a 

potential therapeutic target for GBM treatment.  

Finally, in Chapter 7, “The N-terminal region of MDM2 binds to human enzyme PADI4”. 

We showed the interaction between MDM2 and PADI4 in several cancer cell lines, including 

GBM (GB-42), PDAC (RWP-1), and colon adenocarcinoma (SW-480), and how this binding is 

affected by GSK484. Binding occurred mostly in the nucleus of all cell lines, and after the 

application of GSK484, this binding was impeded and localized only in the cytoplasm. 

Therefore, since MDM2's N-terminal region also interferes with its interactions with S100 

proteins [243] and the sterile alpha motif (SAM) of p73, SAMp73 [244], we suggest that the 

interaction of MDM2 with PADI4 could occur through this area. 

Additionally, we demonstrated that treatment with GSK484 enhanced the effect of TMZ on 

GBM cell lines. It has been shown that suppressing MDM2 expression causes downregulation 

of MGMT, enhancing GBM cell sensitivity to TMZ treatment [245]. The sequential use of 

several drugs can affect cells in different ways. For example, in prostate cancer, the co-

administration of a PADI4 inhibitor and an androgen receptor signal transduction inhibitor 

inhibits tumor growth and cell proliferation [246]. Thus, TMZ can increase cytotoxicity when 

combined with other drugs at considerably lower concentrations than when administered alone 

[247]. The use of GSK484 against PADI4 may result in more potent therapies to improve the 

benefits of other approved drugs for cancer treatment. 

 

Our findings point out PRMT5 and PADI4 as potential new targets for hard-to-treat cancers 

and their specific inhibitors as potential new therapies. Our data provided evidence that small 

EVs derived from hard-to-treat cancer cells can be loaded with different therapeutic agents, 

such as TMZ, EPZ015666, and GSK484, to trigger a reduction in cell proliferation with a small 

amount of the drug, and therefore are suitable for cancer therapy. The study of small EVs could 

provide an opportunity to discover new ways to deliver drugs to specific tumor regions without 

comprising healthy cells. This work not only highlights the relevance of PADI4 and its 

citrullination capacity in cancer, but also its interactions with partners such as NUPR1 and 

MDM2 provide valuable insights into the mechanisms involved in cancer progression. This 

Thesis contributes to the understanding of personalized medical approaches for hard-to-treat 

cancer treatment, emphasizing the importance of targeting specific molecular pathways and 
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using small EVs as delivery vehicles for improved therapeutic efficacy. Further research is 

needed along with the development of novel therapeutic strategies to improve patient 

outcomes. 
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6. Conclusions  
 

1. All GBM and RWP-1 cell lines were sensitive to TMZ and partially sensitive to 

EPZ015666. GB-42 cell line was the most sensitive to all treatments while GB-16 was 

the most resistant. 

2. GBM and RWP-1-derived small EVs were successfully isolated by the 

ultracentrifugation method. The morphological characterization by DLS and FESEM 

showed small EVs with a circular shape and with a diameter between 100 to 150 nm. 

3. Loading TMZ and EPZ015666 in small EVs with the direct incubation method can 

reduce the necessary drug exposure while effectively inhibiting the growth of GBM and 

PDAC cells in vitro. 

4. The amount of EPZ015666 was measured by HPLC for the first time in EVs, and the 

results showed that direct incubation was a better loading method for small EVs.  

5. GBM-derived small EVs tend to fuse with their parent cells, which is evidenced by the 

dose-dependent proliferation effect observed in GBM cell lines, but not in the PDAC 

cell line. 

6. The ability of drug-loaded GBM small EVs to also affect other cancer cells, suggests 

their potential application in the treatment of secondary metastasis. 

7. The drug's chemical structure has relevance for the efficiency of the small EVs drug 

loading and the activity after long-term storage. Drug internalization, defined by the 

interaction with the small EVs lipid bilayer, was measured by HPLC showing that TMZ 

has better interaction as compared to EPZ015666 and GSK484. 

8. GBM and PDAC-derived small EVs have the potential to be used as drug delivery 

vehicles to achieve a maximal therapeutic effect with minimal toxicity in patients' 

treatment.  

9. PADI4 was biochemically characterized using different cancer cell lines, including GB-

39 and RWP-1, suggesting that PADI4 plays a significant role in cancer progression 

and setting the basis to study PADI4 function. 

10. The highest expression of PADI4 among all GBM cell lines was in the GB-16 cell line. 

GB-18 was the most sensitive line to GSK484, a PADI4 inhibitor, while RWP-1 was the 

most resistant cell line. GB-39 derived small EVsGSK484 reduced more effectively tumor 

cell proliferation than the drug alone.  

11. PADI4 interacts with NUPR1 in GBM cell lines mainly in the nucleus, suggesting that 

this interaction may have implications in cancer development, and hence can be useful 

in cancer therapy. 
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12. PADI4 interaction with MDM2 can be inhibited by GSK484 treatment and the inhibition 

of PADI4 by GSK484 enhanced the sensitivity of GBM cells to TMZ supporting PADI4 

potential role as a target for cancer therapy. These data represent a starting point to 

develop new GBM therapies based on the use of GSK484 in combination with other 

drugs that may have synergistic effects, leading to more effective treatments. 
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Conclusiones 
 

1. Todas las líneas celulares GBM y RWP-1 fueron sensibles a TMZ y parcialmente 

sensibles a EPZ015666. La línea celular GB-42 fue la más sensible a todos los 

tratamientos, mientras que GB-16 fue la más resistente. 

2. Las vesículas extracelulares pequeñas (EVs en inglés) derivadas de GBM y RWP-1 

se aislaron exitosamente mediante el método de ultracentrifugación diferencial. La 

caracterización morfológica mediante DLS y FESEM mostró a las vesículas 

extracelulares con forma circular y con un diámetro entre 100 y 150 nm. 

3. La carga de TMZ y EPZ015666 dentro de EVs con el método de incubación directa 

puede reducir la exposición necesaria al fármaco, a la vez que inhibe eficazmente el 

crecimiento de células GBM y PDAC in vitro. 

4. La cantidad de EPZ015666 se determinó por HPLC por primera vez en vesículas 

extracelulares, y nuestros resultados mostraron que la incubación directa es un mejor 

método de carga. 

5. Las EVs derivadas de GBM tienden a fusionarse preferentemente con sus células 

progenitoras, lo que se evidencia por el efecto de proliferación dosis dependiente 

observado en las líneas celulares de GBM, pero no en la línea celular de PDAC. 

6. La capacidad de las EVs derivadas de GBM cargadas con fármacos para afectar a 

otras células cancerosas, sugiere su posible aplicación en el tratamiento de metástasis 

secundarias. 

7. La estructura química del fármaco tiene relevancia en la eficacia de carga del fármaco 

en las EVs y también en su actividad tras un almacenamiento a largo plazo. La 

internalización del fármaco, definida por su interacción con la bicapa lipídica de las 

EVs, se determinó mediante HPLC mostrando que TMZ tiene una mejor interacción 

en comparación con EPZ015666 y GSK484. 

8. Las EVs derivadas de GBM y PDAC tienen el potencial de utilizarse como vehículos 

de administración de fármacos para lograr un efecto terapéutico máximo con una 

toxicidad mínima en el tratamiento de los pacientes. 

9. PADI4 se caracterizó bioquímicamente utilizando diferentes líneas celulares de 

cáncer, incluidas GB-39 y RWP-1, lo que sugiere que PADI4 desempeña un papel 

importante en la progresión del cáncer y sienta las bases para estudiar la función de 

PADI4. 

10. La expresión más alta de PADI4 entre todas las líneas celulares de GBM fue en la 

línea celular GB-16. GB-18 fue la línea más sensible a GSK484, un inhibidor de PADI4, 

mientras que RWP-1 fue la línea celular más resistente. Las EVs derivadas de GB-39 
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GSK484 disminuyen más eficientemente la proliferación de células tumorales que el uso 

del fármaco solo. 

11. PADI4 interactúa con NUPR1 en líneas celulares de GBM, principalmente en el núcleo, 

lo que sugiere que esta interacción puede tener implicaciones en el desarrollo del 

cáncer, y por lo tanto puede ser útil en la terapia de esta enfermedad.  

12. La interacción de PADI4 con MDM2 puede ser inhibida por el tratamiento con GSK484 

y la inhibición de PADI4 por GSK484 aumentó la sensibilidad de las células GBM a 

TMZ, apoyando el papel de PADI4 como potencial diana para la terapia del cáncer. 

Estos datos representan un punto de partida para desarrollar nuevas terapias contra 

el GBM basadas en el uso de GSK484 en combinación con otros fármacos que puedan 

tener efectos sinérgicos, dando lugar a tratamientos más eficaces. 
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A B S T R A C T   

Plakophilin 1 (PKP1), a member of the armadillo repeat family of proteins, is a key structural component of cell- 
cell adhesion scaffolds, although it can also be found in other cell locations, including the cytoplasm and the 
nucleus. PADI4 (peptidyl-arginine deiminase 4) is one of the human isoforms of a family of enzymes engaged in 
the conversion of arginine to citrulline, and is present in monocytes, macrophages, granulocytes, and in several 
types of cancer cells. It is the only family member observed both within the nucleus and the cytoplasm under 
ordinary conditions. We studied the binding of the armadillo domain of PKP1 (ARM-PKP1) with PADI4, by using 
several biophysical methods, namely fluorescence, far-ultraviolet (far-UV) circular dichroism (CD), isothermal 
titration calorimetry (ITC), and molecular simulations; furthermore, binding was also tested by Western-blot 
(WB) analyses. Our results show that there was binding between the two proteins, with a dissociation con-
stant in the low micromolar range (~ 1 μM). Molecular modelling provided additional information on the 
possible structure of the binding complex, and especially on the binding hot-spot predicted for PADI4. This is the 
first time that the interaction between these two proteins has been described and studied. Our findings could be 
of importance to understand the development of tumors, where PKP1 and PADI4 are involved. Moreover, our 
findings pave the way to describe the formation of neutrophil extracellular traps (NETs), whose construction is 
modulated by PADI4, and which mediate the proteolysis of cell-cell junctions where PKP1 intervenes.   

1. Introduction 

Peptidyl-arginine deiminases (PADI, EC 3.5.3.15) are enzymes 

catalyzing citrullination, that is the conversion of arginine residues to 
citrulline ones, in the presence of Ca(II). This post-translational modifi-
cation (PTM) is permanent, unless the protein is degraded. PADIs have 
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crucial roles in nerve growth, embryo development, trauma apoptosis, 
beginning of inflammation states, aging of tissues, epithelial terminal 
differentiation and transcriptional regulation of gene expression and 
regulation [1–8]. There are five human genes encoding PADI isoforms: 
PADI1, PADI2, PADI3, PADI4 and PADI6 [9–14]. Each enzyme has a 
pattern of expression depending on the cell and tissue, cell differentiation 
stage, and the physiological or pathological conditions. For instance, 
PADI4 is usually located in cytoplasmic granules of inflammatory cells 
(eosinophil, neutrophils and macrophages), mammary gland cells, stem 
cells, and several tumor tissues (among them, squamous cell carcinoma, 
pancreatic adenocarcinoma, breast cancer and lung cancer), or metas-
tasis processes [15–18]. In addition, PADI4 is the sole isoenzyme also 
found in the nucleus under non-stress conditions. An increase of the 
enzymatic activity is also observed for several PADI4 haplotype mutants 
during the apoptosis occurring via the mitochondrial pathway [16]. 
Furthermore, PADI4 is involved in the p53-gene expression, and that of 
other p53 target-genes [15,19,20]. We have recently shown that PADI4 is 
a dimeric protein expressed in glioblastoma, pancreatic adenocarcinoma 
and colon cancer [21], and that it binds to importin α3 (Impα3), a member 
of the armadillo (ARM) repeat-containing family of proteins, to allow its 
translocation into the cell nucleus [22]. In general, the ARM motif is a 40- 
residue-long structure formed by a bundle of α-helices, involved in 
protein-protein interactions (PPIs) [23]. 

Proteins of the ARM repeat-containing family are also present at cell 
junctions. Plakophilins (PKPs) belong to such family, and they are 
located at cell borders in desmosomal structures [24]. PKPs are ubiq-
uitously found in the cytoplasm and nucleus of several kinds of cells 
[25–27], where they intervene in signaling networks within distinct 
cellular compartments. There are four PKP-family members: PKP1, 
PKP2, PKP3 and PKP4 [24]. PKP1 acts as a modulator of mRNA trans-
lation and post-transcriptional gene expression [25,28], and it is more 
largely expressed in the supra-basal layers of stratified and complex 
epithelia [29–31]. This protein has been proposed as a valuable diag-
nostic biomarker, as well as a potential therapeutic target in the squa-
mous cell carcinoma of lung [28,32–34]. The structure of the armadillo 
repeat domain of PKP1 (ARM-PKP1) has been solved by X-ray; it con-
tains nine ARM motifs, and includes a large basic patch on the inner 
protein surface that may serve as a binding site region for its partners 
[35–37]. The ARM-PKP1 scaffolding is structurally identical to that 
observed in proteins involved in nuclear translocation (i.e., the impor-
tins). We have previously shown that isolated ARM-PKP1 is a monomer 
in solution and it has a low conformational stability [38]. Furthermore, 
it interacts with another all α-helical protein, the SAM domain of p73 
[39], and with an intrinsically disordered protein, NUPR1, involved in 
the development of pancreatic cancer [40]. Molecular simulations have 
allowed us to clarify at the atomic detail some key aspects in the binding 
of ARM-PKP1 with these proteins [39,40], as well as the dynamics and 
stability of PADI4 in isolation [21] and in the interaction with Impα3 
[22]. Because of the binding between PADI4 and Impα3 [22], we hy-
pothesized, based as well on their cellular localization, that PADI4 
would also be capable of binding to ARM-PKP1. 

In this work, we provided evidence for the binding between ARM- 
PKP1 and PADI4 by using biophysical and molecular biology tech-
niques, as well as molecular simulations. All these methods provided 
evidence for the binding between the two proteins. The affinity of the 
complex was moderate (Kd ~ 1 μM), as measured by ITC, and it was 
slightly less favorable as measured by fluorescence (Kd ~ 8 μM). Mo-
lecular simulations confirmed as reasonable the assumption that the 
binding region of ARM-PKP1 was located along its basic surface patch, 

and predicted that the association to PADI4 was driven by a combination 
of electrostatic and hydrophobic interactions. As both proteins are 
involved in the development of several types of tumors, our findings 
could be of importance to understand their progress in cells. 

2. Materials and methods 

2.1. Materials 

Imidazole, Trizma base and acid, DNase, SIGMAFAST protease tab-
lets, NaCl, Ni2+-resin, anti-PKP1 antibody and ultra-pure dioxane were 
from Sigma (Madrid, Spain). Isopropyl-β-D-1-thiogalactopyranoside and 
ampicillin were obtained from Apollo Scientific (Stockport, UK). Dialysis 
tubing with a molecular weight cut-off of 3500 Da, Triton X-100, TCEP 
(tris(2-carboxyethyl)phosphine) and the SDS protein marker (PAGEmark 
Tricolor) were from VWR (Barcelona, Spain). Amicon centrifugal devices 
with a molecular weight cut-off of 30 kDa were from Millipore (Barce-
lona, Spain). The rest of the used materials were of analytical grade. 
Water was deionized and purified on a Millipore system. 

2.2. Protein expression and purification 

PADI4 and ARM-PKP1 were purified as previously described 
[21,38]. Protein concentrations were determined by UV absorbance, 
employing an extinction coefficient at 280 nm estimated from the 
number of tyrosines and tryptophans in each protein [41]. 

2.3. Fluorescence 

2.3.1. Steady-state fluorescence 
A Cary Varian spectrofluorometer (Agilent, Santa Clara, CA, USA), 

interfaced with a Peltier unit, was used to collect fluorescence spectra at 
25 ◦C, by excitation at either 280 or 295 nm. The other experimental pa-
rameters have been described elsewhere [42]. Appropriate blank correc-
tions were made in all spectra. Following the standard protocols used in 
our laboratories, the samples were prepared the day before and left 
overnight at 5 ◦C; before experiments, samples were left for 1 h at 25 ◦C. A 
1-cm-pathlength quartz cell (Hellma, Kruibeke, Belgium) was used. Con-
centration of PADI4 was 2.5 μM and that of ARM-PKP1 was 8 μM. Ex-
periments were performed in 20 mM Tris buffer (pH 7.5), 5 mM TCEP, 150 
mM NaCl and 5% glycerol, in triplicates with newly prepared samples. 
Variations of results among the experiments were lower than 5%. 

2.3.2. Binding experiments with PADI4 
For the titration of ARM-PKP1 with PADI4, increasing amounts of 

monomeric ARM-PKP1 species, in the concentration range 0–20 μM, 
were added to a solution with a fixed concentration of PADI4 (2 μM, in 
protomer units). Experiments were carried out in the buffer described 
above. The experimental set-up was the same described above. In all 
cases, the appropriate blank-corrections with solutions containing only 
the corresponding amount of ARM-PKP1 were applied. Spectra were 
corrected for inner-filter effects [43]. The titration was repeated three 
times, using new samples. In the three cases, the variations in the results 
were lower than 10%. 

The dissociation constant of the complex, Kd, was calculated by 
fitting the binding isotherm obtained by plotting the observed fluores-
cence change as a function of ARM-PKP1 concentration to a general 
binding model, explicitly considering ligand depletion [44,45]:  

F = F0 +
ΔFmax

2[PADI4]T
(
[ARM − PKP1]T + [PADI4]T +Kd

)
−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅((
[ARM − PKP1]T + [PADI4]T + Kd

)2 − 4[ARM − PKP1]T [PADI4]T
)√

(1)   
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where F is the measured fluorescence of the solution with the fixed 
PADI4 concentration (2 μM, in protomer units) and a particular ARM- 
PKP1 one, after subtraction of the corresponding blank with the same 
concentration of ARM-PKP1; ΔFmax is the largest change in the fluo-
rescence of ARM-PKP1 when all polypeptide molecules were forming 
the complex, compared to the fluorescence of each isolated chain; F0 is 
the fluorescence intensity when no ARM-PKP1 was added; [PADI4]T is 
the constant, total concentration of PADI4 (2 μM, in protomer units); 
and [ARM-PKP1]T is that of ARM-PKP1, which was varied during the 
titration. Fitting to the above equation was carried out by using Kalei-
daGraph (Synergy software, Reading, PA, USA). 

2.4. Circular dichroism (CD) 

Far-UV CD spectra were collected on a Jasco J810 spec-
tropolarimeter (Jasco, Tokyo, Japan) with a thermostated cell holder 
and interfaced with a Peltier unit. The instrument was periodically 
calibrated with (+)-10-camphorsulfonic acid. A 0.1-cm path length cell 
was used (Hellma, Kruibeke, Belgium). All spectra were corrected by 
subtracting the corresponding baseline. Concentration of each poly-
peptide (ARM-PKP1 or PADI4) and the buffers were the same used for 
fluorescence experiments (Section 2.3). Samples were prepared the day 
before and left overnight at 5 ◦C to allow them to equilibrate. Before 
starting the experiments, samples were further left for 1 h at 25 ◦C. 

Isothermal wavelength spectra of each isolated macromolecule and 
those of the complex were acquired as an average of 6 scans, at a scan 
speed of 50 nm/min, with a response time of 2 s and a band-width of 1 
nm. 

2.5. Isothermal titration calorimetry (ITC) 

Calorimetric titrations for testing the interaction of ARM-PKP1 with 
PADI4 were carried out in an Auto-iTC200 automated high-sensitivity 
calorimeter (MicroCal, Malvern-Panalytical, Malvern, UK). Experi-
ments were performed at 25 ◦C in 20 mM Tris buffer (pH 7.5), 5 mM 
TCEP, 150 mM NaCl and 5% glycerol at 25 ◦C. PADI4 (100 μM) in the 
injection syringe was titrated into the ARM-PKP1 solution (10 μM) in the 
calorimetric cell. A series of 19 injections with 2 μL volume, 0.5 μL/s 
injection speed, and 150 s time spacing was programmed while main-
taining a reference power of 10 μcal/s and a stirring speed of 750 rpm. 
The heat effect per injection was calculated by integration of the thermal 
power raw data after baseline correction, and the interaction isotherm 
(ligand-normalized heat effect per injection as a function of the molar 
ratio) was analyzed by non-linear least squares regression data analysis, 
applying a model that considers a single binding site to estimate the 
association constant, Ka, the interaction enthalpy, ΔH, and the stoichi-
ometry of binding, n (although, in practice, the last parameter usually 
reports the fraction of active protein in the cell/syringe). The back-
ground injection heat (usually called “dilution heat”, but reflecting any 
unspecific phenomenon such as solute dilution, buffer neutralization, 
temperature equilibration, or solution mechanical mixing) was 
accounted for by including an adjustable constant parameter in the fit. 
Due to the presence of glycerol in solution, its value was rather large. 
The data analysis was conducted in Origin 7.0 (OriginLab, North-
ampton, MA, USA) with user-defined fitting functions. 

2.6. Molecular modelling 

The structure of ARM-PKP1 was built based on the crystallographic 
structure [37] deposited on the Protein Data Bank (PDB) and containing 
residues 244–700 (PDB ID: 1XM9). Following the protocol adopted in 
our previous works [39,40], two missing loops were reconstructed in 
silico, whereas the two small portions missing at both termini, compared 
to the protein construct used in our experimental measurements (which 
encompasses residues 237–704 of the intact protein), were not included. 
Similarly, PADI4 was built starting from the X-ray diffraction structure 

(PDB ID: 3APN) that reports the homodimeric protein one [46], and 
missing loops were reconstructed as previously described [21]. 

Protein-protein docking simulations were performed by using the 
web server ClusPro [47] version 2.0, with default options. This algo-
rithm performs rigid body docking with an extensive sampling (> 109 

structures), followed by clustering of a restricted number of conforma-
tions (~ 1000) having the most favorable score, and energy minimiza-
tion to remove steric clashes up to yield the final set of selected 
predictions [48]. The best docking poses of ARM-PKP1, which were 
obtained by assuming an electrostatic-favored binding on the surface of 
PADI4, were subsequently refined in molecular simulations under full 
hydration conditions. 

2.7. Molecular dynamics (MD) simulation 

MD simulations were performed by using the simulation package 
GROMACS [49]. The force field Amber ff99SB-ILDN force field [50] was 
used, in combination with the water model TIP3P [51]. The two pro-
teins, either in complex or each in the unbound state, were placed in a 
rhombic dodecahedron box minimum distance of 1 nm from any edge, 
and periodic boundary conditions were applied. Due to the different net 
charge of the two proteins, the systems were neutralized by adding 
either Na+ (10 ions for the complex of PADI4 with two bound ARM- 
PKP1 monomers, and 14 for PADI4 alone) or Cl− counterions (2 ions 
for ARM-PKP1 alone). 

The protocol followed for the MD runs was the same we previously 
adopted for simulating ARM-PKP1 in complex with another protein 
[39], and PADI4 alone [21]. Preparation of the system was standard [ 
[52,53], and included energy minimization, annealing, equilibration, 
and data production at isobaric-isothermal conditions for 20 ns. A 
Parrinello-Rahman [54] and Bussi-Donadio-Parrinello [55] coupling 
was adopted to control pressure and temperature, respectively. Elec-
trostatic interactions were calculated by using a Particle Mesh Ewald 
scheme [56], and van der Waals interactions were truncated by using a 
Verlet scheme with a cut-off of 1 nm. Constraints were applied to 
hydrogen atoms by using the LINCS algorithm [57], allowing a time step 
of 2 fs in the integration of the equations of motion. 

In the data analysis, atomic deviations and fluctuations of protein 
residues were calculated after removing the roto-translation motions 
through a least square fit on the Cα atoms of the starting structure. 

2.8. Western blot (WB) 

Different concentration rates of PADI4 and ARM-PKP1 
(3:1,2:1,1:1,1:2, 1:3) in a total volume of 18 μL were mixed with 5 μL 
of NuPAGE® (Invitrogen, Barcelona, Spain). The components of the 
mixtures were separated by SDS-PAGE using gels at 10% acrylamide 
concentration into a Nitrocellulose membrane (Bio-Rad Laboratories 
Inc., California, USA). The membranes were incubated for 2 days with 1 
μM of ARM-PKP1, then washed 3 times for 7 min with 1× PBS 0.1% 
Tween20 buffer, blocked for 1 h with 5% (w/v) milk in 1× PBS 0.1% 
Tween20 buffer, and finally incubated overnight at 4 ◦C with primary 
antibody: anti-PKP1 (rabbit, 1:6000; Sigma-Aldrich, Madrid, Spain), 
followed by a 1 h incubation at room temperature with ECL™ anti- 
rabbit IgG, Horseradish Peroxidase linker (GE Healthcare, UK). The 
membranes were visualized with ECL™ Prime Western blotting detec-
tion reagent (Amersham™, Barcelona, Spain) in a ChemiDoc Bio-Rad 
instrument. 

3. Results 

3.1. PADI4 was observed to bind PKP1 

To test whether PADI4 interacted with ARM-PKP1 in vitro, we fol-
lowed a three-part experimental approach. First, we used steady-state 
fluorescence and CD, as spectroscopic techniques capable of detecting 
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a possible binding and concomitant conformational changes in the 
macromolecules; second, we used WB analyses to confirm the PPI; and 
finally, we used fluorescence and ITC to quantitatively measure the 
thermodynamic parameters of such binding. 

We used fluorescence to determine whether there was a change in: (i) 
the value of the maximum wavelength in the emission spectrum; (ii) the 
fluorescence intensity observed at that maximum wavelength; or (iii) 
both the physical parameters, when the spectrum of the complex was 
compared to that obtained from the addition of those of the two isolated 
proteins. A variation in fluorescence intensity by excitation at 280 nm 
was observed when the complex of PADI4 with ARM-PKP1 was formed 
(Fig. 1 A), but there were no changes in the maximum wavelength of the 
spectrum; similar variations were observed by excitation at 295 nm. 

Next, we carried out far-UV CD measurements, with the aim of 
further supporting the results obtained by fluorescence. The far-UV 
addition spectrum was slightly different from that of the complex 
(Fig. 1 B). The small differences could be either attributed to a relatively 
large number of aromatic residues involved in the binding or, less likely, 
to changes in the secondary structure of PADI4 and/or in that of ARM- 
PKP1 when the two proteins were bound. 

To further confirm the binding of ARM-PKP1 to PADI4, we per-
formed a series of in vitro experiments by using WB, to detect PPIs with 

the recombinant, purified proteins. We used a mixture of PADI4 and 
ARM-PKP1 in a gel, by testing several concentration rates (PADI4/ARM- 
PKP1 3:1, 2:1, 1:1, 1:2, and 1:3) that correspond to values in the range 
between 20 and 6 μM, considering PADI4 as the prey protein. The two 
proteins in the SDS gels were transferred to a nitrocellulose membrane 
and incubated for 2 days with ARM-PKP1 as bait protein. Finally, we 
washed and revealed the membrane with an antibody against ARM- 
PKP1. The results showed an increase in the signal of ARM-PKP1 
(MW ~ 52 kDa) binding to PADI4 (MW ~ 74 kDa) according to the 
size and amount of loaded protein (Fig. 2). The Ponceau staining showed 
two bands corresponding to the isolated proteins, with molecular 
weights slightly lower than expected (Fig. 2 top), and a faint band at 
~120 kDa at the two highest concentration rates (PADI4/ARM-PKP1 3:1 
and 1:3). On the other hand (Fig. 2 bottom), we could detect in the WB 
analyses the bait protein (ARM-PKP1) on two spots, when: (i) the 
complex was formed (at ~120 kDa, visible as a wide band at the PADI4/ 
ARM-PKP1 1:3 concentration, the highest explored); and (ii) the isolated 
ARM-PKP1 was present (at any of the PADI4/ARM-PKP1 concentration 
rates). 

Finally, we carried out titrations to quantitatively measure the 
binding affinity of the two proteins, by keeping constant the concen-
tration of PADI4 and increasing the concentration of ARM-PKP1. The 
results indicate (Fig. 3 A) that the Kd was 8.0 ± 2 μM. We also used ITC 
to determine the thermodynamic binding parameters (Fig. 3 B). The 
interaction was markedly exothermic (that is, had a favorable enthalpic 
contribution and unfavorable entropic contribution to the Gibbs energy 
of binding), with ΔH = −36 kcal mol−1, and the Kd was 1.4 ± 0.2 μM, 
which was lower than that obtained by fluorescence. The stoichiometry 
of the reaction was 1:1, indicating that the dimer of PADI4 had a ten-
dency to coordinate two molecules of ARM-PKP1. 

To sum up, we conclude that there was evidence that PADI4 could 
bind to ARM-PKP1; however, we cannot rule out that a more complex 
interaction may be taking place in vivo, where other molecular partners 
could also be involved. 

Fig. 1. Binding of ARM-PKP1 to PADI4 as monitored by spectroscopic tech-
niques: (A) Fluorescence spectrum obtained by excitation at 280 nm of the 
PADI4/ARM-PKP1 complex, and addition spectrum obtained by the sum of the 
spectra of the two isolated macromolecules. (B) Far-UV CD spectrum of the 
PADI4/ARM-PKP1 complex, and addition spectrum obtained by the sum of the 
spectra of the two isolated macromolecules. All experiments were performed 
at 25 ◦C. 

Fig. 2. Binding of ARM-PKP1 to PADI4 as monitored by Western blot analyses: 
(Top) Polyacrylamide gels were loaded with several concentrations of PADI4 as 
visualized with Ponceau staining. (Bottom) Nitrocellulose membranes incu-
bated with ARM-PKP1, washed and revealed with the corresponding antibody 
against such protein. 
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3.2. Structural prediction of the complex PADI4/ARM-PKP1 

Molecular simulations were performed to obtain further details on 
the interaction between PADI4 and ARM-PKP1 at the atomic level. Due 
to the large size of both molecules (PADI4 is a homodimer with 663 
residues for each monomer, for a total of 1326 residues; whereas ARM- 
PKP1 has 468 residues, which were slightly reduced to 457 in the 
construct used in our simulations, encompassing residues 244–700 of 
the intact protein), protein-protein docking was selected as the most 

accurate theoretical methodology currently available for providing a 
prediction of the binding complex [58]. 

Several tools are available to this aim, including a few online pre-
diction servers [47,59,60]. Even for a large complex, such as that be-
tween PADI4 and ARM-PKP1, these algorithms probe a high number of 
potential conformations and may suggest a wide range of possibilities 
(up to ~100 candidate poses ranked) that need to be subsequently 
screened by using some reasonable criteria. We based our selection in a 
simple, but strict assumption: the interface of the two proteins in the 
complex should include the well-known binding site of ARM-PKP1, 
which is located within the innermost surface in the sagittal plane of 
this protein [37,38]. This condition indirectly implies that electrostatic 
interactions should be one of the main driving forces in the binding, 
because the hot-spot of ARM-PKP1 consists of a large patch of basic 
residues [37]. Our experimental findings are in line with such assump-
tion, not only since PADI4 is an acidic protein, but also because this 
explains in a rather straightforward way the large favorable enthalpic 
contribution that dominates the Gibbs energy of binding of the complex, 
as obtained by ITC measurements. 

Based on these preliminary considerations, we selected the protein- 
protein docking algorithm ClusPro as our best choice [47,48], over 
other available docking programs we had tested such as HDOCK [59] 
and ZDOCK [60]. In fact, ClusPro algorithm provides different alterna-
tives for the docking of two proteins, depending on the prior knowledge 
of the forces that are expected to drive the formation of the complex, and 
includes a so-called ‘electrostatic-favored’ option. The results obtained 
by using ClusPro are shown in Fig. 4. Although this represents the best 
prediction obtained based on the above mentioned ‘electrostatic- 
favored’ option, it is worth to point out that we do not consider this 
outcome to be biased, for several reasons. First, this was the sole pre-
diction satisfying our assumption on the involvement of the binding site 
of ARM-PKP1 that could be obtained by using any of the available 
choices on the force expected to drive the binding, and not only the 
‘electrostatic-favored’ one. Second, it was found in a blind docking 
experiment, although in principle ClusPro also provides other options 
[47] to influence the results by indicating specific residues that are more 
likely to be involved in the binding – or, in contrast, that have a pro-
pensity to remain accessible to the solvent. And third, the results ob-
tained actually correspond to the first two most favorable docking poses 
obtained for ARM-PKP1 interacting with the host surface; thus, they 
correctly reproduce the expected stoichiometry (two ARM-PKP1 
monomers per PADI4 dimer) and symmetry (the binding poses on the 
two chains of PADI4 are almost identical, despite the intrinsic 
randomness in the search process leading to each distinct docking pose), 
again without the need to introduce any specific bias. 

We also performed a detailed analysis of the binding interface of the 
two proteins in the complex (Table 1), with a special focus on the hot- 
spot region of PADI4 – since the one of ARM-PKP1 was already 
assumed to be its basic binding patch, by our assumption above. We 
discovered that the main binding region of PADI4 is located in the small 
and partly-structured subdomain 313–347 [46], which slightly pro-
trudes from its surface. This interacting region possesses a high number 
of acidic residues, and therefore has a strong Coulombic interaction with 
the innermost region of ARM-PKP1. The interface of PADI4 also includes 
the adjacent and almost unstructured region 375–392, as well as the 
more peripheral region encompassing residues 155–176. We observed a 
patch of four solvent-exposed phenylalanine residues (Phe314, Phe319, 
Phe379, and Phe389) on the surface of PADI4 that play an important 
support role in the binding, by forming close hydrophobic contacts (< 5 
Å) with aromatic residues of ARM-PKP1. In contrast, the region 155–176 
of PADI4 provides an anchoring for the binding that is essentially 
electrostatic, due to the large number of acidic residues therein 
included, and with little non-polar interactions. Overall, the large 
number of aromatic residues involved in the binding interface (thirteen 
aromatic residues in the contact interface are within a reciprocal dis-
tance of 7.5 Å) could contribute to explain the variations that we 

Fig. 3. Binding of ARM-PKP1 to PADI4 as monitored by biophysical tech-
niques: (A) Titration curve monitoring the changes in the fluorescence at 315 
nm when ARM-PKP1 was added to PADI4. The fluorescence intensity is the 
relative signal after removal of the corresponding blank. The line through the 
data is the fitting to Eq. (1). (B) Calorimetric titrations for the PADI4 binding to 
ARM-PKP1. Upper panels show the thermograms (thermal power as a function 
of time) and lower panels show the binding isotherms (ligand-normalized heat 
effects per injection as a function of the molar ratio in the calorimetric cell). 
Continuous lines correspond to the fitting curves according to an interaction 
model with a single ligand binding site. All experiments were carried out 
at 25 ◦C. 
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experimentally observed in the CD spectra upon the association of the 
two proteins, when compared to the addition spectrum (Fig. 1 B). 

Finally, we also refined the PADI4/ARM-PKP1 complex by using 
classical MD simulations in full hydration conditions. Both proteins in 
the complex equilibrate their structures in a few nanoseconds, with 
higher atomic root mean square deviations (RMSDs) for PADI4 due to a 
larger number of disordered regions compared to ARM-PKP1 (Fig. 5). 
Conformational changes (Fig. 6) were dominated by atomic deviations 
of loop regions from the crystallographic position, more than by fluc-
tuations due to the inner flexibility of the two macromolecules. How-
ever, no essential modifications could be observed in the contact regions 
of PADI4 and ARM-PKP1 on the timescale sampled (20 ns) with respect 
to the docking prediction provided by ClusPro, except for small rear-
rangements due to accommodation of residues. We also did not observe 
any changes in the secondary or tertiary structure of the two proteins 
and, therefore, we excluded this as a possible reason for the changes 
observed in the CD spectra upon the binding of the two proteins (and 
then, those differences must be due to the large number of aromatic 
residues involved in the contact interface, see above). The stability of the 
PADI4/ARM-PKP1 docking complex in MD simulations was not unex-
pected, as it is a further indication of the reliability of the docking 
prediction. 

4. Discussion and conclusion 

The discovery of the interaction between ARM-PKP1 and PADI4 was 
prompted by an initial hypothesis. We have recently shown that PADI4 
binds to Impα3, a protein involved in the nuclear translocation ma-
chinery [22]; since Impα3 has an ARM scaffold, structurally very similar 
to that of ARM-PKP1, we conjectured that PADI4 should bind ARM- 
PKP1, as well. To test the hypothesis of a well-defined complex be-
tween the two proteins, we carried out several in vitro and in silico 
experiments. 

The binding interface of ARM-PKP1 is the basic patch on its molec-
ular surface, as assumed in our molecular simulations. This polypeptide 
patch was proposed to be the main binding region of PKP1 with other 
molecular partners [39,40]. This is especially reasonable in the case of 
PADI4, which is a protein with a high content of acidic residues [21]. On 
such assumption, the binding interface of PADI4 predicted in our 
docking simulations corresponds to the subdomain 313–347, with the 
support of two other nearby and slightly smaller regions, i.e. the poly-
peptide patches 155–176 and 375–392. 

The measured Kd of PADI4/ARM-PKP1 complex (1.4 μM) is 

Fig. 4. Modelling of the binding complex of PADI4 and ARM-PKP1. Prediction based on the docking algorithm ClusPro [47], by assuming that the main binding 
region of ARM-PKP1 with molecular partners, formed by a patch of basic residues, is the hot-spot interface with PADI4 – or, equivalently, that the binding is 
electrostatic-favored. The bound monomers of ARM-PKP1 are the two most favorable docking poses. (Inset) Aromatic residues at the binding interface of the two 
proteins, shown in all-atom van der Waals representation. 

Table 1 
Hot-spot regions of PADI4 in the binding with ARM-PKP1, with acidic and ar-
omatic residues involved (cut-off distance <5 Å, or < 7.5 Å for those in paren-
theses). The corresponding aromatic residues of ARM-PKP1 involved are also 
indicated.  

PADI4 ARM-PKP1 

Hot-spot 
regions 

Acidic residues Aromatic 
residues 

Aromatic 
residues 

155–176 
Asp155, Asp157, Glu160, 
Asp165, Glu167, Asp173, 

Asp176 
– Trp691 

313–347 Glu315, Glu317, Glu339, 
Glu340, Glu341, Asp344 

Phe314(a), 
Phe319(b), 
(Trp347) 

Tyr463(a,b), 
Tyr478, (His604) 

375–392 Glu378 
Phe379(c), 
Phe389(d), 
(Tyr391) 

Tyr484(c), 
Phe493(d), 
(Tyr642) 

(a,b,c,d): Residues forming direct hydrophobic contacts with each others. 

Fig. 5. Equilibration in MD simulation of PADI4 and ARM-PKP1 in their 
complex. Root mean square deviation (RMSD) of atomic positions of Cα atoms 
of the two proteins as a function of the simulation time. 
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comparable to that observed for ARM-PKP1 in complexes with an 
intrinsically disordered protein, such as NUPR1, in cellulo (~ 10 mM) 
[40] or, alternatively, with a well-folded protein such as the sterile alpha 
domain of p73 (~ 5 mM) [39]. These dissociation constants, despite 
their low value, might be enough to drive a proper regulation in several 
pathways where ARM-PKP1 could intervene, determining a high spec-
ificity in spite of a low affinity. In the case of the PADI4/ARM-PKP1 
complex, the affinity can be rationalized as being influenced by a 
complex network of electrostatic interactions. We observed an overall 
negative entropy of binding; as hydrophobic and electrostatic 

interactions would be accompanied by positive entropy, then other 
contributions (such as conformational change, disorder-to-order or ex-
change of other solutes with the bulk solution) should be associated to 
the large negative entropy [61]. On the other hand, it is also true that the 
presence of glycerol in the buffer may alter the affinity and the enthalpy, 
as observed in other PPIs; in fact, it has been observed that glycerol 
makes the enthalpy more negative. Our molecular simulations indicate 
also a supporting contribution of hydrophobic interactions, especially by 
a cluster of several phenylalanine residues located on the binding 
interface of PADI4. It is important to indicate that we are hypothesizing 

Fig. 6. Conformational flexibility and rearrangements in MD simulation of PADI4 and ARM-PKP1 in their complex. (A-B) Root mean square fluctuation (RMSF), and 
(C–D) root mean square deviation (RMSD) of atomic positions of Cα atoms of PADI4 and ARM-PKP1, as a function of the residue number, for each protein in the 
complex (black) and unbound state (red). Differences between the two curves are evidenced in the panel below each graph (unlabeled axes have the same quantity 
and units). Values are calculated for a single chain and monomer of PADI4 and ARM-PKP1, respectively. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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that some of the twenty-eight arginine residues in the ARM-PKP1 
sequence could be citrullinated by PADI4, but that, in addition, PADI4 
could as well bind to such protein to hamper interactions with another 
molecules, without any PTM involved, as it happens with p53 and 
PADI4, where the immunoglobulin-like domains of the latter at its N- 
terminal region, far away from its active site, are involved [62]. 

PKP1 is in the nucleus [27,63], where it is associated with mRNA 
ribonuclein particles and ribosomal proteins [26], and its altered 
expression is a frequent and critical event in several cancers [26,64,65], 
indicating that it has key roles in proliferation, differentiation, and cell 
migration. Interestingly enough, nuclear localization signals have not 
been found in PKP1 sequence [66]. Although it is thought that the 
amino-terminal region is involved in its nuclear localization, it has not 
been ruled out that nuclear translocation of PKP1 could involve binding 
as a cargo to another protein which is being translocated [66,67]. In 
addition, PKP1 also forms desmosomes, protein complexes key to 
maintain cell-cell adhesion and integrity of tissues, together with 
transmembrane cadherins and desmoplakin [29]. PKP1 plays an 
important role in migration and Ca(II)-dependent stability of desmo-
somes. In healthy tissues, desmosomes adopt a Ca(II)-independent state 
(also called “hyper-adhesion”) [68–70] whereas during wound healing 
and tissue regeneration, desmosomes lead to weaker intercellular 
adhesion through becoming Ca(II)-dependent and allowing tissue 
regeneration [69,70]. Neutrophil extracellular traps (NETs) are web-like 
scaffolds formed by DNA extruded from neutrophils in response to either 
bacterial infection or inflammation. Formation of NETs is modulated by 
the presence of Ca(II) ions and PADI4 [71,72], as well as by the acti-
vation of the PI3K pathways [73], which are also controlled, in some 
tumors, by an excess of PKP1 [74]. In fact, PI3K/AKT pathway regulates 
PKP1 (and none of the other PKPs), by inducing a cascade of kinases that 
ends in PKP1 phosphorylation, resulting in a lower cell adhesion 
[68–70]. In turn, NETs mediate the proteolysis of endothelial cadherin 
[75]. Along these lines, we suggest that PADI4 could: (i) regulate the 
PKP1 function, hampering interactions with other desmosomal proteins 
or helping in nuclear translocation by forming a complex with PADI4; 
and, (ii) concomitantly, trigger the formation of NETs. 

There is a need for a better knowledge to describe the role of non- 
junctional forms of PKP1, with special attention to the interaction 
partners and its mission in the diverse pathways it is involved to. Our 
findings shed light on one of those interactions, opening the venue for 
new mechanistic studies based in the interaction PADI4/ARM-PKP1. We 
advocate future research in this field as essential to increase our 
knowledge on the role of these proteins in a physiologically relevant 
context. 
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[21] J.L. Neira, S. Araujo-Abad, A. Cámara-Artigas, B. Rizzuti, O. Abián, A.M. Giudici, 
A. Velázquez-Campoy, C. de Juan Romero, Biochemical and biophysical 
characterization of PADI4 supports its involvement in cancer, Arch. Biochem. 
Biophys. 717 (2022), 109125, https://doi.org/10.1016/j.abb.2022.109125. 

[22] J.L. Neira, B. Rizzuti, O. Abián, S. Araujo-Abad, A. Velázquez-Campoy, C. de Juan 
Romero, Human enzyme PADI4 binds to the nuclear carrier importin α3, Cells 
(2022), https://doi.org/10.3390/cells11142166. 

[23] G.A. Petsko, D. Ringe, Protein Structure and Function, Blackwell, Oxford, 2003. 
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immunohistochemical localization of desmosomal plaque-related proteins in non- 
small cell lung cancer, Histopathology 63 (2013) 103–113, https://doi.org/ 
10.1111/his.12126. 
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Abstract: PADI4 is a peptidyl-arginine deiminase (PADI) involved in the conversion of arginine to
citrulline. PADI4 is present in macrophages, monocytes, granulocytes, and several cancer cells. It
is the only PADI family member observed within both the nucleus and the cytoplasm. PADI4 has
a predicted nuclear localization sequence (NLS) comprising residues Pro56 to Ser83, to allow for
nuclear translocation. Recent predictors also suggest that the region Arg495 to Ile526 is a possible
NLS. To understand how PADI4 is involved in cancer, we studied the ability of intact PADI4 to
bind importin ↵3 (Imp↵3), a nuclear transport factor that plays tumor-promoting roles in several
cancers, and its truncated species (DImp↵3) without the importin-binding domain (IBB), by using
fluorescence, circular dichroism (CD), and isothermal titration calorimetry (ITC). Furthermore, the
binding of two peptides, encompassing the first and the second NLS regions, was also studied using
the same methods and molecular docking simulations. PADI4 interacted with both importin species,
with affinity constants of ~1–5 µM. The isolated peptides also interacted with both importins. The
molecular simulations predict that the anchoring of both peptides takes place in the major binding
site of Imp↵3 for the NLS of cargo proteins. These findings suggest that both NLS regions were
essentially responsible for the binding of PADI4 to the two importin species. Our data are discussed
within the framework of a cell mechanism of nuclear transport that is crucial in cancer.

Keywords: PADI4; nuclear localization signal; binding; calorimetry; fluorescence; molecular
docking; cancer

1. Introduction
Deamination, or citrullination, is a post-translational modification (PTM) catalyzed

by L-arginine iminohydrolases (PADIs), also known as peptidyl-arginine deiminases (EC
3.5.3.15). PADIs have key roles in nerve growth, development of embryos, trauma apoptosis,
aging in tissues, epithelial terminal differentiation, and transcriptional regulation of gene
expression [1–8]. Moreover, several maladies such as rheumatoid arthritis, Alzheimer’s
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disease, psoriasis, multiple sclerosis, and many types of cancers are associated with the
increased presence of PADIs and their citrullinated targets [7,9–11].

PADI1, PADI2, PADI3, PADI4, and PADI6 are the five human isozymes [12–18], each
having a tissue-specific expression. An increase of enzyme activity is observed for several
PADI4 haplotype mutants during the apoptosis enhanced through the mitochondrial
pathway [19]. Furthermore, PADI4 is involved in the expression of p53 target genes, as
well as in the gene expression of p53 [20,21].

PADI4, as well as PAD2 under some conditions, has been detected in both the cyto-
plasm and the nucleus [22–24], but the remaining isoforms are found in the cytoplasm.
Because some of the PADI4 functions are carried out inside the nucleus, the protein must
be translocated through the nuclear pore complex (NPC). PADI4 is involved in the cit-
rullination of histones H1, H2A, H3, and H4, where a competitive inhibition between
histone methylation and citrullination takes place, resulting in cancer development and
progression [25]. Furthermore, citrullination also competes with histone deacetylation to
regulate cancer growth and evolution [25]. Lastly, within the nucleus, p53 binds to histone
deacetylase 2 and PADI4 through distinct domains, thus regulating PADI4-mediated hi-
stone citrullination. All these functions are carried out inside the nucleus and, therefore,
require prior translocation of PADI4.

Nuclear translocation generally occurs through importins, together with other auxil-
iary proteins [26,27]. The classical nuclear import pathway is triggered by the recognition
of a nuclear localization signal (NLS) polypeptide patch in the cargo by importin ↵ [26].
The different types of NLSs, their ways of anchoring to their target, and their structures
in isolation or when bound to transport factors have been extensively reviewed [28]. The
cargo–importin ↵ complex then binds to importin �, and the so-formed complex of the
three proteins moves through the NPC. Importin ↵ is a modular protein with several ↵-helix
repeat armadillo (ARM) units [26,27]. It has two domains: (i) a 60-residue-long importin
�-binding (IBB) domain, located at the N-terminal region, which is used for binding to
importin � before transport through the NPC, and (ii) an NLS-binding motif formed by
10 ARM units, located at the C-terminus [29]. In the absence of importin �, the IBB domain,
which mimics an NLS, occupies the ARM regions implicated in NLS recognition [29]. This
intramolecular interaction has an auto-inhibitory function [29]. Variations in the nuclear
transport through the importin route are important events regulating gene expression,
signal transduction, and cell-cycle regulation; therefore, they can play a key role in cancer
development and cell transformation [30–32]. As an example, abnormal overexpression
of importin ↵1 has been observed in hepatocellular carcinoma [33]. Aberrant nuclear
translocation is one of the hallmark features of cancer [32], also making the proteins at play
in such a translocation process potential therapeutic cancer targets.

Because of the importance of the nuclear translocation in PADI4 functions, we decided
to study its interaction with human importin ↵3 (Imp↵3), also called KPNA4, and with
its truncated species lacking the IBB domain (DImp↵3). Imp↵3 has been reported to be
associated with multiple cancers (such as glioblastoma, prostate cancer, hepatocellular
carcinoma, lung cancer, and ovarian cancer). Imp↵3 promotes tumor proliferation by
facilitating several cancer-related processes [32,34–38]. We considered Imp↵3 as a target
for PADI4 because (i) it is largely conserved among different species [39], and (ii) it has
increased flexibility compared with other importins, as concluded by the structural B-
factors from X-ray data; this feature confers this importin isoform a greater ability to
interact with various cargos [40]. From an experimental point of view, Imp↵3 can also
be easily expressed and purified for in vitro structural and binding studies [40–42]. In
addition, Imp↵3 can be considered a model protein to investigate how the NLS sequence
of the cargo can affect the thermodynamic parameters in the binding process, and we have
already carried out several studies of the binding of Imp↵3 with other NLSs which can be
used as a comparison [41–43]. Lastly, by studying both importin species (with and without
the IBB), we could explore whether the absence of the IBB domain affects the binding of
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the peptide encompassing the NLS region, as studied in the case of other NLSs of several
proteins (see [41–43] and references therein).

In our experiments, we firstly explored the binding between intact PADI4 and either
Imp↵3 or DImp↵3. Next, we described the binding of the two predicted NLS regions of
PADI4 (NLS1-PADI4 and NLS2-PADI4) to the two importin species. Fluorescence, CD,
and ITC confirmed that the binding took place between the intact PADI4 and the two
importin species. On the other hand, we found that the two peptides corresponding to
the isolated NLS1-PADI4 and NLS2-PADI4 sequences, which were mainly disordered
in solution, were capable of binding to both importin species, as tested by fluorescence,
ITC, and BLI. Moreover, molecular docking simulations suggested that the core regions
of NLS1-PADI4 and NLS2-PADI4 were responsible for the binding, and they were both
capable of anchoring to the major binding site for the NLSs of cargo proteins to Imp↵3.
Taken together, our in vitro and in silico results suggest that PADI4 requires Imp↵3 to be
translocated into the nucleus, and this interaction is mediated by two possible regions
located at either terminus of the cargo protein. Given the importance of PADI4 in the
development of tumor cells and the involvement of importins in such processes, our results
can provide a molecular description of the basic binding mechanism that may lead to
cancer progression.

2. Materials and Methods
2.1. Materials

The same materials used in this study have been described previously [41–43].

2.2. Protein Expression and Purification
PADI4, Imp↵3, and DImp↵3 were purified as previously described [24,41–43]. The

concentrations of the proteins were calculated by UV absorbance, using an extinction
coefficient at 280 nm; this parameter was estimated from the number of tyrosines and
tryptophans in each of these proteins [44]. In the remainder of the paper, PADI4 protein
concentrations are expressed as protomer concentrations.

2.3. Prediction and Synthesis of the NLS Regions of PADI4
The NLS regions for the PADI4 sequence were predicted using the web server cNLS

Mapper [45,46], available at http://nls-mapper.iab.keio.ac.jp (accessed 8 December 2021).
The results pointed out the occurrence of two possible NLS regions. The one with the lowest
score (5.3, in arbitrary units), hereafter indicated as NLS1, overlapped with that already pre-
dicted as the canonical NLS region [47], with the sequence P56PAKKKSTGSSTWPLDPGVE-
VTLTMKVASGS86 (according to the numbering of the intact PADI4). The predicted region
with the highest score (6.1) had the sequence R495SCYKLFQEQQNEGHGEALLFEGIKKKK-
QQKI526, which was indicated as NLS2. These two regions were synthesized as isolated
peptides NLS1-PADI4 (residues Ala58–Ser86) and NLS2-PADI4 (residues Tyr498–Ile526),
both slightly shorter than the predicted NLS regions to avoid potential complications due
the presence of some residues (Pro56/Pro57 for NLS1 and Cys497 for NLS2) at one of
their termini. The peptides were also acetylated and amidated at the N- and C-termini,
respectively, to avoid fraying effects. The two peptides NLS1-PADI4 and NLS2-PADI4 were
produced by Genscript (Leiden, Netherlands) and NZYtech (Lisbon, Portugal), respectively,
with a purity larger than 95%. Peptide concentrations were determined from the absorbance
of either Tyr498 (NLS2-PADI4) or Trp68 (NLS1-PADI4) [44].

2.4. Fluorescence
2.4.1. Steady-State Fluorescence

Spectra were collected on a Cary Varian spectrofluorometer (Agilent, Santa Clara,
CA, USA), interfaced with a Peltier unit. Following the standard protocols used in our
laboratories, the samples were prepared the day before and left overnight at 5 �C; before
experiments, samples were left for 1 h at 25 �C, where experiments were acquired. A

http://nls-mapper.iab.keio.ac.jp


Cells 2022, 11, 2166 4 of 28

1 cm pathlength quartz cell (Hellma, Kruibeke, Belgium) was used. The concentration of
PADI4 or NLS1/2-PADI4 peptides was 20 µM, and that of each importin species was 2 µM.
Samples containing the corresponding isolated peptides, the isolated PADI4, the isolated
corresponding importin species, and the corresponding mixtures (at the concentrations
indicated above) were prepared. Experiments were performed with samples in 50 mM
sodium phosphate buffer, pH 7.0. Fluorescence experiments were repeated in triplicates
with newly prepared samples. Variations of results among the experiments were lower
than 5%.

Polypeptide samples were excited either at 280 or 295 nm (although NLS2-PADI4 has
only a single tyrosine). The other experimental parameters used in the experiments have
been described elsewhere [48]. Appropriate blank corrections were made in all spectra.

2.4.2. Binding Experiments with PADI4
For the titration between either Imp↵3 or DImp↵3 and intact PADI4, increasing

amounts of the corresponding importin species, in the concentration range 0–25 µM,
were added to a solution with a fixed concentration of intact PADI4 (3 µM). Experiments
were carried out in 20 mM Tris buffer (pH 7.5), 5 mM TCEP, 150 mM NaCl, and 5% glycerol
at 25 �C (the storage buffer of PADI4). The experimental setup was the same as in the
steady-state fluorescence experiments. Blank corrections containing the amount of each
importin species were subtracted. Inner-filter effects were corrected [49]. Each titration
(Imp↵3 with PADI4 or DImp↵3 with PADI4) was repeated three times, using new samples.
In the three cases, the variations in the results were lower than 10%.

Handling and preparation of samples were the same described in Section 2.4.1. The dis-
sociation constant of the corresponding complex, Kd, was calculated by fitting the binding
isotherm to the general binding model, explicitly considering ligand depletion [50,51].

F = F0 +
DFmax

2[PADI4]T
(
⇥
Impa3species

⇤
T + [PADI4]T + Kd)�r⇣

(
⇥
Impa3species

⇤
T + [PADI4]T + Kd)

2 � 4
⇥
Impa3species

⇤
T [PADI4]T

⌘
,

(1)

where F is the measured fluorescence at any particular concentration of importin species
after subtraction of the matching blank concentration of importin species, DFmax is the
largest change in the fluorescence of importin species when all polypeptide molecules were
bound, compared to the fluorescence of each unbound chain, F0 is the fluorescence intensity
when no importin species were added, [PADI4]T is the constant, total concentration of
PADI4 (3 µM), and [Impa3species]T is that of either Imp↵3 or DImp↵3, which was varied
during the titration. Fitting to Equation (1) was carried out using KaleidaGraph (Synergy
software, Reading, PA, USA).

2.4.3. Binding Experiments with NLS1/2-PADI4
For the titration between either Imp↵3 or DImp↵3 and NLS1/2-PADI4, increasing

amounts of the corresponding peptide, in the concentration range 0–20 µM, were added
to a solution with a fixed concentration of either Imp↵3 or DImp↵3 (3 µM). Experiments
were carried out in the same buffer used for the titration of the intact PADI4 at 25 �C. The
experimental setup was the same as in the steady-state fluorescence experiments. Blank
corrections were subtracted in all cases. Spectra were corrected for inner-filter effects during
fluorescence excitation [49]. Each titration (Imp↵3 with NLS1/2-PADI4 or DImp↵3 with
NLS1/2-PADI4) was repeated three times, using newly prepared samples. In the three
cases, the variations in the results were lower than 10%.

Handling and preparation of samples were the same described in Section 2.4.1. The
dissociation constant for each complex, Kd, was calculated by fitting the binding isotherm
constructed to the general binding model, explicitly considering ligand depletion [50,51].
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F = F0 +
DFmax

2[Impa3species]T
(
⇥
Impa3species

⇤
T + [NLS1/2PADI4]T + Kd)

�
r⇣

(
⇥
Impa3species

⇤
T + [NLS1/2PADI4]T + Kd)

2 � 4
⇥
Impa3species

⇤
T [NLS1/2PADI4]T

⌘
,

(2)

where F is the measured fluorescence at any particular concentration of the corresponding
peptide after subtraction of the matching blank concentration of NLS1/2-PADI4, DFmax is
the largest change in the fluorescence of the corresponding peptide when all polypeptide
molecules were forming the complex, compared to the fluorescence of each isolated chain,
F0 is the fluorescence intensity when no NLS1/2-PADI4 was added, [NLS1/2PADI4]T is the
total concentration of the corresponding peptide, which was varied during the titration,
and [Impa3species]T is that of either Imp↵3 or DImp↵3, which was kept constant during the
titration. Fitting to Equation (2) was carried out using KaleidaGraph (Synergy software,
Reading, PA, USA).

2.5. Circular Dichroism (CD)
Far-UV CD spectra were collected on a Jasco J810 spectropolarimeter (Jasco, Tokyo,

Japan) interfaced with a Peltier unit. The instrument was periodically calibrated with (+)-10-
camphorsulfonic acid. A cell of path length 0.1 cm was used (Hellma, Kruibeke, Belgium).
All spectra were corrected by subtracting the corresponding baseline. Concentration of
each polypeptide (importin species and either NLS1/2-PADI4 or PADI4) and the buffers
were the same used in the fluorescence experiments (Section 2.4).

Isothermal wavelength spectra of each isolated macromolecule and that of the complex
were acquired as an average of six scans, at a scan speed of 50 nm/min, with a response
time of 2 s and a bandwidth of 1 nm. Handling and preparation of samples were the same
described in Section 2.4.1.

2.6. Nuclear Magnetic Resonance (NMR) Spectroscopy
The NMR spectra were acquired at 10 �C on a Bruker Avance 500 MHz spectrometer

(Bruker GmbH, Karlsruhe, Germany), equipped with a triple resonance probe and z-
pulse field gradients. Spectra were processed with Bruker TopSpin 2.1 (Bruker GmbH,
Karlsruhe, Germany). All NMR experiments with NLS1/2-PADI4 peptides were carried
out in 100 mM sodium phosphate buffer (not corrected for isotope effects), pH 7.0. Spectra
were calibrated with TSP, by considering pH-dependent changes of its chemical shifts [52];
probe temperature was calibrated with pure methanol [52].

2.6.1. 1D-1H-NMR Spectra
A total of 48 scans were acquired with 16 K acquisition points for the homonuclear

1D-1H-NMR spectra of each isolated peptide at a concentration of 1.2 mM. The water signal
was suppressed with the WATERGATE sequence [53]. The spectra were processed by using
TopSpin 2.1 with an exponential window, after zero-filling.

2.6.2. Translational Diffusion NMR (DOSY)
The NLS1/2-PADI4 concentration in DOSY experiments was 100 µM, and 128 scans

were acquired, where the gradient strength was varied linearly. Details on the experimental
conditions and fitting of the resulting curves have been described elsewhere [48]. A final
concentration of 1% of dioxane, with an assumed hydrodynamic radius, Rh, of 2.12 Å [54],
was added to the solution.

2.6.3. 2D-1H-NMR Spectra
Two-dimensional spectra of NLS2-PADI4 (at 1.2 mM) were acquired in each dimen-

sion in phase-sensitive mode by using the time-proportional phase incrementation tech-
nique [55] and a spectral width of 5500 Hz. Standard TOCSY (mixing time of 80 ms) [56]
and NOESY experiments (a mixing time of 250 ms) [56–58], with the WATERGATE se-
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quence [53], as well as experimental, processing, and assigning details, were the same used
in acquiring, processing, and analyzing the spectra of other NLSs [41–43]. The chemical
shift values of H↵ protons in random-coil regions were obtained from tabulated data,
corrected by neighboring residue effects [59–61].

2.7. Isothermal Titration Calorimetry (ITC)
Calorimetric titrations for testing the interaction of PADI4, as well as for the interaction

of NLS1/2-PADI4 peptides, with both importins, Imp↵3 and DImp↵3, were carried out in
an Auto-iTC200 automated high-sensitivity calorimeter (MicroCal, Malvern-Panalytical,
Malvern, UK). Experiments were performed in 20 mM Tris buffer (pH 7.5), 5 mM TCEP,
150 mM NaCl, and 5% glycerol at 25 �C. PADI4 or the peptide solution (100 µM) in the
injection syringe was titrated into the importin solution (10 µM) in the calorimetric cell.
The remaining experimental and processing details have been described previously [41–43].
Due to the presence of glycerol in solution, background injection (included as an adjustable
parameter in data fitting) was rather large. The data analysis was conducted in Origin 7.0
(OriginLab, Northampton, MA, USA) with user-defined fitting functions.

2.8. Biolayer Inteferometry (BLI)
2.8.1. Experimental Design

The association (kon) and dissociation (koff) rate constants of the binding of NLS1/2-
PADI4 peptides to Imp↵3 or DImp↵3 were determined using a BLItz system (ForteBio,
Pall, Barcelona, Spain) [62]. The buffer used in the experiments was that recommended
by the manufacturer. Since Imp↵3 and DImp↵3 had a His-tag, they were immobilized on
His-tag biosensors (Forte Bio) at 0.3 µM. The peptide concentrations were in the range
from 1 to 7 µM during the association step. The general scheme of the protein associa-
tion/dissociation reactions in the BLItz system for NLS1/2-PADI4 with Imp↵3 and DImp↵3
immobilized on the biosensor was similar to that described previously [63].

2.8.2. Fitting of the Sensorgrams
Fittings of the sensorgrams was carried out using KaleidaGraph (Synergy software,

Reading, PA, USA) [63]. The interferometry response during the association step, R(t)
(measured in response units, RU), and the binding rate, dR(t)/dt, can be used to evaluate
the kinetics of the formation of the Imp↵3/DImp↵3–NLS1/2-PADI4 complex, according to

dR
dt

= kon[NLS1/2PADI4](Rmax � R(t))� ko f f R(t), (3)

where Rmax is proportional to the total concentration of biosensor-bound importin species, and
[NLS1/2PADI4] represents the concentration of the corresponding NLS1/2-PADI4 peptide.

In Equation (3), R(t) is given by

R(t) = Req � Reqe(�kobs (t�t0)), (4)

where Req is the steady-state (or equilibrium) response obtained at infinite time, when
dR(t)/dt = 0, and t0 = 180 s is the time at which the association step between biosensor-
immobilized Imp↵3/DImp↵3 and NLS1/2-PADI4 in the solution started. We fitted the
experimentally obtained R(t) under any condition as

R(t) = Req � Reqe(�kobs (t�t0)) � R0
eqe(�k0obs2 (t�t0)), (5)

since an F statistical analysis test of the kinetic constants obtained with a fitting to
Equations (4) or (5) was always better in the latter, two-exponential case (at 95% confi-
dence level). With Equation (5), we are assuming that the equilibrium response at infinite
time (that is, Req) is reached with the fastest exponential. The largest-amplitude exponential
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had a concentration-dependent kinetic rate, and it was used for the pseudo-first-order plots,
where the value of kobs is given by

kobs = kon [NLS1/2PADI4] + ko f f . (6)

The kinetic rate from the second exponential (with a total amplitude smaller than 5%,
in all cases, and slower than the other phase) in Equation (5) remained constant at all the
peptide concentrations explored.

The dissociation process was always fitted to a single exponential, with R(t) given by

R(t) = R1 e(�ko f f (t�t0)), (7)

where t0 = 300 is the time at which the dissociation of the peptide from the biosensor-bound
Imp↵3/DImp↵3 started in our experimental setup, and R1 is the response level when
dissociation starts.

2.9. Molecular Docking
Molecular simulations were performed using the docking software AutoDock Vina

(version 1.1.2) [64], following a methodology we already employed for the virtual screening
of other NLS peptides binding to Imp↵3 [41–43]. The protein was modeled in the IBB-
depleted form on the basis of the Protein Data Bank (PDB) entry 5XZX [65], which reports
the crystallographic complex with the NLS of the Ran-binding protein 3 anchored within
the major binding site of Imp↵3. Further simulations were performed with the protein
modelled on the basis of PDB entry 5X8N [66], which reports the complex of Imp↵1 with
the NLS of the Epstein–Barr virus EBNA-LP protein bound within the same site. The ligand
and the crystallographic waters were not considered as being part of the docking host in
the simulations. The search region in the docking calculations (size: 50 Å ⇥ 90 Å ⇥ 90 Å)
was centered on the protein and comprised its entire volume. All simulation runs were
performed with very high exhaustiveness, 32 times larger than the default value [67].

The two NLS1/2-PADI4 peptides have a number of degrees of freedom that is too
large (>100 rotatable dihedral angles) to be investigated in single docking experiments.
Thus, the sequence of both peptides was divided into seven-residue fragments, each having
five residues in common with the adjacent one and shifted by two residues. The fragments
were capped by inserting a methyl group at both their N- and C-termini, except the last
fragment for which the –NH2 terminal moiety was maintained. This modeling was adopted
to avoid potential artefacts due to the introduction of polar hydrogens at the extremities
of a fragment, which do not exist in the main chain of the peptides and of the native
protein. The use of NLS fragments reduced the average number of degrees of freedom
within the limit (32 rotatable dihedral angles) considered reliable for a successful use of
AutoDock Vina [64]. The binding score assigned to each peptide residue was the average
of the affinities obtained for all the seven-residue fragments that contained that specific
amino acid.

The procedure described above was strictly followed for the peptide correspond-
ing to NLS1-PADI4 (sequence: A58KKKSTGSSTWPLDPGVEVTLTMKVAS84), to obtain
the eleven fragments A58KKKSTG64, K60KSTGSS66, . . . , L78TMKVAS84. For the NLS2-
PADI4 (sequence: Y498KLFQEQQNEGHGEALLFEGIKKKKQQKI526), to more accurately
investigate the binding features in correspondence with the N-terminal aromatic residue
Tyr498 and Phe501, the simulations were extended by also considering the adjacent re-
gion L490LASPRSC497, which is part of the PADI4 sequence but not of the peptide used
in our experiments. As a consequence, the binding of the 16 fragments L490LASPRS496,
A492SPRSCY498, . . . , K520KKQQKI526 was simulated. Therefore, our simulations are ex-
pected to reproduce more closely the binding to Imp↵3 of the predicted NLS2-PADI4 region
of the native protein, rather than the binding of the isolated peptide in solution.
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2.10. Western Blot
Different dilutions (40, 20, 10, and 5 µM) of PADI4 were mixed with 5 µL of NuPAGE®

(Invitrogen, Barcelona, Spain). They were separated by SDS-PAGE using 10% gels and
transferred to a nitrocellulose membrane (Bio-Rad Laboratories Inc, CA, USA). Separated
membranes were incubated with 1 µM Imp↵3, for 2 days, and then the membranes were
washed three times for periods of 7 min with 1⇥ phosphate buffer solution (PBS), 0.1%
Tween-20 buffer. Next, the membranes were blocked for 1 h with 5% (w/v) milk in 1⇥
PBS, 0.1% Tween-20 buffer. Finally, they were incubated overnight at 4 �C with primary
antibody anti-KPNA4 (rabbit, 1:800, Quimigen, Madrid, Spain), followed by 1 h incubation
at room temperature with ECL TM anti-rabbit IgG, horseradish peroxidase linker (GE
Healthcare, Chalfont St Giles, UK). The membranes were visualized with ECL TM Prime
Western blotting detection reagent (Amersham TM) in a ChemiDoc Bio-Rad instrument.

2.11. Size Exclusion Chromatography (SEC)
Size exclusion chromatography experiments were carried out as described [48] on

an AKTA FPLC using a calibrated analytical Superdex 75 10/30 HR FPLC column (GE
Healthcare, Barcelona, Spain) with both peptides in the following concentration ranges:
50–400 µM of protomer concentration for NLS1-PADI4 and 200–400 µM for NLS2-PADI4
peptide. The elution volumes were obtained from analyses with UNICORN software
(GE Healthcare, Barcelona, Spain) from three different measurements. The void volume
(7.54 ± 0.06 mL) was determined from blue dextran, and the bed volume (18.98 ± 0.03 mL)
was determined from conductivity measurements in a Tris elution buffer (20 mM, pH
7.6, and 250 mM NaCl). Samples were eluted at a rate of 1 mL/min and continuously
monitored with an online detector at a wavelength of 280 nm. Analyses were carried out as
described [48]. The column was calibrated with the standard set of low-molecular-weight
(GE Healthcare, Barcelona, Spain) globular proteins; as a comparison, ribonuclease A, with
a molecular weight of 13.7 kDa, eluted at 13.3 mL in such a column.

3. Results
3.1. PADI4 Was Bound to Impa3 and DImpa3

To test whether PADI4 interacted with Imp↵3 and DImp↵3 (i.e., the Imp↵3 truncated
species lacking the IBB domain) in vitro, we followed a two-part experimental approach.
Firstly, we used steady-state fluorescence and CD as spectroscopic techniques to observe a
possible binding and concomitant conformational changes in the macromolecules; secondly,
we used fluorescence and ITC to quantitatively measure the thermodynamic parameters of
such binding.

We used fluorescence to determine whether there was a change in (i) the position of
the maximum wavelength, (ii) in the fluorescence intensity at that wavelength, or (iii) in
both, when the spectrum of the complex was compared to that obtained from the addition
of the separated spectra of the two isolated proteins. In the presence of Imp↵3, we observed
a variation in the fluorescence intensity (after excitation at 280 nm) (Figure 1A), but there
were no changes in the maximum wavelength of the spectrum. After excitation at 295 nm,
similar variations were observed upon complex formation with Imp↵3. Furthermore,
variations between the two spectra (i.e., the addition spectrum and that of the complex)
were observed by excitation at both wavelengths (280 and 295 nm) when using DImp↵3
to form the complex with PADI4 (Figure S1A). However, the variations were smaller than
those observed when monitoring the binding to Imp↵3.
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Figure 1. Binding of Imp↵3 to PADI4 as monitored by spectroscopic probes. (A) The spectrum of
PADI4/Imp↵3 complex after excitation at 280 nm, and the addition spectrum obtained by the sum of
those of the two separated macromolecules. (B) Far-UV CD spectrum of the PADI4/Imp↵3 complex,
and the addition spectrum. All experiments were performed at 25 �C.

Next, we carried out far-UV CD measurements, trying to confirm the fluorescence
binding results. In contrast to the observations for Imp↵3 described above, the addition
spectrum was not very different from that of the complex (Figure 1B). A similar behavior
was observed for DImp↵3 (data not shown). Therefore, we can conclude that there were
no large changes in the secondary structures of PADI4 or in those of the importin species
when the two proteins were bound.

Since we observed changes in the fluorescence spectrum upon binding of PADI4 to
Imp↵3 or DImp↵3, we carried out titrations by keeping constant the concentration of PADI4
and increasing the concentration of the importin species. The results indicate (Figure 2A)
that, for Imp↵3, the Kd was 3.9 ± 0.8 µM, whereas, for DImp↵3 (Figure S1B), the Kd was
6 ± 1 µM, which are values quite comparable, within the fitting error.

We also used ITC to determine the thermodynamic binding parameters to both im-
portin species (Figure 2B, Table 1). The result indicated that the interaction of both importins
with PADI4 was highly exothermic (favorable enthalpic contribution and unfavorable en-
tropic contribution to the Gibbs energy of binding). For Imp↵3, the Kd was 4.8 ± 0.9 µM
(which is similar to that obtained by fluorescence; see above), whereas, for DImp↵3, the Kd
was 1.3.
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Table 1. Thermodynamic parameters of binding of PADI4 to the different macromolecules a. 

  Ka 
(105 M−1) 

Kd 
(μM) 

ΔH (kcal/mol) ΔG (kcal/mol) -TΔS 
(kcal/mol) 

n 

PADI4 
Impα3 

2.1 
(1.7, 2.5) 

4.8 
(4.0, 5.9) 

−65.5 
(−72.0, −60.5) 

−7.3 −58.2 
0.97 

(0.94, 1.00) 

ΔImpα3 
7.8 

(7.3, 8.5) 
1.3 

(1.2, 1.4) 
−38.4 

(−39.5, 37.2) 
−8.0 −30.4 

0.84 
(0.83, 0.85) 

NLS1 
Impα3 

2.3 
(1.6, 3.0) 

4.3 
(3.3, 6.3) 

−21.3 
(−25.3, −18.8) 

−7.3 −14.0 
1.24 

(1.15, 1.37) 

ΔImpα3 
6.5 

(4.9, 8.3) 
1.5 

(1.2, 2.0) 
−8.7 

(−9.6, −8.0) 
−7.9 −0.8 

1.22 
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Figure 2. Binding of Imp↵3 to PADI4 as monitored by biophysical probes and Western blot analyses.
(A) Titration curve monitoring the changes in the fluorescence at 330 nm when Imp↵3 was added
to PADI4. The fluorescence intensity on the y-axis is the relative signal after removal of the corre-
sponding blank. The line through the data is fitted to Equation (1). Experiments were carried out at
25 �C. (B) Calorimetric titrations for the PADI4 binding to (left) Imp↵3 and (right) DImp↵3. Upper
panels show the thermograms (thermal power as a function of time), and lower panels show the
binding isotherms (ligand-normalized heat effects per injection as a function of the molar ratio in
the calorimetric cell). Continuous lines correspond to the fitting curves according to a single ligand
binding site interaction model. Experiments were carried out at 25 �C. (C) Polyacrylamide gels were
loaded with several concentrations of PADI4 as visualized with Ponceau staining. Nitrocellulose
membranes were later incubated with Imp↵3 to see the binding, washed, and revealed with the
corresponding antibody against Imp↵3.

Table 1. Thermodynamic parameters of binding of PADI4 to the different macromolecules a.

Ka

(105 M�1)
Kd

(µM) DH (kcal/mol) DG

(kcal/mol)
-TDS

(kcal/mol) n

PADI4

Imp↵3 2.1
(1.7, 2.5)

4.8
(4.0, 5.9)

�65.5
(�72.0, �60.5) �7.3 �58.2 0.97

(0.94, 1.00)

DImp↵3 7.8
(7.3, 8.5)

1.3
(1.2, 1.4)

�38.4
(�39.5, 37.2) �8.0 �30.4 0.84

(0.83, 0.85)

NLS1

Imp↵3 2.3
(1.6, 3.0)

4.3
(3.3, 6.3)

�21.3
(�25.3, �18.8) �7.3 �14.0 1.24

(1.15, 1.37)

DImp↵3 6.5
(4.9, 8.3)

1.5
(1.2, 2.0)

�8.7
(�9.6, �8.0) �7.9 �0.8 1.22

(1.16, 1.29)

NLS2

Imp↵3 0.43
(0.31, 0.57)

23
(18, 32)

�35.7
(�39.8, �31.1) �6.3 �29.4 1.08

(0.98, 1.20)

DImp↵3 2.3
(1.5, 3.2)

4.3
(3.2, 6.7)

�11.2
(�13.7, �9.8) �7.3 �3.9 1.10

(1.02, 1.23)
a The uncertainty in the estimation of the binding parameters is reported as the confidence interval at a statistical
significance of 95%, shown in parentheses below each parameter [68]. Association constant, Ka; dissociation
constant, Kd; binding enthalpy, DH; binding stoichiometry (or percentage of binding-competent protein), n.

To further confirm the binding of intact Imp↵3 to PADI4, we performed a series
of in vitro experiments, using WBs, to detect protein–protein interactions with the re-
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combinant, purified proteins. We used PADI4 as the prey protein and loaded at several
concentrations (40 to 5 µM) in a gel. The proteins were transferred to a nitrocellulose
membrane and incubated for 2 days with Imp↵3 (KPNA4) as bait protein. Subsequently,
we washed and revealed the membrane with an antibody against Imp↵3. The results
showed a decreasing signal of Imp↵3 binding to PADI4 according to the size and amount
of loaded protein (Figure 2C). That is, the bait protein (Imp↵3) was detected on spots in the
membrane where the prey protein (PADI4) was located, confirming that the two proteins
formed a complex.

To sum up, we conclude that PADI4 could bind to each of the two importin species,
with similar affinity constants. Moreover, our experiments confirmed the direct in vitro
binding of Imp↵3–PADI4; however, we cannot rule out that a more complex interaction
may be taking place in vivo where other partners could also be involved.

3.2. Conformational Features of the Isolated NLSs of PADI4
Since there was binding between PADI4 and both importin species, we wondered

whether its two isolated NLS regions, predicted using the webserver cNLS Mapper, were
also capable of binding to both importins. Earlier X-ray studies [47] and the results of
other predictors of NLS sites (such as PSORT II, available at http://psort.hgc.jp/form2
.html, accessed on 8 December 2021) only identified the first region, NLS1, whose se-
quence is P56PAKKKSTGSSTWPLDPGVEVTLTMKVASGS86; this region was also pre-
dicted to be an NLS using our reference NLS predictor, cNLS Mapper. However, the
latter webserver also predicted another region, NLS2, corresponding to the sequence
R495SCYKLFQEQQNEGHGEALLFEGIKKKKQQKI526 (with a score of 6.1, compared to a
score of 5.7 for NLS1). Therefore, we had two distinct NLS predictions, and we decided to
test the ability of the two corresponding isolated peptides, NLS1/2-PADI4 (see Section 2.3.
for their sequences), to bind both importin species in solution. Before testing such abil-
ity, we carried out a biophysical and structural characterization of the isolated peptides
in solution.

3.2.1. Isolated NLS1-PADI4 Was Oligomeric and Disordered in Solution
The fluorescence spectrum of NLS1-PADI4 had a maximum at ~350 nm due to the

emission of its sole tryptophan, Trp68 (Figure 3A). The far-UV CD spectrum of isolated
NLS1-PADI4 showed an intense band between 202 and 215 nm (Figure 3B), indicating that
the peptide did not possess only a random-coil conformation. We deconvolved the CD
spectrum using the k2D software on the DICHROWEB website [69–71]; the deconvolution
yielded 9% ↵-helix, 37% �-sheet, and 54% random coil. The deconvolution using Contin
or Selcon3 yielded similar results, with percentages of ↵-helix between 10% and 13%, of
�-sheets between 20% and 24%, of �-turns between 15% and 21%, and of random coils
between 45% and 52%. Therefore, all the predictors indicate that NLS1-PADI4 was mainly
disordered, but with a relevant fraction of �-sheets. It could be suspected that, because
of the presence of two proline residues in the central region of the polypeptide chain
(Pro69 and Pro72), the peptide might also adopt a fraction of poly-proline II conformation;
however, the far-UV CD spectrum (Figure 3B) lacked the positive band around 225 nm,
which is a feature of this type of conformation [72]. The disordered character of NLS1-
PADI4 was further confirmed by the 1D-1H-NMR spectrum (Figure 3C), with all the amide
protons between 8.0 and 8.6 ppm, whereas the alkyl protons were clustered between
0.8 and 1.0 ppm. Furthermore, the indole proton of Trp68 appeared at 10.2 ppm, along
with two signals due to the presence of a slow cis–trans isomerization equilibrium of the
following residue Pro69 (Figure 3C). For those kinds of protons, all such values are typical
of disordered polypeptide chains [59].

http://psort.hgc.jp/form2.html
http://psort.hgc.jp/form2.html
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Figure 3. Conformational features of isolated NLS1-PADI4 in solution. (A) Fluorescence spectrum
of NLS1-PADI4 in 20 mM Tris buffer (pH 7.5), 5 mM TCEP, 150 mM NaCl, and 5% glycerol at
25 �C. (B) Far-UV CD spectrum of NLS1-PADI4 at 25 �C in sodium phosphate buffer (50 mM,
pH 7.5). (C) 1D-1H-NMR spectrum of isolated NLS1-PADI4 at 10 �C and pH 7.0 (100 mM, sodium
phosphate buffer).

We also determined the hydrodynamic radius of the peptide in solution. First, the
fitting of the measurement of the intensity of the methyl groups to a single exponential
from the DOSY yielded a value of D and an estimated Rh, obtained from the comparison
with the D of dioxane (6.8 ± 0.3 ⇥ 10�6 cm2·s�1), of 8.8 ± 0.8 ⇥ 10�7 cm2·s�1 and 17 ± 2 Å,
respectively. This value of Rh was slightly larger than that theoretically expected for a
random-coil polypeptide [73] with such a molecular weight (2819.27 Da), i.e., 14.3 Å. This
result suggests the presence of oligomeric species in solution. We could further confirm this
hypothesis on the basis of two pieces of evidence. First, two-exponential fitting of the decay
of the methyl intensity yielded a D of 4 ± 1 ⇥ 10�7 cm2·s�1, corresponding to an estimated
Rh of 34 ± 6 Å, thus indicating the presence of a self-associated species; the second expo-
nential led to the same D value, previously described with the fitting to a single exponential.
According to the same expression used to calculate the Rh (Rh = 0.027 MW1/2, where Rh is
assumed to be in nm and MW represents the mass in Da [73]), we can estimate the molecu-
lar weight for those species in solution as 16,421.9 Da, which suggests the presence of a
hexameric species (considering an MW of 2819.27 Da for the monomer). Second, attempts
to obtain a good TOCSY spectrum (by varying the length of the different mixing, spin-lock
sequences used) to assign the resonances of NLS1-PADI4 failed; this result is indicative of
polypeptide chains with a short relaxation time, such as those associated with an oligomer
with a large molecular weight [59]. Chromatograms of a solution containing NLS1-PADI4
resulted in a peak with strong tailing centered at 14.82 mL (Figure S2). This resulted in a
Stokes radius, according to the weight-average partition coefficients relationships [48], of
10.7 Å. The strong tailing is indicative of equilibria among several species with different
molecular weights.

To conclude, the canonical NLS1-PADI4 species was disordered and had a tendency to
self-associate at physiological pH.
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3.2.2. Isolated NLS2-PADI4 Was Monomeric and Disordered in Solution
The fluorescence spectrum of NLS2-PADI4 had a maximum at 308 nm due to the

emission of its sole tyrosine, Tyr498 (Figure 4A). The far-UV CD spectrum of isolated NLS2-
PADI4 showed an intense minimum at ~202 nm (Figure 4B), indicating that the peptide
possessed mostly a random-coil conformation; the spectrum was completely different from
that obtained for NLS1-PADI4, although we cannot rule out that the absorbance of the sole
Trp68 in the NLS1-PADI4 spectrum in the interval 210–220 nm [74–76] could alter its shape.
We tried to deconvolve the far-UV CD spectrum of NLS2-PADI4 by using the k2D software
on the DICHROWEB website [69–71]; the deconvolution yielded a fraction of 5% ↵-helix,
40% �-sheet, and 55% random coil. Deconvolution results obtained using Contin and
Selcon3 yielded fractions of 7% to 9% for ↵-helices, 15% to 18% for �-sheets, 7% to 13% for
�-turns, and 64% for random coils. Therefore, the percentages of the structure obtained in
the deconvolution of far-UV CD spectrum for NLS2-PADI4 were similar to those obtained
for NLS1-PADI4 (see Section 3.2.1), and NLS2-PADI4 was mainly disordered, with a high
percentage of transient �-sheets. The disordered characteristic of NLS2-PADI4 was further
confirmed by the 1D-1H-NMR spectrum (Figure 4C), with all the amide protons between
8.0 and 8.6 ppm, whereas the methyl protons were clustered between 0.8 and 1.0 ppm. In
both cases, these values are observed in disordered chains [59].
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Figure 4. Conformational features of isolated NLS2-PADI4 in solution. (A) Fluorescence spectrum
of NLS2-PADI4 in 20 mM Tris buffer (pH 7.5), 5 mM TCEP, 150 mM NaCl, and 5% glycerol at
25 �C. (B) Far-UV CD spectrum of NLS2-PADI4 at 25 �C in sodium phosphate buffer (50 mM,
pH 7.5). (C) 1D-1H-NMR spectrum of isolated NLS2-PADI4 at 10 �C and pH 7.0 (100 mM, sodium
phosphate buffer).

On the other hand, the peptide was monomeric, as concluded from the value of D
measured by the DOSY experiment and the estimated Rh (obtained from the comparison
with the D of dioxane): 9.6 ± 0.3 ⇥ 10�7 cm2·s�1 and 15.1 ± 0.8 Å, respectively. This value
of Rh was similar to that obtained theoretically for a random-coil polypeptide [59] with
a corresponding molecular weight (3501.98 Da), i.e., 15 ± 2 Å. The SEC experiments for
NLS2-PADI4 yielded an elution peak at 15.15 mL (Figure S2). As the molecular weight of
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NLS1-PADI4 was slightly larger than that of NLS2-PADI4, but it eluted at larger elution
volumes, the actual molecular weight of the NLS1-PADI4 species loaded in the column
(even taking into account of the dilution effect of the bed volume) must correspond to
an oligomeric species. The elution volume of NLS2-PADI4 resulted in a Stokes radius of
9.64 Å, lower than that of NLS1-PADI4 (see previous section).

To further confirm the mainly disordered nature of NLS2-PADI4, we also carried out
homonuclear 2D-1H-NMR experiments (Table ST1); in this case, we were able to obtain
good TOCSY spectra to allow us to assign the resonances. However, we could not fully
assign them due to the large number of lysine, glutamine, and glutamic acid residues.
NLS2-PADI4 was mainly disordered in solution, as suggested by different evidence, further
confirming the results from far-UV CD (Figure 4B) and 1D-1H-NMR spectra (Figure 4C).
Firstly, the conformational shifts (D�) of H↵ protons [59–61] for those unambiguously
assigned amino acids were within the commonly accepted range for random-coil peptides
(D�  0.1 ppm) (Table ST1). Secondly, no long- or medium-range NOEs were observed in
the spectra, but only consecutive ones (i.e., ↵N (I, i+1) and �N (i, i+1)) were observed in the
polypeptide patches fully assigned.

Taken together, all the experimental techniques concurred that the isolated NLS2-
PADI4 was monomeric and disordered in aqueous solution.

3.3. Isolated NLS1/2-PADI4 Could Bind to Each of the Importin Species
Next, we wondered whether the isolated NLS1/2-PADI4 peptides were capable of

binding to both importins (Imp↵3 and DImp↵3), and, if so, we wanted to measure their
binding affinity for each of them. We followed the same procedure used for intact PADI4;
that is, first we tried to detect binding by using fluorescence and far-UV CD, and then we
tried to measure such binding quantitatively using fluorescence, ITC, and BLI.

Fluorescence experiments showed that there were no large changes in the spectra
upon addition of NLS2-PADI4 to Imp↵3/DImp↵3, but there were large ones upon addition
of NLS1-PADI4 to each of the importin species, probably because of the presence of Trp68
in the latter peptide (Figure 5A and Figure S3A). Furthermore, the far-UV CD spectrum
of the complex and that obtained by the addition of the two isolated spectra showed
no changes for NLS2-PADI4 (Figure 5B), but there were large changes for NLS1-PADI4
with both importins (Figure S3B). As the peptide had a smaller size than that of the two
importins, these results suggest that the secondary conformational preferences of NLS1-
PADI4 changed dramatically in the presence of any of the two importins. We could not
rule out that the structure of the importins changed as well, although this is unlikely for
a well-folded protein with an organized and repetitive ARM structure. Furthermore, the
tertiary environment around one of the tryptophans of the importins and/or Trp68 from
NLS1-PADI4 changed when both macromolecules were present in solution. On the other
hand, the absence of changes in the far-UV CD spectra when NLS2-PADI4 was present
in solution could mean that (i) neither NLS2-PADI4 nor importin species changed their
secondary structures upon binding, or (ii) CD did not report any conformational change
in the polypeptide chains (i.e., CD was spectroscopically silent). However, the lack of
variations in the CD spectra did not rule out the possibility that the binding took place,
as we used other biophysical probes to test it. In fact, we attempted to determine the
binding affinity of both peptides for each importin species using (i) ITC, (ii) BLI, and
(iii) the small changes observed in fluorescence intensity for NLS2-PADI4 and the large
ones for NLS1-PADI4.

The calorimetric titrations with both peptides revealed that both polypeptide chains
were capable of binding to both importins, Imp↵3 and DImp↵3, with a favorable enthalpic
contribution and an unfavorable entropic contribution to the Gibbs energy of binding, with
NLS2 showing a more exothermic binding (Figure 6, Table 1). In both cases, we observed a
single binding reaction, in contrast to what was found for other NLS peptides, where two
transitions were observed and explained as due to the simultaneous binding to the major
and minor binding sites of importin [77]. For NLS1-PADI4, the Kd values were 4.4 ± 4 µM
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for Imp↵3 and 1.5 ± 1 µM for DImp↵3; for NLS2-PADI4, the Kd values were 23 ± 10 µM
for Imp↵3 and 4.3 ± 4 µM for DImp↵3. Thus, NLS1-PADI4 showed a slightly higher
affinity, compared to NLS2-PADI4, for both importins, and DImp↵3 showed a slightly
higher affinity, compared to Imp↵3, for NLS1/2-PADI4.
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Figure 5. Binding of importin species to NLS2-PADI4 as monitored by spectroscopic probes. (A) Flu-
orescence spectrum of the complex DImp↵3/NLS2-PADI4 and that obtained by the addition of the
spectra of the two isolated molecules. (B) Far-UV CD spectrum of the complex Imp↵3/NLS2-PADI4
and that obtained by the addition of the spectra of the two isolated molecules. Experiments were
carried out at 25 �C.
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Figure 6. Binding of importin species to NLS1-PADI4 and NLS2-PADI4 as monitored by ITC. Calori-
metric titrations for the NLS peptides binding to importin species. Imp↵3 interacting with (A) NLS1-
PADI4 and (B) NLS2-PADI4, and DImp↵3 interacting with (C) NLS1-PADI4 and (D) NLS2-PADI4.
Upper panels show the thermograms (thermal power as a function of time), and lower panels show
the binding isotherms (ligand-normalized heat effects per injection as a function of the molar ratio in
the calorimetric cell). Continuous lines correspond to the fitting curves according to a single ligand
binding site interaction model. Experiments were carried out at 25 �C.

The results from BLI (Figure S4) yielded values of the dissociation constants differ-
ent from those measured for ITC. For NLS1-PADI4, the Kd values were 18 ± 4 µM (for
Imp↵3), with kon = 0.0037 ± 0.0002 µM�1·s�1 and koff = 0.0685 ± 0.0007 s�1 (Figure 7A),
and 4 ± 1 µM (for DImp↵3), with kon = 0.011 ± 0.002 µM�1·s�1 and koff = 0.046 ± 0.005 s�1

(Figure 7B). On the other hand, for NLS2-PADI4, the values of the dissociation constants
and kinetic rates were 99 ± 10 µM (for Imp↵3), with kon = 0.003 ± 0.002 µM�1·s�1 and
koff = 0.32 ± 0.01 s�1 (Figure 8A), and 12± 4µM (for DImp↵3), with kon = 0.020± 0.003µM�1·s�1

and koff = 0.23 ± 0.01 s�1. Therefore, from the kinetic point of view, we can conclude that
(i) both peptides had an affinity for DImp↵3 higher than that for Imp↵3 (i.e., the dissoci-
ation equilibrium constant for DImp↵3 was smaller than for Imp↵3), in agreement with
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the ITC experiments, (ii) NLS1-PADI4 showed always a higher affinity than NLS2-PADI4
for any of the importin species, in agreement with the ITC experiments, (iii) the values
of the kon rates for both peptides were one order of magnitude lower for Imp↵3 than for
DImp↵3, indicating that the association of both peptides to the latter importin species was
faster, and (iv) the values of the dissociation rates from both importin species, koff, were
smaller (one order of magnitude) for NLS1-PADI4 than for NLS2-PADI4. Taken altogether,
we can conclude that the binding reaction was modulated by the nature of the importin
species (with or without the IBB) and each particular NLS region. Although the values for
the dissociation constant determined by ITC and BLI might seem somewhat different, the
relative differences (that is, the respective fold changes) for the two importin species and
for the two NLS peptides were similar.

Cells 2022, 11, x FOR PEER REVIEW 17 of 28 
 

 

 
Figure 7. Binding of importin species to NLS1-PADI4 as monitored by BLI. (A) Pseudo-first-order 
plot of the binding of the peptide to Impα3 (Equation (6)). (B) Pseudo-first-order plot of the binding 
of the peptide to ΔImpα3 (Equation (6)). The error bars in both panels are fitting errors to the expo-
nentials of the sensorgrams. Experiments were carried out at 25 °C. 

 

0.07

0.075

0.08

0.085

0.09

0.095

1 2 3 4 5 6

k ob
s (s

-1
)

[NSL1-PADI4] (µM)

(A)

Impα3

0.05

0.06

0.07

0.08

0.09

0.1

0.11

1 2 3 4 5 6

k ob
s (s

-1
)

[NSL1-PADI4] (µM)

(B)

∆Impα3

0.3

0.31

0.32

0.33

0.34

0.35

0.36

1 2 3 4 5 6 7 8

k ob
s (s

-1
)

[NSL2-PADI4] (µM)

(A)

Impα3

0.2

0.25

0.3

0.35

0.4

1 2 3 4 5 6 7 8

k ob
s (s

-1
)

[NSL2-PADI4] (µM)

(B)

∆Impα3

Figure 7. Binding of importin species to NLS1-PADI4 as monitored by BLI. (A) Pseudo-first-order plot
of the binding of the peptide to Imp↵3 (Equation (6)). (B) Pseudo-first-order plot of the binding of the
peptide to DImp↵3 (Equation (6)). The error bars in both panels are fitting errors to the exponentials
of the sensorgrams. Experiments were carried out at 25 �C.
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Figure 8. Binding of importin species to NLS2-PADI4 as monitored by BLI. (A) Pseudo-first-order plot
of the binding of the peptide to Imp↵3 (Equation (6)). (B) Pseudo-first-order plot of the binding of the
peptide to DImp↵3 (Equation (6)). The error bars in both panels are fitting errors to the exponentials
of the sensorgrams. Experiments were carried out at 25 �C.

The changes observed by fluorescence, even though they were small (see above),
provided values of the dissociation constants very similar for both importin species when
bound to NLS2-PADI, i.e., 4 ± 2 µM (for Imp↵3) and 4 ± 1 µM (for DImp↵3) (Figure 9A).
These values were smaller than those obtained by BLI for the same peptides, indicating that
the binding process probably followed a non-two-state mechanism. Conversely, although
the fluorescence changes for NLS1-PADI4 were far larger than for NLS2-PADI4, we could
not monitor a reasonable titration curve within the constraints given by the experimental
error (Figure 9B).
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Figure 9. Binding of importin species to NLS1- and NLS2-PADI4 as monitored by fluorescence:
(A) Titration curve monitoring the changes of fluorescence at 330 nm when NLS2-PADI4 was added
to DImp↵3. The fluorescence intensity on the y-axis is the relative fluorescence intensity after removal
of the corresponding blank. The line through the data is fitted to Equation (2). (B) Titration curve
monitoring the changes in the fluorescence at 330 nm when NLS1-PADI4 was added to Imp↵3.
The fluorescence intensity on the y-axis is the relative fluorescence intensity after removal of the
corresponding blank. All experiments were carried out at 25 �C.

3.4. NLS1/2-PADI4 Could Bind to the Major NLS Binding Site of Impa3
The binding of the two predicted NLS regions of PADI4 to Imp↵3 was screened in

detail using molecular docking. This simulation technique does not take into account
the protein dynamics and, therefore, is not sensitive to the presence or absence of the IBB
domain. For this reason, the importin was modeled in the sole IBB-depleted form (DImp↵3),
and results were assumed to be approximately valid for both importin species. Furthermore,
molecular docking cannot accurately treat the binding of the whole NLS1-PADI4 or NLS2-
PADI4 peptide to Imp↵3, because the peptides possess too many degrees of freedom
(105 and 136 rotatable dihedral angles for NLS1-PADI4 and NLS2-PADI4, respectively).
Nevertheless, both the major and the minor NLS-binding sites of Imp↵3 are too small to
accommodate all the residues included in the two peptides (27 and 29 residues for NLS1-
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PADI4 and NLS2-PADI4, respectively); therefore, the core binding region of both peptides
is expected to be much shorter. As an example, in the case of the crystallographic complex
between Imp↵3 and the NLS sequence of the Ran-binding protein 3 [65], the anchoring
sequence constituting the binding interface was significantly shorter. For this reason,
according to a screening protocol we already successfully employed in other cases [78–81],
the docking was performed by considering seven-residue fragments of the two peptides.
Each of these fragments differed by a shift of two consecutive residues with respect to
the following one, and the whole set of fragments covered the whole sequence of the two
NLS peptides.

The binding affinities calculated for the two peptides are shown in Figure 10, with
the energy value for each peptide residue corresponding to the average of the binding
scores of all fragments that contained that residue. The binding score for the peptide
NLS1-PADI4 (Figure 10A) had a minimum in the curve at about �8.0 kcal/mol, and the
affinity of this region was more favorable by >1 kcal/mol compared to the other regions of
the same NLS1-PADI4. This energy value is slightly more favorable compared to the range
(from �7.9 to �7.2 kcal/mol) we found in analogous docking experiments between Imp↵3
and nine- or eight-residue-long fragments of the NLSs of two intrinsically disordered
proteins, NUPR1 and its paralog NUPR1L, for which the binding was also experimentally
confirmed [41,42]. Thus, the docking simulations suggested a favorable binding affinity in
the low micromolar range. The core binding region of the NLS1-PADI4 included the key
protein residue Trp68 and encompassed residues 66–72, confirming our initial assumption
that a restricted seven-residue region drives the binding of the whole 27-residue peptide.
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Figure 10. Affinity of the two NLS regions of PADI4 toward Imp↵3 estimated in molecular docking
simulations. (A) Peptide NLS1-PADI4, encompassing residues 58–84. (B) The second NLS2 region
of PADI4, including the N-terminal residues 490–497 (open symbols) and the peptide NLS2-PADI4
encompassing residues 498–526 (solid symbols). The affinity was calculated for seven-residue
fragments, and values reported for each residue are the average over all simulation runs including
that residue.
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For NLS2-PADI4, the curve did not show a clear minimum in the binding energy when
the sole peptide was considered (Figure 10B, solid symbols). This observation suggested
the necessity to extend the exploration beyond the N-terminal region of this peptide. It is
also important to note that the estimation of the binding score is less accurate for residues
belonging to the two main chain termini, because they were obtained from averages of a
lower number of docking experiments compared to the values obtained for amino acids far
away from the termini. As an example, the binding contribution of the aromatic residue
Tyr498 in this region, in the absence of other information, could only be assumed as equal
to the docking score calculated for the fragment Y498KLFQEQ504, if the sole NLS2-PADI4
sequence were to be considered. For this reason, a longer portion of the sequence of PADI4
including eight more residues (490–497) was explored in our simulations (Figure 10B, open
symbols). Thus, the results are representative of the binding of a larger region of PADI4
sequence (residues 490–526), more than representing the sole NLS2-PADI4 peptide (residues
498–526). The overall curve showed an energy minimum at about �7.5 kcal/mol, a value
only slightly less favorable compared to the one obtained for NLS1-PADI4, predicting that
the two NLS regions of PADI4 should bind Imp↵3 with a similar affinity. The core binding
region in the case of NLS2-PADI4 encompassed the amino acids 495–501 and confirmed the
involvement of the key residue Tyr498 and a few other adjacent amino acids, all belonging
to the seven-residue fragment located at the N-terminal region of the NLS2-PADI4 peptide.

The analysis of the docking results was also extended to detail the binding location
of both NLS regions of PADI4 on the surface of Imp↵3. The best binding modes of all the
seven-residue fragments of the two peptides are reported in Figure 11. These docking poses
were all found in correspondence with the ARM repeats 2–4 of Imp↵3, which correspond
to the major protein binding site for NLS of cargo proteins [82,83]. The fact that only the
major binding site of Imp↵3 was involved is further supported by the fact that a single
binding reaction was observed in the ITC experiments (Figure 6), conversely to what was
observed for other peptides encompassing classical bipartite NLSs [77]. A moderate affinity
of a larger variety of adjacent fragments toward the same target site could be useful in the
first steps of the binding recognition process, although the sole two fragments expected to
anchor in that position at the end of the association process are the core binding regions
of PADI4 previously detected (residues 66–72 and 495–501), due to their more favorable
binding affinity compared to the other fragments. A further comparison with the NLS
of the Ran-binding protein 3, whose conformation in the complex with Imp↵3 is known
at atomic detail in crystallography [65], shows that the two core binding regions of the
NLS peptides of PADI4 are capable of anchoring in a similar way in the same location
(as shown in Figure 11), with cation–⇡ interactions between the aromatic residues from
the corresponding NLS and positively charged residues from Imp↵3. Similar types of
interactions have been observed in some atypical NLS when bound to importin at the
minor binding site [84]. The binding interface of Imp↵3 also encompassed a restricted
number of residues, with Trp184 and Trp231 forming van der Waals interactions that
maintain an anchoring with PADI4.

We also report that similar results were obtained using, as a template to build Imp↵3,
the structure extracted from the complex between Imp↵1 and the NLS of the EBNA-LP
protein [66], which is the reference structure we previously used in other studies [41–43].
The predicted affinity curves (Figure S5) had, in general, a different shape compared to
those found using Imp↵3 extracted from the complex with the Ran-binding protein 3; nev-
ertheless, the binding energy at the minima were similar (variations were 0.5 kcal/mol),
and the position of such minima differed by at most three residues along the NLS sequence
of PADI4. Furthermore, even in this case, all the poses (Figure S6) were found in corre-
spondence with the major binding site for cargo proteins, and they overlapped with the
crystallographic position of the NLS. It is also evident (Figures 11 and S6) that the core
region of both crystallographic NLSs considered, as well as the two most favorable binders
among the seven-residue-long fragments of the NLSs of PADI4, essentially overlapped.
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Figure 11. Binding location of seven residue long fragments of the two NLS regions of PADI4 on
the surface of Imp↵3 observed in simulations. (Left) conformations of peptide NLS1, and (right)
peptide NLS2 region. Fragments follow the color scheme red ! magenta ! blue, going from the
N to the C terminus of the two NLS peptides. (Center) comparison among the fragments with
the most favorable binding affinity of (magenta) NLS1-PADI4 and (red) NLS2-PADI4, and (cyan)
crystallographic pose [66] of the NLS of the Ran-binding protein 3 (purple) and the Epstein–Barr
virus EBNA-LP protein (cyan) bound to the major binding sites of Imp↵3 and Imp↵1, respectively.
For clarity, the sole backbone chain is shown for all the sequences.

4. Discussion
PADI4 is a key enzyme for the conversion of arginine to citrulline, an important PTM,

and the only member of PADI family observed in both the nucleus and the cytoplasm
under ordinary physiological conditions. Thus, the nuclear translocation of this protein is
of special interest in cancer, and this work represents a first step to investigate this process.
Our results revealed that PADI4 was capable of binding to Imp↵3, a nuclear carrier of the
importin family, and its IBB domain-depleted species, DImp↵3. Moreover, we showed
that the use of the NLS predictor cNLS Mapper returned two potential NLS regions in
PADI4, approximately located at the two termini of its polypeptide chain: (i) from Pro56 to
Ser83, and (ii) from Arg495 to Ile526. Whereas the first region was already suspected to
be an NLS of PADI4 using earlier NLS predictors and on the basis of the crystallographic
structure of the protein [47], the latter constitutes a novelty. Both regions are solvent-
exposed in the folded structure of PADI4 and, therefore, available to bind Imp↵3 with no
impediment (Figure S7). Thus, we characterized the conformational propensities of the
peptides corresponding to the isolated fragments of the two regions, and we measured
their binding affinity for a specific importin, Imp↵3, for which we had already measured
the affinity toward other cargos [41–43]. According to our in vitro measurements, both
isolated regions were responsible for PADI4 binding to Imp↵3, as further confirmed by
the molecular docking results (Figures 10 and 11). The first region, from Pro56 to Ser83
(NLS1-PADI4), could not be classified as a classical monopartite NLS [28], as the core
binding region comprises residues Thr67–Gly73. It has been suggested [22], on the basis
of transfected cells and deletion mutants of PADI4 containing the region 45–74, that the
Lys59–Lys60–Lys61 region might be important for nuclear translocation of PADI4. Our
simulation studies indicate that, although such a region is involved in binding to Imp↵3,
the core polypeptide patch is around the two central prolines flanked in the sequence by
a tryptophan residue. Other examples of NLS regions that involve aromatic residues in
their sequences have also been previously reported in the literature [28]. The second region,
Arg495 to Ile526 (NLS2-PADI4), could not either be classified as a classical monopartite
sequence, encompassing the core region of Tyr498–Gln504. As it happens with other
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proteins that are importin-dependent for their nuclear translocation, tryptophan residues
of Imp↵3 and DImp↵3 seemed to intervene in the binding, as we were able to follow the
fluorescence titrations at 280 or 295 nm (Figure 9), and these findings were validated by
our molecular docking calculations (Figure 10).

The main conclusions from our simulations can be summarized as follows: firstly, the
whole sequence of both investigated NLS sequences of PADI4 has a distinct preference to
interact with Imp↵3 in correspondence with the major NLS-binding site of this karyopherin.
Secondly, in both cases, the core binding region of the NLS sequences corresponds to short
fragments of about seven residues, corresponding to the central region of NLS1-PADI4
(residues 66–72) and the N-terminal region of NLS2-PADI4 (residues 495–501). Thirdly, in
both cases, these core binding regions of the NLS peptides are located in correspondence
with aromatic residues of PADI4, i.e., Trp68 and Tyr498 for, respectively, NLS1-PADI4 and
NLS2-PADI4, acquiring a disordered conformation when bound. Fourthly, the binding
patch on the carrier Imp↵3 is similarly small, albeit consisting of a surface region on the
tertiary structure of the protein that is not restricted to a single portion of the protein
sequence. Fifthly, the binding residues of Imp↵3 also include two aromatic amino acids, i.e.,
Trp184 and Trp231. Lastly, the binding energy between the two protein interfaces that drives
the formation of the complex is between �7.5 and �8.0 kcal/mol, comparable to the values
found in both simulations and experiments for the binding of other NLS polypeptides to
Imp↵3 [41,42], and consistent with our in vitro experiments with NLS1/2-PADI4. In fact,
according to ITC experiments, the binding of NLS1-PADI4 and NLS2-PADI4 to DImp↵3 was
characterized by Gibbs energy changes of �7.9 kcal/mol, and �7.3 kcal/mol, respectively.
Moreover, it is not unusual that atypical and poorly basic NLSs, as those described here for
PADI4, have aromatic residues involved in binding to importin (see, for instance, [28] and
references therein).

We also demonstrated that both isolated NLS1/2-PADI4 peptides were disordered,
and that at least NLS2-PADI4 did not have any propensity to acquire helix- or turn-like
conformations, although we could not rule out the presence of local kinks around the two
prolines in the sequence of NLS1-PADI4 (Pro69 and Pro72). The predicted hotspot of the
importins for the association of both NLS1/2-PADI4 peptides is the major binding site for
the NLSs of cargo proteins (Figure 11), as shown by the in silico experiments. Thus, we can
conclude that NLS1/2-PADI4 behaved similarly to any other NLS regions belonging to a
well-folded protein [29,40,85,86] or to IDPs [41–43].

Since PADI4 is a Ca(II)-dependent enzyme, it could be thought that the binding
detected in this work might be affected by the presence of the ion. However, the presence of
Ca(II) does not alter the monomer–dimer equilibrium of the enzyme [24,87]. Furthermore,
the structural changes occurring in the presence of Ca(II) are mainly located at the C-
terminus, where the active site is [47], and the two NLSs regions described here are far away
from those regions where the changes in the presence of Ca(II) were detected (Ile313–Ile320,
Pro338–Met348, Pro371–Pro387, Pro396–Gly403, Phe633–His644, and Ala351–Ala359) [47].
Lastly, the presence of Ca(II) was shown only to stabilize the presence of an unfolded
intermediate either by using urea or temperature [24,88]. Therefore, the presence of Ca(II)
can be safely assumed to not affect binding of PADI4 to Imp↵3 or its truncated species,
although further studies will be necessary to dissect this point.

Previous studies with other NLSs of IDPs [41–43,82] or, alternatively, of folded pro-
teins [29,40,83] suggest an inhibitory action of the IBB, which hampers binding of the NLS
of the corresponding cargo protein into the major NLS-binding region of Imp↵3. Since
ITC is considered the gold-standard for determining binding thermodynamic parameters,
we focused on the dissociation constants measured by this technique. In this respect, we
observed a slightly higher affinity of binding to NLS1/2-PADI4 for DImp↵3 compared
to Imp↵3, in agreement with the findings obtained for other NLS peptides assayed be-
fore [41–43]. The same conclusion about the values of the affinity constants of the two
peptides for both importin species could be obtained from BLI experiments. Keeping in
mind that the binding of the peptides might be a non-two-state process, we could observe



Cells 2022, 11, 2166 24 of 28

that the apparent dissociation constants for Imp↵3 were always larger (i.e., lower affinity)
than those for DImp↵3. This difference between the two importin species may be due to the
fact that the 60-residue-long IBB is competing with the NLS for the NLS-anchoring region.
From a kinetic point of view, we observed that the binding of both peptides was faster to
DImp↵3, probably due to the absence of IBB and an associated kinetic barrier, as it is not
necessary to displace that domain from the importin to allow access to the NLS binding site.
As there are two NLSs in the same protein, we can speculate that either region can be used
during nuclear translocation through NPC, allowing for a stronger cooperative binding.
Alternatively, they can be used indistinctly, depending on the environmental conditions;
hence, PADI4 can modulate its binding to the importin under different circumstances.
Lastly, the fact that the dissociation constants were different for the two NLS suggests that
the binding behavior of the cargo protein–Imp↵3 complex seems to be modulated by subtle
details within the sequence of each particular NLS. These findings would open the avenue
to selectively hamper nuclear translocation and might lead to the development of new
molecular anticancer therapies.

5. Conclusions
PADI4 is found in both the nucleus and the cytoplasm, and it is present in several

types of cancer tissues and various cells of the human innate immune system. This protein
has two predicted NLS regions in its sequence, which can be recognized by importins for
nuclear translocation. In this work, we demonstrated that PADI4 was capable of binding
to both Imp↵3 and its IBB-depleted species, with a slightly higher affinity when the IBB
domain was not present. As both PADI4 and importin appear to be overexpressed in some
cancer types, and PADI4 must be transported within the nucleus to citrullinate histones and
start de-condensation, the use of drugs hampering the binding of this enzyme to importin
could provide a therapeutic approach to stop cancer progression. We also proved that the
NLS regions of PADI4 were both capable of binding this nuclear carrier, and we suggested
that a restricted core sequence provided an anchoring to the major NLS binding site for
cargo proteins of Imp↵3. The results expand our knowledge on the molecular properties of
PADI4, as well as support upcoming studies on the functional role of this protein.
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by different spectroscopic probes; Figure S4. The binding as monitored by BLI (sensorgrams) of the
NLS1-PADI4 and NLS2-PADI4 peptides; Figure S5. Affinity of the two NLSs of PADI4 predicted in
docking simulations performed using a different template for Imp↵3; Figure S6. Binding location
of seven -residue long fragments of the two NLSs of PADI4 predicted using a different template
for Imp↵3; Figure S7. Location of the NLS regions Pro56–Ser83 and Arg495–Ile526 in the folded
structure of PADI4; Table ST1. A reference list, and a table containing the 1H-NMR assignments of
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A.; et al. Uncertainty in protein-ligand binding constants: Asymmetric confidence intervals versus standard errors. Eur. Biophys.
J. 2021, 50, 661–670. [CrossRef]

69. Lobley, A.; Whitmore, L.; Wallace, B.A. DICHROWEB: An interactive website for the analysis of protein secondary structure from
circular dichroism spectra. Bioinformatics 2002, 18, 211–212. [CrossRef]

70. Whitmore, L.; Wallace, B.A. DICHROWEB an online server for protein secondary structure analyses from circular dichroism
spectroscopic data. Nucleic Acids Res. 2004, 32, W668–W673. [CrossRef] [PubMed]

71. Whitmore, L.; Wallace, B.A. Protein secondary structure analyses from circular dichroism spectroscopy: Methods and reference
databases. Biopolymers 2008, 89, 392–400. [CrossRef]

72. Shi, Z.; Woody, R.W.; Kallenbach, N.R. Is poly-proline II a major backbone conformation in unfolded proteins? Adv. Protein Chem.
2002, 62, 163–240. [CrossRef]

http://doi.org/10.1073/pnas.0900604106
http://doi.org/10.1074/jbc.M807017200
http://www.ncbi.nlm.nih.gov/pubmed/19001369
http://doi.org/10.1038/nsmb799
http://www.ncbi.nlm.nih.gov/pubmed/15247907
http://doi.org/10.1021/acs.biochem.6b00135
http://doi.org/10.1016/0003-2697(83)90020-9
http://doi.org/10.1016/B978-0-12-381268-1.00001-X
http://doi.org/10.1016/S0076-6879(08)03405-8
http://www.ncbi.nlm.nih.gov/pubmed/19152857
http://doi.org/10.1007/BF02192855
http://www.ncbi.nlm.nih.gov/pubmed/1490109
http://doi.org/10.1021/bi991765q
http://doi.org/10.1016/0006-291X(83)91093-8
http://doi.org/10.1016/0022-2364(85)90018-6
http://doi.org/10.1016/0006-291X(80)90695-6
http://doi.org/10.1016/0022-2364(92)90357-D
http://doi.org/10.1007/s10858-011-9472-x
http://doi.org/10.1007/s10858-011-9508-2
http://doi.org/10.1371/journal.pone.0106882
http://doi.org/10.1021/acs.biochem.6b00072
http://www.ncbi.nlm.nih.gov/pubmed/27232663
http://doi.org/10.1002/jcc.21334
http://www.ncbi.nlm.nih.gov/pubmed/19499576
http://doi.org/10.1016/j.bbrc.2017.07.155
http://doi.org/10.1002/pro.3173
http://doi.org/10.3390/molecules23040894
http://doi.org/10.1007/s00249-021-01518-4
http://doi.org/10.1093/bioinformatics/18.1.211
http://doi.org/10.1093/nar/gkh371
http://www.ncbi.nlm.nih.gov/pubmed/15215473
http://doi.org/10.1002/bip.20853
http://doi.org/10.1016/s0065-3233(02)62008-x


Cells 2022, 11, 2166 28 of 28

73. Danielsson, J.; Jarvet, J.; Damberg, P.; Gräslund, A. Translational diffusion measured by PFG-NMR on full length and fragments
of the Alzheimer A�(1–40) peptide. Determination of hydrodynamic radii of random coil peptides of varying length. Magn.
Reson. Chem. 2002, 40, S89–S97. [CrossRef]

74. Kelly, S.M.; Jess, T.J.; Price, N.C. How to study proteins by circular dichroism. Biochim. Biophys. Acta Proteins Proteom 2005, 1751,
119–139. [CrossRef] [PubMed]

75. Kelly, S.M.; Price, N.C. The use of circular dichroism in the investigation of protein structure and function. Curr. Protein Pept. Sci.
2000, 1, 349–384. [CrossRef] [PubMed]

76. Woody, R.W. Circular dichroism. Methods Enzymol. 1995, 246, 34–71. [CrossRef] [PubMed]
77. De Barros, A.C.; Takeda, A.A.S.; Dreyer, T.R.; Velázquez-Campoy, A.; Kobe, B.; Fontes, M.R.M. DNA mismatch repair proteins

MLH1 and PMS2 can be imported to the nucleus by a classical nuclear import pathway. Biochimie 2018, 146, 87–96. [CrossRef]
78. Santofimia-Castaño, P.; Rizzuti, B.; Pey, A.L.; Soubeyran, P.; Vidal, M.; Urrutia, R.; Iovanna, J.L.; Neira, J.L. Intrinsically disordered

chromatin protein NUPR1 binds to the C-terminal region of Polycomb RING1B. Proc. Natl. Acad. Sci. USA 2017, 114, E6332–E6341.
[CrossRef]

79. Santofimia-Castaño, P.; Rizzuti, B.; Abián, O.; Velázquez-Campoy, A.; Iovanna, J.L.; Neira, J.L. Amphipathic helical peptides
hamper protein-protein interactions of the intrinsically disordered chromatin nuclear protein 1 (NUPR1). Biochim. Biophys. Acta
Gen. Subj. 2018, 1862, 1283–1295. [CrossRef]

80. Santofimia-Castaño, P.; Xia, Y.; Lan, W.; Zhou, Z.; Huang, C.; Peng, L.; Soubeyran, P.; Velázquez-Campoy, A.; Abián, O.; Rizzuti,
B.; et al. Ligand-based design identifies a potent NUPR1 inhibitor exerting anticancer activity via necroptosis. J. Clin. Investig.
2019, 129, 2500–2513. [CrossRef]

81. Rizzuti, B.; Lan, W.; Santofimia-Castaño, P.; Zhou, Z.; Velázquez-Campoy, A.; Abián, O.; Peng, L.; Neira, J.L.; Xia, Y.; Iovanna, J.L.
Design of inhibitors of the intrinsically disordered protein NUPR1: Balance between drug affinity and target function. Biomolecules
2021, 11, 1453. [CrossRef]

82. Lan, W.; Santofimia-Castaño, P.; Swayden, M.; Xia, Y.; Zhou, Z.; Audebert, S.; Camoin, L.; Huang, C.; Peng, L.; Jiménez-Alesanco,
A.; et al. ZZW-115-dependent inhibition of NUPR1 nuclear translocation sensitizes cancer cells to genotoxic agents. JCI Insight
2020, 5, 138117. [CrossRef]

83. Miyatake, H.; Sanjoh, A.; Unzai, S.; Matsuda, G.; Tatsumi, Y.; Miyamoto, Y.; Dohmae, N.; Aida, Y. Crystal structure of human
Importin ↵1 (Rch1) revealing a potential autoinhibition mode involving homodimerization. PLoS ONE 2015, 10, e0115995.
[CrossRef] [PubMed]

84. Chang, C.-W.; Counago, R.M.; Williams, S.J.; Boden, M.; Kobe, B. Distinctive conformation of minor site-specific nuclear
localization signals bound to importin-alpha. Traffic 2013, 14, 1144–1154. [CrossRef] [PubMed]

85. Miyamoto, Y.; Loveland, K.L.; Yoneda, Y. Nuclear importin ↵ and its physiological importance. Commun. Integr. Biol. 2012, 5,
220–222. [CrossRef] [PubMed]

86. Goldfarb, D.S.; Corbett, A.H.; Mason, D.A.; Harreman, M.T.; Adam, S.A. Importin ↵: A multipurpose nuclear-transport receptor.
Trends Cell Biol. 2004, 14, 505–514. [CrossRef] [PubMed]

87. Liu, Y.-L.; Chiang, Y.-H.; Liu, G.-Y.; Hung, H.-C. Functional role of dimerization of human peptidylarginine deiminase 4 (PAD4).
PLoS ONE 2011, 6, e21314. [CrossRef]

88. Liu, Y.-L.; Lee, C.-Y.; Huang, Y.-N.; Chen, H.-Y.; Liu, G.-Y.; Hung, H.-C. Probing the roles of calcium binding sites during the
folding of human peptidylarginine deiminase 4. Sci Rep. 2017, 7, 2429. [CrossRef]

http://doi.org/10.1002/mrc.1132
http://doi.org/10.1016/j.bbapap.2005.06.005
http://www.ncbi.nlm.nih.gov/pubmed/16027053
http://doi.org/10.2174/1389203003381315
http://www.ncbi.nlm.nih.gov/pubmed/12369905
http://doi.org/10.1016/0076-6879(95)46006-3
http://www.ncbi.nlm.nih.gov/pubmed/7538625
http://doi.org/10.1016/j.biochi.2017.11.013
http://doi.org/10.1073/pnas.1619932114
http://doi.org/10.1016/j.bbagen.2018.03.009
http://doi.org/10.1172/JCI127223
http://doi.org/10.3390/biom11101453
http://doi.org/10.1172/jci.insight.138117
http://doi.org/10.1371/journal.pone.0115995
http://www.ncbi.nlm.nih.gov/pubmed/25658636
http://doi.org/10.1111/tra.12098
http://www.ncbi.nlm.nih.gov/pubmed/23910026
http://doi.org/10.4161/cib.19194
http://www.ncbi.nlm.nih.gov/pubmed/22808339
http://doi.org/10.1016/j.tcb.2004.07.016
http://www.ncbi.nlm.nih.gov/pubmed/15350979
http://doi.org/10.1371/journal.pone.0021314
http://doi.org/10.1038/s41598-017-02677-1

