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JmjC: Jumonji C domain 

JMJD6: Jumonji domain-containing 6 protein  

KAP1: KRAB-associated protein 1  

Kd: dissociation constant  

KDM: lysine demethylases  
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KH: hnRNP K homology  

KHSRP: KH-type splicing regulatory protein 

KLF4: Kruppel-like factor 4 

LAR: luminal androgen receptor 

LCIS: lobular carcinoma in situ  

LC-MS/MS: Liquid Chromatography with tandem mass spectrometry  

LSD: lysine specific demethylase  

M: mesenchymal 

MAT: methionine adenosyl-transferase  

MCL: mantle cell lymphoma  

MDH1: malate dehydrogenase 1  

MDM2: mouse double minute 2  

MDR1: multidrug resistance 1  

MED12: mediator complex subunit 12  

MEF: mouse embryonic fibroblasts  

MEP50: methylosome protein 50  

MITF: Microphthalmia-associated transcription factor  

MLOs: membrane-less organelles  

MML: multiple myeloid leukemia 

MMP9: matrix metalloproteinase 9 

MP: Myosin phosphatase  

MRI: Magnetic resonance imaging  

MRPS23: mitochondrial ribosomal protein S23 
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MS: mass spectrometry  

MSL: mesenchymal stem-like 

MTA: methylthioadenosine  

MTAP: S-methyl-5′-thioadenosine phosphorylase  

MYPT1: myosin phosphatase target subunit-1  

NES: nuclear exclusion signal 

NET: pulmonary neuroendocrine tumours 

NF90: nuclear factor 90  

NFIB: nuclear factor I B  

NF-κB: nuclear factor κ of B-cells  

NHEJ: nonhomologous end-joining  

NLS: nuclear localization signal 

NONO: non-POU domain-containing octamer-binding protein  

NPC: neural progenitor cells  

NPM: nucleophosmin  

Nrf2: nuclear factor erythroid 2 related factor 2 

NSCLC: non-small cell lung carcinomas  

NST: no special type  

OPC: oligodendrocyte progenitor cell  

OS: overall survival  

PARP: Poly(ADP-ribose) polymerase 

PBM: PRMT5 binding motif  

PCBPs: poly(C)-binding proteins  
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pCR: pathologic complete response  

PCR: polymerase chain reaction  

PDAC: pancreatic ductal adenocarcinoma 

PDCD4: programmed cell death 4 

PDGF: platelet-derived growth factor  

PELP1: proline, glutamate, and leucine rich protein 1 

PFU60: poly-U-binding factor  

PGC: primordial germ cells  

PGE2: Prostaglandin E2 

PGM: proline-glycine-methionine  

PKD2: polycystic kidney disease 2  

PKM2: pyruvate kinase muscle isozyme M2 

PKMT: protein lysine methyltransferase  

pol II: RNA polymerase II  

pol β: DNA polymerase β  

PPI: protein-protein interaction  

PR: progesterone receptor  

PRC2: polycomb repressor complex 

pri-miRNA: primary miRNA  

PRMT: protein arginine methyltransferase  

PTH: parathyroid hormone  

PTM: post-translational modification 

PXR: pregnane x receptor  
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Rb: retinoblastoma protein 

RBP: RNA binding proteins   

RFS: relapse free survival 

RIOK1: RIO kinase 1  

RISC: RNA-induced silencing complex 

ROK: RhoA-activated kinase  

RPA: replication protein A  

RPS10: ribosomal protein S10  

RPS2: 40S ribosomal protein S2 

RRM: RNA recognition motif  

RUVBL1: RuvB-like 1 

SAH: S-adenosylhomocysteine  

SAM: S-adenosyl methionine  

SCLC: small cell lung cancer 

SDCCAG3: serologically defined colon cancer antigen-3  

SELEX: systematic Evolution of Ligands by Exponential Enrichment  

SERDs: selective modulators estrogen receptor degraders 

SERMs: estrogen receptor modulators 

SF: splicing factor 

SG: sacituzumab govitecan 

SGK: serum- and glucocorticoid-inducible kinases  

SHP1: SH2-domain-containing protein tyrosine phosphatase 1  

SILAC: stable isotope labeling with amino acids in cell culture  
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Skb1: Shk1 kinase-binding protein 1  

SMN: Survival motor neuron  

SND1: Staphylococcal nuclease domain-containing protein 1  

snRNPs: small nuclear ribonucleoproteins  

sRNAs: small RNAs  

TDP1: Tyrosyl-DNA phosphodiesterase 1 

TGFβ: transforming growth factor-β  

TGFβR: TGFβ receptor 

Th: T helper 

TIC: tumour initiating cells 

TNBC: triple negative breast cancer  

TNM: tumour-node-metastasis  

TOP3B: topoisomerase IIIB 

TopIcc: Top1 cleavage complexes  

Trop2: trophoblast cell-surface antigen 2  

TUBB8: Tubulin Beta 8 

ULK1: Unc-51-like kinase 1  

USP22: ubiquitin-specific protease 22  

USP29: ubiquitin specific peptidase 29  

USP9X: ubiquitin-specific protease 9 X-linked 
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Chapter 1: Introduction 

In the introduction chapter, I will outline a summary of the main topics related to the results 

obtained during my PhD. First, I will give an overview of breast cancer, its subtypes and 

treatments followed by a detailed description of the TNBC subtype. Then, I will describe 

the process and regulation of arginine methylation and how it is implicated in 

tumorigenesis, followed by a detailed description of PRMT5. Lastly, I will describe FUBP1, 

a protein which I identified as novel PRMT5 substrate.   
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I. Breast Cancer 

I.1. Generalities 

I.1.1. Incidence and mortality rates 

In 2020, breast cancer ranked first for cancer incidence and related mortality in females 

worldwide, accounting for 24.5% of cancer new cases (2.2 million cases) and 15.5% for 

cancer-related deaths (0.68 million deaths) in females globally (Figure 1) [1]. France 

ranked fourth in breast cancer rates in females worldwide, where 58,083 breast cancer 

cases were recorded [2].  In the Lebanese population, breast cancer accounted for 33.7% 

(5,802 total cases) of new cancer cases and 24.3% (2,981 total mortalities) of cancer-

related mortalities in females during 2020 [2].  

 

Figure 1: Cancer incidence and mortality in females worldwide (2020). Breast cancer is the most 
diagnosed cancer and causes the most cancer-related mortalities in females worldwide. Adapted and 
modified from [1]. 

I.1.2. Breast cancer risk factors 

Figure 2 shows an illustration of the main breast cancer risk factors. 

a. Sex: Breast cancer is >100 times frequent in women than in men [3], hence being 

female itself increases the risk of getting the disease [4,5]. 

b. Age: One of the greatest risk factors for breast cancer is age, as high percentage 

of breast cancer cases occur in women between the age 40-60 [5,6]. 

c. Family history and genetics: Women with first degree relatives diagnosed with 

breast cancer are at a higher risk of getting the disease [6,7]. A study in the UK 
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showed that a woman with one first degree relative with breast cancer has a 1.75-

fold increased risk of developing it. The risk increases to 2.5-fold and more in 

women with more than one first degree affected relatives [6]. The most common 

cause of this inherited susceptibility to breast cancer is mutations in BRCA1 and 

BRCA2 genes [5–8]. 

d. Reproductive factors: Experiencing late menopause (after 55), early menarche 

(before 12), never getting pregnant, and having a first child birth at an age higher 

than 35 increases the risk of breast cancer [6,7,9]. However, having additional 

births and breastfeeding (especially for a period higher than one year) can lower 

the risk of getting the disease [9,10]. Having dense breasts could also increase the 

risk of breast cancer [10]. 

e. Hormones: Taking exogenous estrogen through contraceptive pills for a period of 

>10 years and the administration of hormone replacement therapy (HRT) for 

menopausal or postmenopausal women increases the risk of breast cancer [6,10]. 

f. Lifestyle: Having low physical activity, consuming excess alcohol, smoking, being 

overweight, and being on a high fat low fibre diet increase the chance of getting 

breast cancer [5–7,10]. 
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Figure 2: Schematic illustration of breast cancer risk factors. Breast cancer risk factors include age, 
family history or previous diagnosis of breast cancer, lifestyle (obesity, lack of exercise, high fat low fiber 
diet, alcohol intake), reproductive factors (age of first born, breastfeeding, age of menarche, dense breast), 
gender, and hormonal intake. 

I.1.3. Breast cancer diagnosis and screening 

Imaging techniques are powerful tools to screen, diagnose, and monitor breast cancer 

treatment progress in patients [11]. Table 1 summarizes the different imaging techniques 

used for breast cancer detection and their limitations. Mammography is an X-ray imaging 

technique and considered the standard method for breast cancer screening [11]. It is 

highly sensitive, inexpensive, and was shown to decrease breast cancer mortalities by 

20% [10–12]. The American Cancer Society (ACS) recommends women between ages 

45-65 to get an annual mammogram [13,14]. However, mammography has several 

limitations including exposure to radiation, pain, anxiety, and high false positive/negative 

rates especially for women with dense breasts [11,14,15]. Mammography cannot 

distinguish between liquid and solid lesions thus fails to accurately detect tumour masses 

[16]. Tomosynthesis, which provides a 3D breast study, showed better accuracy and 
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lesion type differentiation than mammography [16]. Ultrasound is another widely utilised 

detection method usually used as a complement for mammography for women with dense 

breasts and pregnant and breastfeeding women, as it does not involve radiation 

exposure. Ultrasound improves the sensitivity when used in complement to 

mammography, but it fails to distinguish cancerous tissues [14,16]. Magnetic resonance 

imaging (MRI) can detect small lesion that mammography and ultrasound fail to, but it 

has a low specificity and is expensive. MRI was recommended mostly for women with a 

high breast cancer risk, and not for the general population [10,14]. CT and PET can be 

employed to track breast cancer metastasis and response to therapy [14]. 

Table 1: Breast cancer screening methods: applications and limitations. 

Method Application Limitations 

Mammography Mass screening. Image bone, soft 

tissues, and blood vessels all at the 

same time. Shadowing due to dense 

tissues. 

Ionizing radiation, low sensitivity 

and specificity, sensitivity drops 

with tissue density increases. 

Ultrasound Evaluate lumps found in mammography, 

not suitable for bony structures. 

Low sensitivity, experienced 

operator is required during 

examination, low resolution image. 

MRI Young women with high risk, images 

small details of soft tissues. 

Some types of cancers cannot be 

detected such as ductal and 

lobular carcinoma, expensive. 

CT To determine and image distant 

metastasis in a single exam. 

Low sensitivity, radiation risks, 

expensive scanner 

PET Functional imaging of biological 

processes. To image metastasis or 

response to therapy. 

Ionizing radiation, radioactive 

tracer injection 

Modified from [14] 

Another screening method for breast cancer detection is self-examination. However, it is 

not scientifically investigated and has no clear benefits but can be an alternative for 

women in low-income countries. The ACS does not recommend clinical breast 

examination as a screening method for women of all ages [13].  
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Once a lesion is detected, the diseased tissue is obtained by biopsy, aspiration, or 

surgical excision. If cancer is confirmed, the samples will be evaluated for morphology 

(size) and predictive markers like estrogen receptor (ER), progesterone receptor (PR), 

and human epidermal growth factor receptor 2 (HER2). Molecular tests like DNA 

microarrays and polymerase chain reaction (PCR) (like 21-gene Oncotype DX® and 70-

gene Mammaprint®) can be used to better diagnose breast cancer [15].  

I.2. The Breast Anatomy 

Understanding the breast anatomy (Figure 3) is crucial to comprehend the development 

of breast cancer. The female breast is mainly made up of fat cells called adipose tissues. 

12-20 sections of globular tissues, called the lobes, make up the breast. Each lobe is 

constituted of many smaller milk producing glands called lobules, and the lobes and 

lobules are connected to each other through the milk ducts, responsible of delivering milk 

to the nipples during lactation. The breast also contains blood vessels, lymphatic vessels, 

and lymph nodes [17,18].  

 

Figure 3: Anatomy of the female breast. From [19]           
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I.3. Breast cancer development and characterization 

I.3.1. Histological classification of breast cancer 

I.3.1.1. Histological subtypes 

Breast cancer can be mainly classified into in situ and invasive carcinomas. In situ 

carcinomas are well localized cancerous mass that do not spread to adjacent tissues and 

can either arise in the ducts hence termed ductal carcinoma in situ (DCIS), or in the 

lobules and termed lobular carcinoma in situ (LCIS) (Figure 4) [20]. DCIS is more frequent 

than LCIS, representing around 80% of total in situ carcinoma cases.  

On the other hand, as the name implies, invasive breast carcinomas invade the 

surrounding tissue and can eventually metastasize to other body parts, most frequently 

to the bone, lung, brain, and liver [21]. The most common types of invasive breast 

carcinomas are invasive ductal carcinomas that originate in the milk ducts and invasive 

lobular carcinomas arising in the lobules (Figure 4). Invasive ductal carcinomas, now 

known as invasive breast cancer of no special type (NST) [5], are the most prevalent 

representing around 70% of invasive breast cancer cases [5,20]. Other less common 

types of invasive breast cancer are adenoid cystic (or adenocystic) carcinoma, low-grade 

adenosquamous carcinoma, medullary carcinoma, mucinous (or colloid) carcinoma, 

papillary carcinoma, and tubular carcinoma [22]. 
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Figure 4: Histological subtypes of breast cancer. 

I.3.1.2. Breast cancer stage and grade 

Until 2018, a strictly anatomic method termed the tumour-node-metastasis (TNM) was 

used to evaluate breast cancer staging. The TNM method assesses tumour size (T), if it 

spread to the lymph nodes (N), and whether it has metastasized (M) [23]. Breast cancer 

stages are as follows (Figure 5) [24]: 

• Stage 0: the disease is non-invasive and restricted in the duct and lobules. 

• Stage I: the tumour is invasive and spreading to the normal breast tissue. Stage 

IA represents a tumour of 2 cm size that has not spread to lymph nodes, and stage 

IB is when the tumour is found in the lymph node with/without cancer in the breast 

tissue. 

• Stage II: the cancer is invasive. Stage IIA describes either a 2-5 cm tumour in the 

breast with/without spread to the lymph nodes or cancer cells present in at least 1-

3 lymph nodes and not necessarily present in the breast tissue. Stage IIB 

represents a tumour of 2-5 cm with spread to 1-3 axillary lymph nodes, or a tumour 

>5 cm that has not spread to the nodes. 
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• Stage III: the cancer is invasive. Stage IIIA is when the tumour is of any size in the 

breast or in the nodes. It has spread to >4 lymph nodes in the breast or axilla but 

has not spread to other body parts. Stage IIIB represents a cancer of any size that 

had reached to the chest wall and could be present in up to 9 lymph nodes. This 

stage can cause a swelling of the breast (inflammatory breast cancer is considered 

a Stage IIIB). Stage IIIC is a tumour of any size, and there may be an absence of 

cancer signs in the breast. The cancer is spread to ≥10 axillary lymph nodes or 

nodes above or below the breast- or collar- bone. 

• Stage IV (metastatic): the cancer is of any size and has spread to other tissues 

and organs.  

 

Figure 5: Breast cancer stages. The stage of breast cancer progression is evaluated using the TNM 
method. When cancer starts spreading to >4 lymph nodes breast cancer is classified as stage III. Stage IV 
cancer is when the tumour starts metastasizing outside the breast to other body parts. From [24]. 

 

The newest update of the American Joint Committee on Cancer (AJCC) cancer staging 

manual (8th edition) include the integration of prognostic markers in addition to the 

anatomic ones (TNM) for breast cancer staging. These include the expression of 

biomarkers (ER, PR and HER2), gene expression profiling (ex: Onco-type DX Breast 

Recurrence Score [Genomic Health]), and tumour grade [25]. The grade of breast cancer 

defines the aggressiveness of the tumour and are summarized in Figure 6.  
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Figure 6: Breast cancer grades.  As the grade of breast cancer increases the patient prognosis worsens. 
Grade 1 (low grade) breast cancer is when the cancer cells still look similar to normal epithelial cells and 
do not grow as fast as the higher grades. In grade 2 (moderate grade) breast cancer, cancer cells start 
looking aberrant and proliferate with faster rates than grade 1 cells. In grade 3 (high-grade) breast cancer, 
the cancer cells are poorly differentiated and are morphologically different from normal cells. From [26]. 

I.3.2. Molecular classification of breast cancer 

Perou and Sorlie classified breast cancer into five intrinsic subtypes according to the 

expression levels of ER, PR and HER2: luminal A, luminal B, HER2-positive, basal-like, 

and normal-like [5,27,28]. The luminal subtypes express ER and PR and can either carry 

an HER2 amplification or not. HER2-positive tumours overexpress HER2 and the triple 

negative breast cancer (TNBC) subtype lacks ER, PR, and HER2 gene amplification. 

PAM50 is a 50-gene signature developed in 2009 to predict the intrinsic subtype of breast 

cancer with >90% accuracy [29]. Figure 7 illustrates the molecular subtypes of breast 

cancer, their prognosis and current treatment options.  
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I.3.2.1. Luminal A and luminal B 

Luminal subtypes correspond to the hormone-expressing breast tumours and are 

characterized by the expression of ER and ER-associated genes (like CCND1) [30]. 

Luminal A (ER+/PR+/HER2-) are the most common breast cancer subtype representing 

about 50% of all breast cancer cases [31]. What distinguishes luminal A from the luminal 

B subtype is the expression level of the proliferation marker Ki67 [10]. Luminal A 

proliferate slower than the other subtypes and have low Ki67 (<~14%) expression [32]. 

Therefore, this subtype is the least aggressive and has the best prognosis [31]. Luminal 

A is associated with high ER signalling, and 45% are mutated for PIK3CA [33]. Luminal 

B, accounting for 20-30% of breast cancer, are ER+ and PR+ and can either carry an 

HER2 amplification or not (ER+/PR+/HER2- or ER+/PR+/HER2+) [31]. The mostly mutated 

genes in luminal B are TP53 and PIK3CA, and this subtype shows a DNA 

hypermethylation phenotype [33].  

I.3.2.2. HER2-positive 

HER2-positive breast cancer corresponds to about 10% of breast cancer cases and lacks 

the expression of ER and PR (ER-/PR-/HER2+) [34]. This subtype is defined by assessing 

the expression of HER2 by immunohistochemistry (IHC): HER2 IHC score 3+ or IHC 

score of 2+ with ERBB2 (coding HER2) gene amplification (assessed by ISH) [35]. HER2-

positive breast tumours are highly mutated for the oncogenes TP53 (72%) and PIK3CA 

(39%) [33] and have high proliferative rates and poor prognosis [35].  

I.3.2.3. Basal-like 

The basal-like subtype is so called as its expression pattern resembles that of basal 

epithelial cells: lack of ER expression, low HER2 expression, expression of basal cell 

keratins 5/6 and 17, and the expression of proliferation genes [27]. The majority of basal-

like tumours are the high-grade TNBC (ER-/PR-/HER2-), usually associated with lower 

patient age and have the worst prognosis compared to the other subtypes [31]. About 10-

20% of breast cancer cases are TNBC [34]. TNBC tumours are highly proliferative, have 

high risk of metastasis, and most cases carry TP53 mutations [30,31]. TNBC is commonly 

associated with defects in the DNA repair mechanisms like BRCA1/2 mutations. The 

TNBC subtype will be thoroughly discussed in section II of the thesis.  
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I.3.2.4. Normal-like 

The normal-like subtype resembles luminal A IHC profile: hormone receptors-positive, no 

ERBB2 gene amplification, and low Ki67. They generally have a good prognosis, but 

lesser than the luminal A subtype [31].  

I.3.2.5. HER2-low 

Recently, a new HER2 entity was identified, the HER2-low breast cancers. These are 

breast cancers, that could either be hormonal positive or negative, expressing HER2 with 

IHC score of 1+ or of 2+ without ERBB2 gene amplification. Around 60% of luminal and 

30% of TNBC were identified to be HER2-low. Although not being of the HER2-positive 

subtype, these tumours benefited from a treatment targeting HER2, suggesting new 

possibilities to the management of breast cancer [36–38].  

 

 

Figure 7: Breast cancer molecular subtypes. According to ER, PR, and HER2 expression, breast cancer 
is molecularly classified into four main intrinsic subtypes: luminal A, luminal B, HER2-positive, and TNBC. 
These subtypes vary in their grade and prognosis with luminal A having the best prognosis and TNBC 
having the worst. A common treatment strategy to all subtypes is surgery and chemotherapies. Depending 
on the subtype, specific targeted therapies like anti-hormonals are administered to breast cancer patients. 
ADC: antibody-drug conjugate; ER: estrogen receptor; PR: progesterone receptor; TNBC: triple negative 
breast cancer.  
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I.4. Breast cancer treatments 

Several types of breast cancer treatment exist. Primary therapy, usually being surgery, 

can be supplemented with neoadjuvant and/or adjuvant therapy (Figure 8). Neoadjuvant 

therapies, typically including chemo- or hormonal-therapies, help in reducing the size of 

the tumour and are commonly given before the primary therapy (Figure 8). Adjuvant 

therapies on the other hand are mainly administered after the primary treatment in order 

to eradicate residual tumour cells/tissue thus minimizing recurrence, and usually include 

chemotherapies, anti-hormonals, immunotherapy, targeted therapies, and radiotherapy 

(Figure 8). Tumour grade and stage, breast cancer subtype, and patients’ preference can 

impact the choice of surgical procedure, neoadjuvant, and adjuvant therapies to follow.  

 

Figure 8: Types of breast cancer therapies. 

I.4.1. Surgery 

In most breast cancer cases, the main treatment involves localized surgical procedures 

that have evolved over the years from more radical procedures like mastectomy to breast-

conserving surgery [39]. Mastectomy involves removing all of the breast tissues followed 

by breast reconstruction [40]. There are two types of mastectomy, simple mastectomy 

referring to the surgical removal of all the breast and modified radical mastectomy where, 

in addition to the breast, the axillary lymph nodes are also excised (Figure 9A) [39,40]. 

Radical mastectomy is the most commonly applied form of mastectomy in modern 

medicine. Breast conserving surgery, also referred to as lumpectomy, quadrantectomy, 
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or partial mastectomy, is the removal of cancer and adjacent normal tissues while 

preserving the breast (Figure 9B) [40]. 

 

Figure 9: Types of breast cancer removal surgeries. (A). Mastectomy refers to the removal of all breast 
tissues. Modified radical mastectomy is a type of mastectomy that involves the removal of axillary lymph 
nodes with the breast. (B). Breast-conserving surgery removes only cancerous tissues and preserve the 
breast. From [19].  

I.4.2. Radiotherapy 

Radiation therapy is targeting cancer cells with high energy x-rays to eliminate them 

without impacting the normal tissue. It is typically performed after surgery to abolish any 

remaining cancer cells and prevent recurrence. The most used radiotherapy techniques 

include breast radiotherapy, chest-wall radiotherapy (after mastectomy), and breast 

boost. Breast radiotherapy types include intraoperative radiation therapy (IORT), 3D-

conformal radiotherapy (3D-CRT), intensity-modulated radiotherapy (IMRT), and 

brachytherapy  [5]. IORT, 3D-CRT, and IMRT are external-beam radiation, meaning that 
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the radiation is delivered through a machine outside the body and specifically targets the 

cancer site. Brachytherapy (internal radiation) delivers radiation in a different method. 

Instead of directing radiation beams, a device containing the radioactive substance is 

placed in the breast tissue for a short time. Radiotherapy following breast surgery 

decreases local recurrence and improves overall patient survival [41]. The major side 

effect of radiotherapy is cardiotoxicity. Minimizing exposure to the heart and lungs can be 

achieved via respiratory control, prone positioning, and intensity-modulated radiotherapy 

[34].  

I.4.3. Chemotherapies 

I.4.3.1. Types of Chemotherapy 

Chemotherapies are drugs that typically target highly proliferative cells, like tumour cells, 

and are given either in the neoadjuvant or adjuvant settings. There are different classes 

of anticancer drugs: alkylating agents, DNA intercalating agents, purine and pyrimidine 

anti-metabolites, and microtubule-targeting agents. Chemotherapies are often given in 

combinations.  

Alkylating agents cause DNA crosslinking by adding alkyl groups (CnH2n+1) to DNA 

nitrogen bases thus inhibiting DNA synthesis and repair. Defects in DNA pathways cause 

the killing of cancer cells. The most common alkylating agent given to patients is 

cyclophosphamide (nitrogen mustard) [42]. Platinum salts like carboplatin and cisplatin 

function in a similar mechanism and are typically given to breast cancer patients [43]. 

Recently, several reports are suggesting that cells with defects in the DNA damage 

response (DDR) pathway are more sensitive to platinum agents [43]. Thus, defects in 

DNA repair mechanisms could be predictive biomarkers of response for platinum agent 

treatment. 

DNA intercalating agents are molecules that insert between DNA base pairs. Intercalating 

agents like anthracyclines inhibit topoisomerase II leading to the inhibition of replication 

and transcription causing death of dividing cancer cells [44]. The most common DNA 

intercalating agents used for breast cancer treatment are anthracyclines like doxorubicin 

(also called Adriamycin) and epirubicin.  
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Anti-metabolites are purine/pyrimidine analogues that inhibit enzymes required for 

metabolism  and DNA synthesis leading to apoptosis. The most widely used 

antimetabolites for breast cancer treatment are 5-fluorouracil (5-FU) (nucleoside 

analogue), methotrexate (dihydrofolate reductase inhibitor), and gemcitabine [45]. 

Microtubule-targeting agents cause mitotic arrest by inhibiting mitotic spindle formation 

and chromosomes segregation therefore impairing cell proliferation [46]. Taxanes like 

paclitaxel and docetaxel are a standard treatment given to breast cancer patients [46,47].  

Although being a standard regimen for treating breast cancer, chemotherapies have 

severe side effects and drastically affect the life quality of patients. The different classes 

of anti-cancer drugs can cause nephrotoxicity, hepatotoxicity, neurotoxicity, 

cardiotoxicity, and haematological toxicities [48].  

Using chemotherapies in combination improves the overall response, however, 

advantageous outcomes on patient survival are less investigated [49]. A traditional 

regimen for breast cancer is combining an alkylating agent like cyclophosphamide with 

antimetabolites such as methotrexate and 5-FU [49]. Other combinations between 

chemotherapies were assessed in clinical trials for breast cancer treatment and include 

docetaxel and doxorubicin (AT); docetaxel and epidoxorubicin; docetaxel after 

doxorubicin and cyclophosphamide; docetaxel and carboplatin; 5-FU, doxorubicin, and 

cyclophosphamide (FAC); doxorubicin and cyclophosphamide (AC); cyclophosphamide, 

methotrexate, and 5-FU (CMF); anthracycline and taxane; paclitaxel and doxorubicin [49]. 

Some of these combinations are approved by the Food and Drug Administration (FDA).  

I.4.3.2. Neoadjuvant chemotherapy 

Administering chemotherapy before or after surgery is equally effective [34]. The NSABP-

B-18 trial revealed that administering doxorubicin and cyclophosphamide in the 

neoadjuvant settings decreased the rate of axillary metastasis in breast cancer [50]. The 

subtype of breast cancer can impact the response to neoadjuvant chemotherapies. For 

instance, in HER2-positive and TNBC subtypes, being more likely sensitive to 

chemotherapies, using neoadjuvant chemotherapy could maximize the patient’s 

pathologic complete response (pCR) [34].  
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I.4.3.2. Adjuvant chemotherapy 

Adjuvant chemotherapy is typically given to patients with high risk of recurrence or 

metastasis. The standard regimen includes anthracyclines and taxanes. Two most 

common adjuvant chemotherapy strategies are: (i) doxorubicin and cyclophosphamide (4 

cycles) followed by paclitaxel (4 cycles) and (ii) same combination as (i) followed by 

paclitaxel (12 weeks) or docetaxel (four cycles). Adjuvant chemotherapies are more 

beneficial for hormonal negative breast tumours than hormone positive ones [34]. 

Depending on the subtypes, adjuvant chemotherapy can be coupled to other targeted 

therapies like anti-hormonals and anti-HER2. 

I.4.4. Endocrine therapy: Luminal breast tumours 

The main strategy to treat hormonal positive breast cancer is by endocrine therapy that 

directly targets the ER or that interferes with estrogen synthesis. The types of endocrine 

therapies are estrogen receptor modulators (SERMs), selective modulators estrogen 

receptor degraders (SERDs), and aromatase inhibitors (AIs). Endocrine therapy can 

either be given in the neoadjuvant or adjuvant settings. SERMs compete with estrogen 

for ER binding, changing its ligand-binding domain conformation and prevents co-factor 

recruitment therefore inhibiting the expression of ER-regulated genes like cyclin D1. 

Examples of SERMs include tamoxifen, toremifene, raloxifene, and bazedoxifene. The 

most known SERM is tamoxifen, dating back to the 1970s and approved by the FDA [34].  

SERDs, like fulvestrant, entirely block the ER signalling pathway. Fulvestrant binds with 

a higher affinity to ER compared to tamoxifen, and it blocks ER dimerization and its 

nuclear translocation leading to ER degradation. AIs, that could either be steroidal or non-

steroidal, inhibit the enzymatic activity of aromatase, an enzyme involved in androgens 

and estrogen synthesis. Exemestane is a steroidal AI that inhibits aromatase by 

irreversibly binding to its substrate binding site. AIs are typically given in the adjuvant 

therapy and can be combined with tamoxifen [34].  

I.4.5. HER2 targeted therapies 

Since HER2-positive breast cancers overexpress HER2, therapies targeting the receptor 

were developed and are now essential in the management of HER2-positive breast 

cancer. There are three main types of anti-HER2 therapies: anti-HER2 antibodies, small 
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tyrosine kinase inhibitors (TKIs), and antibody-drug conjugates (ADC) directed against 

HER2.  

I.4.5.1. monoclonal antibodies 

The first successful monoclonal antibody against HER2 is trastuzumab (Herceptin) that 

was FDA approved in 1998 [34,51]. Trastuzumab binds the extracellular domain (ECD) 

of HER2 preventing ECD cleavage and HER2 dimerization, therefore inhibiting its 

intracellular signalling. Trastuzumab leads to cell cycle arrest and promotes antibody-

dependent cell-mediated cytotoxicity (ADCC) [52]. Trastuzumab is given in the 

neoadjuvant or adjuvant therapy for breast cancer treatment, either alone or in 

combination with chemotherapies or other anti-HER2 therapies [34,52,53]. A second 

antibody against HER2, pertuzumab (Perjeta), was developed. Similar to trastuzumab, 

pertuzumab binds the ECD of HER2 (on a different site than that of trastuzumab) inhibiting 

its signalling and leading to ADCC. Several clinical trials demonstrated a benefit in 

combining pertuzumab with trastuzumab and chemotherapies in the adjuvant and 

neoadjuvant settings [51]. A main disadvantage of these anti-HER2 antibodies is that 

patients develop resistance towards them. Hence, new approaches to target HER2 were 

developed.  

I.4.5.2. Tyrosine kinase inhibitors 

TKIs are small molecule inhibitors that bind the catalytic domain of HER2 competing with 

ATP and preventing its kinase activity and downstream signalling cascade [34,51]. 

Lapatinib (Tykerb/Tyverb®) is a reversible dual EGFR (HER1) and HER2 TKI that could 

reverse the resistance to trastuzumab in vitro [51,54]. It was the first HER2 TKI to gain 

FDA approval in 2007 [55]. Chemotherapy combined with lapatinib and trastuzumab was 

more effective than chemotherapy combined with either lapatinib or trastuzumab alone in 

the neoadjuvant therapy [56]. Lapatinib can be given in combination with AIs (letrozole) 

in advanced or metastatic luminal breast cancer [34]. Neratinib (HKI-272; Nerlynx®) is an 

irreversible EGFR\HER2\HER4 inhibitor FDA approved (2017) for early stage HER2-

positive breast cancer after one year of trastuzumab treatment, and for metastatic HER2-

positive breast cancer patients after receiving two HER2-directed therapies [55]. Pyrotinib 

is another pan-HER inhibitor that is still under clinical investigation, however, is approved 



42 
 

by the Chinese State Drug Administration in combination with the chemotherapy 

capecitabine (antimetabolite) for the treatment of advanced or metastatic HER2-positive 

breast cancer [34,51,57]. Tucatinib (Tukysa®) is a TKI highly selective for HER2 (>1000 

potency to HER2 compared with EGFR). Based on the results of the phase 3 

HER2CLIMB clinical study, tucatinib gained FDA approval in 2020 for the treatment of 

metastatic HER2-positive breast cancer in combination with trastuzumab and 

capecitabine [51,55,57].  

I.4.5.3. Antibody-drug conjugates  

ADCs are mono-clonal antibodies (mAbs) attached to cytotoxic molecules through 

synthetic linkers, hence combining the high anti-tumour potency of chemotherapies with 

the high selectivity of mAbs [58]. Currently, there are two FDA approved ADCs against 

HER2 for the treatment of breast cancer [59]. Trastuzumab-emtansine (T-DM1) is the first 

developed anti-HER2 ADC and is composed of trastuzumab linked to DM1 [51]. T-DM1 

is approved for the treatment of metastatic HER2-positive breast cancer. Recently, T-

DM1 was shown to be beneficial also for patients with recurrence risk following 

neoadjuvant therapy [51,59]. The second developed ADC against HER2 is Trastuzumab 

deruxtecan (T-DXd) that is FDA approved for the treatment of advanced-stage HER2-

positive breast cancer which previously received at least two anti-HER2 therapy [59]. 

Importantly, HER2-low breast cancers, whether hormonal positive or negative, responded 

to the treatment with T-DXd leading to its FDA approval for the treatment of HER2-low 

breast cancer patients [36,37,59]. These results are highly important as they present 

HER2-targeted therapies not only for HER2-positive breast cancer, but also for the 

luminal and TNBC subtypes classified as HER2-low. 

I.4.6. PARP inhibitors 

About 10% of breast cancer patients carry germline mutations, typically causing the loss 

of function of genes critical for DNA repair and cell cycle regulation [60]. BRCA1 and 

BRCA2, two key genes in the DNA damage repair pathway, are mutated in at least 5% 

of breast cancer patients. Women carrying BRCA1/BRCA2 mutations have 70% risk of 

contracting breast cancer compared to 10% in other women [60,61]. Germline mutations 

in BRCA1 are more frequent in TNBC, while those in BRCA2 are more common in 
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hormonal-positive breast cancer [61]. BRCA mutations are present in 23% of TNBC 

patients and 5% of hormonal-positive patients [60]. Poly(ADP-ribose) polymerase 1 and 

2 (PARP1 and PARP2) are two enzymes important for the base excision repair (BER) 

pathway, initiated from DNA single strand breaks.  On the contrary, BRCA1 and BRCA2 

are involved in homologous recombination (HR) to repair double strand breaks, which 

form when the single breaks are not repaired [60]. A synthetic lethality concept based on 

targeting the DNA damage response pathway is being applied for breast cancer patients. 

By targeting PARP enzymes with PARP inhibitors in cells deficient in the HR pathway 

(BRCA1/2 mutations for example), DNA double strand breaks accumulate and are 

repaired by the non-homologous end joining (NHEJ) pathway instead of the HR pathway. 

NHEJ is more error-prone eventually leading to the death of cancer cells (Figure 10). 

Normal cells with active HR pathway are not affected by the inhibition of PARP as they 

are able to repair the DNA damage caused (Figure 10) [60]. Based on OlympiAD and 

EMBRACA clinical trials, two PARP inhibitors, olaparib and talazoparib, are FDA 

approved for the treatment of BRCA1/2 mutation carriers in HER2-negative breast cancer 

[60].  

 

Figure 10: Synthetic lethality using PARP inhibitors in BRCA1/2 mutated cells. In normal breast cells, 
double strand DNA breaks caused by PARP inhibitors can be repaired by the HR pathway leading to cell 
survival. In BRCA1/2 mutated cancer cells, PARP inhibition causes an accumulation of double strand DNA 
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breaks that cannot be repaired by HR. Accumulation of DNA damage ultimately leads to the death of cancer 
cells.  

I.4.7. Immunotherapy 

Cancer immunotherapy relies on boosting the patient’s immune system to kill cancer cells 

and can be of several types. Immune checkpoint therapy is based on targeting immune 

checkpoint inhibitors like the receptors PD-1 and CTLA4 to boost T cell activation towards 

tumour cells. Adoptive T cell therapy is based on growing tumour infiltrating lymphocytes 

and directing them against cancer cells, then re-infusing them to the patient. An 

interesting immunotherapeutic approach is the development of cancer vaccines. These 

could be either prophylactic to prevent or reduce the risk of cancer caused by viral 

infections like hepatitis B and human papillomavirus, or therapeutic vaccines that harness 

the immune system to eliminate cancer cells [62,63]. The PD1/PDL-1 checkpoint 

inhibitors, pembrolizumab and atezolizumab are FDA approved for the treatment of TNBC 

[63,64]. The efficiency of immunotherapy for luminal and HER2-positive subtypes is still 

under investigation.  

I.4.8. Other targeted therapies 

Targeting the cell cycle components and the mTOR/PI3K/AKT pathway is being 

investigated for treating breast cancer, specifically the luminal subtypes. Everolimus (an 

mTOR inhibitor) and Alpelisib (PI3K p110α isoform inhibitor) are FDA approved for the 

treatment of luminal breast cancer. Pan-PI3K inhibitors that target all PI3K isoforms are 

highly toxic and not efficient for treating hormonal-positive breast cancer. Three CDK4/6 

inhibitors palbociclib, ribociclib, and abemaciclib are approved for treating ER+/HER2- 

breast cancer either in combination with AIs as a first line of treatment or in combination 

with fulvestrant (SERD) as a second line of treatment. Although still not approved, cell 

cycle and mTOR/PI3K/AKT pathway inhibitors are under clinical investigation for the 

treatment of TNBC and HER2-positive subtypes [34].  
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Summary 

Breast cancer remains a leading cause of cancer incidence and related mortalities in 

females worldwide. According to histological and molecular features, breast cancer is 

classified into several subtypes differing in their prognosis and treatment strategies. At 

the molecular level, breast cancer subtypes include hormonal-positive (luminal) tumours, 

HER2-positive tumours, and TNBC. The luminal subtypes are less aggressive than 

HER2-positive and TNBC and are mainly treated with chemotherapies and anti-

hormonals. The HER2-positive subtype is primarily treated with anti-HER2 therapies, 

including anti-HER2 antibodies, TKIs, and ADCs. TNBC is the most aggressive with the 

poorest prognosis and is primarily treated with chemotherapies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



46 
 

II. Triple Negative Breast Cancer  

As previously mentioned in section I, TNBC accounts for ~15% of breast cancer and is 

ER-\PR-\HER2-. It has the worst prognosis among breast cancer subtypes and is 

characterized by high metastatic rates and recurrence. As this thesis is focused on TNBC, 

I will discuss in this section the different subtypes of TNBC, its current treatments, and 

the challenges facing its management. 

II.1. Generalities: risk factors, molecular features, and prognosis 

Hispanic and African American women are at higher risk of contracting TNBC, and African 

American women have higher TNBC related mortality rates than white women [65]. 

Women aged less than 40 years old, those carrying BRCA1 mutations, and women taking 

contraceptive pills for long durations are at higher risk of TNBC [66]. TNBC 5 years 

survival rate is lower than the other subtypes, and more than 50% of TNBC patients 

relapse after 3-5 years following diagnosis [67]. Other risk factors for TNBC include those 

discussed in section I (risk factors of breast cancer). In addition to BRCA1, TNBC is 

mutated for other cancer-related genes, 80% of TNBC carry TP53 mutations and a high 

percentage show loss of RB1 and BRCA1 [33]. TNBC is also highly mutated for PIK3CA 

and have high PI3K/AKT pathway activation. PIK3CA, KRAS, BRAF and EGFR proteins 

are overexpressed in the basal-like subtypes [33]. 

II.2. TNBC inter-tumoral heterogeneity 

TNBC has been classified into six molecular subgroups by analysing gene expression 

profiles from breast cancer data sets [68]. Such classification sheds a light on the 

heterogeneity of TNBC, a characteristic that largely contributes to its complex nature and 

challenging treatment. These six TNBC subgroups are: basal-like 1 (BL1), basal-like 2 

(BL2), mesenchymal (M), mesenchymal stem-like (MSL), immunomodulatory (IM), and 

luminal androgen receptor (LAR) (Figure 11) [68]. Few years later, in 2016, this 

classification was refined and excluded the IM and MSL subtypes, as the transcripts in 

these two subgroups were contributed from tumour infiltrating lymphocytes and stromal 

cells [69]. Therefore, I will only state the characteristics of the refined Lehmann TNBC 

classification (TNBCtype-4): BL1, BL2, M, and LAR [69]. Besides the Lehmann 

classification, other groups proposed different methods for TNBC subtyping [70–74].  
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Figure 11: Gene expression profile of TNBC subgroups from the Lehmann classification. Heat map 
of relative gene expression (log2) associated with different pathways in the TNBC subgroups. UNS: 
unstable; BL1: basal-like 1; BL2: basal-like 2; M: mesenchymal; LAR: luminal androgen receptor; Myo: 
myoepithelial; CL: claudin; ANG: angiogenesis; DDR: DNA damage response; GF: growth factor; EMT: 
epithelial to mesenchymal transition. Modified from [68]. 
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II.2.1. BL1 and BL2 subtypes 

The BL1 subtype is enriched in proliferative (like PLK1, AURKA, AURKB, CCNA2, MYC, 

TTK etc.) and DDR (like CHEK1, RAD54BP, RAD51, RAD21 etc.) genes (Figure 11). 

BL1 is accompanied with increased DDR pathways and an elevated expression of Ki67 

reflecting its highly proliferative profile.  

The BL2 subtype is enriched in growth factor signalling pathways like the EGF and Wnt/β-

catenin pathways and display elevated level of growth factor receptors like EGFR (Figure 

11). Metabolic pathways like glycolysis and gluconeogenesis are also elevated in the BL2 

subtype [68]. As they are highly proliferative, the basal-like subtypes could respond better 

to antimitotic drugs like taxanes (paclitaxel and docetaxel) [68]. 

II.2.2. Mesenchymal subtype 

The M subtype is enriched in genes involved in cell motility (Rho), extracellular matrix 

receptor interaction, and differentiation pathways (like Wnt and TGFβ pathways). Of note, 

these cancers are enriched in EMT-related genes and express low levels of E-cadherin, 

characteristic of mesenchymal cells (Figure 11) [68].  

II.2.3. Luminal androgen receptor subtype  

The most distinct feature of the LAR subtype is its overexpression of the androgen 

receptor (AR) at both mRNA and protein levels, and therefore is enriched in AR signalling 

and expresses AR downstream targets and coactivators. The LAR subtype displays gene 

enrichment patterns similar to the luminal breast cancer subtypes, which is the reason 

behind its nomenclature [68]. Of note, the expression of AR positively correlates with the 

HER2-low TNBC entity [38].  

II.2.4. Prognosis of the different TNBC subtypes 

The LAR subtype is diagnosed in older age women compared to the other subtypes. The 

overall survival (OS), pCR, and relapse free survival (RFS) of BL1 patients is the highest 

compared to the other three subgroups. Although the tumour size does not correlate with 

the different TNBC subtypes, non-basal tumours are likely to be of lower grade. Albeit 

basal tumours have the highest grade, non-basal tumours are more clinically advanced 

and have a higher stage. The LAR subtype has the highest percentage (~50%) of lymph 
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node metastasis, and the M and LAR subtypes have the highest frequency of lung and 

bone metastasis respectively [69].  

II.2.5. TNBC cell line models 

Lehmann et al. assigned a panel of TNBC cell lines to the different TNBC subtypes 

described (Figure 12) [68]. TNBC cell lines respond differently to therapeutic agents. For 

instance, basal cell lines are more sensitive to PARP inhibitors [68], LAR cell lines are 

more sensitive to bicalutamide (AR antagonist) [68], CDK 4/6 inhibitors [75], and 17-

DMAG (Hsp90 inhibitor) [68], and the M subtype are more sensitive to dasatinib (Src 

inhibitor) [68].  

 

Figure 12: TNBC cell lines molecular subtypes. The different TNBC cell lines are associated with distinct 
characteristics and cellular pathways, with each encompassing several cell lines serving as in vitro models 
for the disease. From [76]. 

 

II.3. Approved TNBC therapies 

As TNBC lacks hormonal receptor expression and the amplification of ERBB2, few 

options to treat TNBC besides chemotherapy were available until recently.  

The standard TNBC treatment option is chemotherapies like taxanes and anthracyclines. 

The conventional doxorubicin, cyclophosphamide, and paclitaxel (ACT) neoadjuvant 

chemotherapy yields a 35-45% pCR in TNBC patients [77]. As previously mentioned, 

(section I), breast cancers with germline BRCA1/2 mutations are particularly sensitive to 

PARP inhibitors. It is therefore not surprising that the two PARP inhibitors olaparib and 

talazoparib are FDA approved for TNBC treatment [78–80]. Similar to PARP inhibitors, 
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TNBC with BRCA1/2 mutations are more likely to benefit from a treatment regimen 

containing platinum salts [67,81]. Starting from 2020, immunotherapy is being 

implemented for TNBC treatment after the promising results of the clinical trials 

KEYNOTE-355 and KEYNOTE-522. FDA approved the PD-1 inhibitor pembrolizumab in 

combination with chemotherapy for the treatment of metastatic and early stage (at high 

risk) TNBC in the neoadjuvant therapy and can be continued as a single agent in the 

adjuvant treatment [81–83].  

ADCs are paving the way for reduced treatment toxicities by directing chemotherapies 

specifically toward tumour cells. In 2021, the ADC sacituzumab govitecan (SG) was FDA 

approved for metastatic TNBC patients prior to receiving two or more systematic 

treatments, with at least one being for metastatic disease [81,82,84]. Till date, SG is the 

only ADC approved for TNBC treatment though others are under investigation. SG is 

composed of an antibody directed against trophoblast cell-surface antigen 2 (Trop2) 

linked to the chemotherapy SN-38 (topoisomerase I inhibitor). Trop2 is a Ca2+ signal 

transducer highly expressed in different cancers including the breast. SG is hence 

directed to cancer cells through Trop2 expression and delivers SN38 specifically to them 

without affecting normal tissue [81,84,85]. As mentioned in section I, the anti-HER2 ADC 

trastuzumab deruxtecan is approved for TNBC classified as HER2-low [36–38,81].  

II.4. TNBC chemoresistance  

Although TNBC responds better to chemotherapies than the other breast cancer 

subgroups, TNBC patients tend to develop resistance to treatments and a high 

percentage experience relapse 5-years following diagnosis. Therefore, extensive 

research has been conducted to understand the underlying mechanisms of TNBC 

resistance, that can aid in developing new treatment approaches. Several processes 

contribute to TNBC resistance such as its intra- and inter-tumoral heterogeneity, efflux 

mechanisms, enrichment in breast cancer stem cells (BCSC), alteration of signalling 

pathways, and resistance to apoptosis (Figure 13) [86].  
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Figure 13: Causes of TNBC chemoresistance. TNBC chemoresistance was attributed to several factors 
such as drug efflux through ABC transporters, BCSCs, metabolic alterations like hypoxia, resistance to 
apoptosis and continuous cell division, alterations in signalling pathways, components of the tumour 
microenvironment, microRNAs, and the high heterogenous nature of TNBC. ABC: ATP-binding cassette; 
chemo: chemotherapy; TME: tumour microenvironment; TNBC: triple negative breast cancer. 

II.4.1. ATP-binding cassette (ABC) transporters 

ABC transporters use ATP to efflux compounds, including different chemotherapies, 

across the cell membrane contributing to chemoresistance [86]. The components of ABC 

transporters ABCC1, ABCG2, and ABCC11 are overexpressed in breast cancer, more 

frequently in TNBC [87,88]. These proteins confer TNBC resistance to a number of 

chemotherapies including anthracyclines, taxanes, methotrexate, 5-Fluorouracil, 

doxorubicin, and irinotecan [89,90]. Despite the lack of clear clinical data, pre-clinical 

investigations support the concept of inhibiting ABC components to reverse TNBC 

chemoresistance [86].  

II.4.2. Breast cancer stem cells 

Cancer stem cells (CSCs), also called tumour initiating cells (TIC), are a population of 

cancer cells with self-renewal abilities [91,92]. In breast cancer, three main markers 

identify the population of BCSCs, CD44, CD24, and aldehyde dehydrogenase 1 (ALDH1) 

[91–93]. The expression of these markers identifies two lineages of BCSCs, the 
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CD44+/CD24- or the ALDH1+. The CD44+/CD24- BCSCs usually have a mesenchymal or 

myoepithelial-like phenotype and as low as 100 cells are capable of initiating cancer 

formation. They are present at the periphery of the tumour and were found enriched at 

lung metastasis sites, suggesting their role in metastasis and invasion. ALDH1+ BCSCs 

are typically located at the centre of the tumour and have a more luminal or epithelial 

phenotype. 500 ALDH1+ cells can drive tumour formation and cancers with high ALDH1 

staining are extremely aggressive. TNBC has more CD44+/CD24- and ALDH1+ cells 

compared to luminal and HER2-positive subtypes, which could explain the aggressive 

nature, high metastatic potential, and treatment resistance of this subtype [93]. 

Chemotherapy treatment increases the population of BCSCs implying that they are 

resistant, and these cells can re-initiate tumour formation therefore suggested to be an 

important cause of cancer relapse (Figure 14) [92]. As TNBC is enriched in BCSCs, 

BCSCs largely contribute to TNBC chemoresistance, probably through different 

developmental and proliferative signalling pathways activated in BCSCs like TGFβ, notch, 

Wnt/β-catenin, and hedgehog pathways [86,91].  

 

Figure 14: BCSCs contribute to cancer relapse. Chemotherapy treatment is able to eradicate cancer 
cells with the exception of BCSCs. Due to their self-renewal ability, residual BCSCs are able to re-initiate 
the bulk of tumour and eventually causing cancer relapse.  

II.4.2.1. TGFβ pathway 

TGFβ is a cytokine that binds to the TGFβ receptor (TGFβR). Upon TGFβ binding, TGFβR 

recruits and phosphorylates the effectors SMAD2 and SMAD3. Phospho- SMAD2 and 

SMAD3 recruit SMAD4 forming a complex that translocates to the nucleus and regulates 

the transcription of target genes (Figure 15) [86]. TGFβ signalling pathway regulates 

EMT, proliferation, metastasis, chemoresistance, and the regulation of stemness [86]. It 

was shown that upon chemotherapy treatment in TNBC, the activity of TGFβ increases 
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and inhibiting TGFβ in a TNBC xenograft prevents relapse [94]. Moreover, TGFβ 

signalling supports BCSCs renewal and increases their population [95,96]. Inhibitors 

targeting the TGFβR are still under clinical investigation for TNBC.  

 

Figure 15: the TGFβ pathway. 

II.4.2.2. Notch pathway  

Notch pathway requires cell-cell contact, where the Notch receptors comprised of four 

members (Notch 1-4) bind to five transmembrane ligands (Delta-like 1,3,4 and JAGGED-

1,2). Binding of notch receptors to their ligands causes the cleavage of the intracellular 

domain of notch receptor and its nuclear translocation where it activates the transcription 

of target genes (Figure 16) [97]. Notch pathway is implicated in all hallmarks of cancer 

like EMT and is important for the maintenance of BCSCs and correlates with 

chemoresistance [86]. The different Notch receptors are overexpressed or amplified in 

TNBC and contribute to proliferation and invasion [86]. Monoclonal antibodies inhibiting 

Notch 1 enhance docetaxel anti-proliferative effects and delay recurrence in TNBC 

xenografts [98]. Inhibitors of the Notch pathway in combination with docetaxel are under 

clinical investigation for TNBC treatment [99,100].  
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Figure 16: The Notch signalling pathway. Ligand binding to the Notch receptor induces its cleavage by 
proteases. The intracellular domain of Notch receptor translocates to the nucleus and activates the 
transcription of target genes. From [97].  

II.4.2.3. Wnt/β-catenin pathway  

The Wnt pathway is implicated in cancer cell proliferation, metastasis, and CSCs 

maintenance [101]. The Wnt/β-catenin signalling is enriched in TNBC and correlates with 

poor clinical outcomes [102]. It drives TNBC tumorigenesis by regulating key processes 

like migration, proliferation, chemoresistance, and sustaining BCSCs [102]. In the 

absence of Wnt ligands, a complex composed of casein kinase 1 (CK1), glycogen 

synthase kinase 3 (GSK3), Dishevelled (Dvl), Axin, and adenomatous polyposis coli 

(APC) termed the destruction complex, sequesters β-catenin in the cytoplasm (Figure 

17). β-catenin is the principal effector of the signalling pathway, and when sequestered 

by the destruction complex, it gets phosphorylated by GSK3 and CK1 promoting its 

ubiquitination and proteasomal degradation (Figure 17). When Wnt ligands bind to the 

pathway receptors Frizzled and LRP5/6, Frizzled is activated leading to Dvl recruitment 

and LRP5/6 phosphorylation. Phosphorylated LRP5/6 interacts with Axin, leading to the 

destabilization of the destruction complex preventing the degradation of β-catenin 

therefore its cytoplasmic accumulation and its nuclear localization, where it interacts with 

the transcription factors TCF/LEF activating the transcription of Wnt target genes (Figure 

17) [101,102].  
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The deregulation of the Wnt/β-catenin pathway in TNBC is not due to mutations in the 

gene coding for β-catenin, CTNBB1, however, several Frizzled receptors and LRP5/6 

were shown to be deregulated in TNBC and to play key roles in TNBC proliferation, 

metastasis, stemness, and chemoresistance [102]. LGK974, a small molecule that 

inhibits Wnt ligands secretion, is being clinically evaluated for TNBC treatment 

(NCT01351103).  

 

Figure 17: Wnt/β-catenin pathway. In the absence of Wnt ligands (Wnt OFF), β-catenin is sequestered 
and phosphorylated by the destruction complex leading to its proteasomal degradation, therefore the 
inhibition of Wnt target genes transcription. When Wnt binds to Frizzled, β-catenin is freed from the 
destruction complex and translocates to the nucleus where it interacts with TCF/LEF and activates the 
transcription of Wnt target genes.  

II.4.2.4. Hedgehog pathway 

The hedgehog pathway is crucial in embryonic development and tissue regeneration. 

Alterations in Hedgehog signalling are linked to CSC renewal and tumorigenesis. It has 

three secreted ligands that bind to two receptors PTCH and SMO. Pathway activation 

leads to the activation of the transcription factors GLIAs that are linked to proliferation, 
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EMT, chemoresistance, and invasion. Hedgehog pathway is activated in TNBC and 

promotes its aggressiveness and chemoresistance [86].  

II.5. TNBC and the EGFR pathway 

EGFR belongs to the ErbB tyrosine kinase receptors family that also includes HER2, 

HER3, and HER4. Upon activation, they form homo- or hetero-dimers cell surface 

receptors and undergo autophosphorylation at tyrosine residues. EGFR controls a wide 

range of cellular pathways involved in proliferation, survival, and migration. EGFR is 

overexpressed or aberrantly activated in several cancer types and correlates with poor 

clinical outcomes. In TNBC, more than 50% of patients overexpress EGFR, however, 

inhibitors or antibodies targeting EGFR have not yet shown any promising results in the 

clinics. Erlotinib is a TKI targeting EGFR (Figure 18) that was evaluated for the treatment 

of breast cancer but did not present any therapeutic advantage. Gefitinib I, another EGFR 

kinase inhibitor similar to erlotinib (Figure 18), did not present any clinical advantage for 

ER-negative breast cancer treatment. Cetuximab is an anti-EGFR monoclonal antibody 

that blocks ligand binding (Figure 18). TNBC patients did not respond to treatment 

regimens including cetuximab in combination with carboplatin, anti-microtubule agents, 

or topoisomerase inhibitors. Another ligand-blocking anti-EGFR, panitumumab (Figure 

18), did not improve patients’ survival outcomes compared to chemotherapies alone. 

Although pre-clinical data strongly associate EGFR with poor outcomes in TNBC, TNBC 

patients failed till date to respond to any therapies targeting EGFR [103–105].  

 

Figure 18: EGFR targeting agents. 
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Summary 

TNBC is the breast cancer subtype with poorest prognosis, mainly affecting women of 

smaller age. It is characterized with high heterogeneity, reflected by the presence of 

different TNBC subtypes that show distinct tumour grade and treatment sensitivity. Until 

date, chemotherapies remain a primary treatment option for TNBC patients, however, 

patients usually develop resistance to the treatment and are prone to relapse less than 5 

years following the initial diagnosis. A main driver of TNBC chemoresistance and cause 

of relapse is its enrichment in BCSCs, that are activated for major cellular proliferation 

pathways like the Wnt/β-catenin and Hedgehog signalling pathways. Currently, three 

FDA-approved targeted therapies exist for TNBC treatment: immunotherapy targeting 

PD1/PDL1, the ADC SG, and PARP inhibitors for carriers of BRCA1/2 mutations. A 

disappointing clinical data is the failure of multiple EGFR targeting agents in the 

management of TNBC, although more than 50% of TNBC patients overexpress EGFR.  

As such, there is still an urgent need to the identification of therapeutic targets for TNBC. 

Being a main goal for our laboratory, proteomic and transcriptomic analysis on breast 

tumours of the different subtypes and normal breast tissue were performed to search for 

potential therapeutic candidates. This led to the identification of the family of arginine 

methyltransferases as attractive potential targets for TNBC. 
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III. Arginine Methylation 

III.1. Biochemistry and enzymatic reaction 

Protein arginine methylation is a common post-translational modification (PTM) abundant 

as protein phosphorylation and ubiquitination [106]. It has a high metabolic cost 

accounting for 12 ATP molecules per reaction and occurs on about 0.5% of arginine 

residues in mammalian cells [107,108]. Of all natural amino acids, arginine possesses 

the longest side chain and is positively charged, making it a good backbone for protein-

protein and protein-nucleic acid interactions [107,109]. The guanidino group of arginine 

has five hydrogen bond donors favouring the interaction with hydrogen bond acceptors 

[110]. Actually, arginine makes the highest number of hydrogen bonds with DNA in 

protein-DNA complexes [110,111]. Importantly, arginine methylation does not alter the 

charge of the residue, however, it changes its shape and removes potential hydrogen 

bond doners that can ultimately interfere with protein and nucleic acid interactions 

[107,112,113]. This PTM is catalysed by a family of nine enzymes termed protein arginine 

methyltransferases (PRMT) named according to the order of their discovery (PRMT1 to 

PRMT9), with PRMT4 also being termed coactivator associated arginine 

methyltransferase 1 (CARM1). The nitrogen atom of an arginine residue can be 

methylated once or twice: mono-methyl arginine (MMA) or di-methyl arginine (DMA). The 

first step of arginine methylation reaction involves the addition of one methyl group from 

the universal methyl donor, S-adenosyl methionine (SAM), to the nitrogen atom of 

arginine side chain, creating MMA (Figure 19). All PRMTs can catalyse this step of 

methylation. The only PRMT unable to continue to the second methylation step (DMA) is 

PRMT7 and is classified as type III PRMT. The other PRMTs can add another methyl 

group and are classified as follow: Type I PRMTs (PRMT1, PRMT2, PRMT3, PRMT4, 

PRMT6, and PRMT8) add the second methyl group on the same nitrogen atom thus 

creating asymmetric di-methylation (ADMA) and type II PRMTs (PRMT5 and PRMT9) 

add the second methylation mark on the second terminal nitrogen creating symmetric di-

methylation (SDMA) (Figure 19). PRMT1 is the main type I PRMT and is responsible of 

the majority of arginine methylation in cells, and PRMT5 is the main type II PRMT. ADMA 

is the most common arginine methylation mark followed by MMA then SDMA.  
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Figure 19: Arginine methylation reaction and types. PRMTs generate arginine methylation by 
transferring a methyl group from SAM to the guanidino nitrogen atom of arginine side chain creating MMA 
and releasing SAH as a by-product. Type I PRMTs subsequently generate ADMA and type II PRMTs 
generate SDMA. ADMA: asymmetric dimethyl arginine; MMA: monomethyl arginine; SAH: S-
Adenosylhomocysteine; SAM: S-Adenosyl-L-methionine; SDMA: symmetric dimethyl arginine. 

 

III.2. Metabolic regulation of arginine methylation  

SAM, the global methyl donor in cells, is generated from the amino acid methionine in an 

ATP-dependent process by methionine adenosyl-transferase (MAT) [114]. The by-

product of methylation reaction is S-adenosylhomocysteine (SAH). SAH is converted to 

homocysteine (Hcy), which then regenerates methionine through the folate cycle (Figure 

20) [114,115]. Through the methionine cycle, SAM can generate methylthioadenosine 

(MTA) that can in turn inhibit PRMT activity. MTA is converted to methyladenosine by S-

methyl-5′-thioadenosine phosphorylase (MTAP), ultimately leading to methionine 

regeneration. MTAP gene is frequently deleted in cancers, leading to MTA accumulation 

and the inhibition of PRMTs [115,116]. MTAP-deleted cells possess a reduction in 

PRMT5 activity and are more vulnerable to PRMT5 targeting [117].  
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Figure 20: Metabolic regulation of SAM. SAM is the global methyl donor in the cells and is crucial for 
many methylation reactions such as protein, DNA and RNA methylation. The by-product of arginine 
methylation is SAH, that is further transformed into Hcy (SAM cycle). Through the folate cycle, methionine 
is regenerated from Hcy. Methionine is then converted into SAM by MAT (methionine cycle). SAM 
generates methylthioadenosine (MTA), a natural inhibitor of PRMTs. MTA is converted into 
methyladenosine through S-methyl-5′-thioadenosine phosphorylase (MTAP). Modified from [115].  

 

III.3. Writers of arginine methylation: PRMTs 

III.3.1. Structure of PRMTs 

Except for PRMT9, the crystal structure of all PRMTs has been resolved [118,119]. All 

PRMTs share a common architecture of the core methyltransferase domain: N-terminal 

Rossmann fold containing the cofactor SAM binding pocket and the C-terminal β-barrel 

(Figure 21) [118,119]. The distinctiveness of each PRMT comes from the N- and C-

terminal regions. The N-terminal region of PRMTs sometimes harbours domains 

responsible for protein-protein interactions, like substrate binding, recruitment of proteins 

essential to form an active complex, and homo-oligomerization [119]. Such domains are 

present in PRMT2 (SH3 domain) [120], PRMT3 (zinc finger) [120], PRMT4 (pleckstrin 

homology (PH)-like) [121] and PRMT5 (TIM barrel) (Figure 21) [122,123]. 
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The central methyltransferase domain of all the nine PRMTs is remarkably similar, and 

contains six conserved signature motifs that are indispensable for the methyltransferase 

activity: motif I (I) (VLD/VGxGxG), post-motif I (pI) (V/I-X-G/A-X-D/E), motif II (II) 

(E/K/VDII), double E loop (E) (SExMGxxLxxExM), motif III (III) (LK/xxGxxxP), and the 

critical THW loop (Figure 20) [118,124]. An additional YFxxF motif is present in type I 

PRMTs and forms an α-helical structure. Motif I contains three highly conserved glycine 

residues among PRMTs and forms the core of SAM-binding pocket. Through a glutamic 

or aspartic acid residue, the post-motif I interacts with the ribose hydroxyl group of SAM 

via hydrogen bonds. Motif II forms a β-sheet and stabilizes motif I, and motif III forms a 

β-sheet parallel to motif II. The two glutamic acid residues in the double E loop are highly 

crucial for PRMT activity, as they are responsible of positioning the substrate arginine. 

The THW loop, adjacent to the active site, binds to the substrate and is crucial for 

stabilizing the N-terminal helix [118].  

 

 

Figure 21: The PRMT family members. The nine PRMTs share structural homology in their central 
methyltransferase domain (in gray) and differ in their N- and C-terminal ones. Unique motifs in the N-
terminal domain of each PRMT are labelled and marked with different colours. Signature PRMT motifs (in 
the catalytic domain) are indicated as blue lines: motif I (I), post I (pI), motif II (II), double E loop (E), motif 
III (III) and the THW loop. Type I PRMTs are indicated in blue, type II in red and type III in orange. SH3: 

SH3

ZnF

PH-Like

TIM-barrel

TPRTPRTPR

PRMT1

PRMT2

PRMT3

PRMT4

PRMT5

PRMT6

PRMT7

PRMT8

PRMT9

371

433

531

608

637

316

692

394

845

I pI IIE III THW loop

Rossmann β-barrel

Methyltransferase domain

Myr



62 
 

SRC Homology 3 Domain; ZnF: Zinc-finger; PH-like: Pleckstrin homology-like; TIM: triose phosphate 
isomerase; Myr: Myristoylation; TPR: Tetratricopeptide repeat. 

A common feature of all PRMTs is the formation of doughnut-shaped homodimers 

organized in a head-to-tail orientation (Figure 22), with both monomers binding to SAM 

and the substrate [118,119]. See Figure 22 below for details on the dimerization. Higher 

order oligomerizations were also seen for PRMT5 and PRMT8 [118,119,124].  

 

 

Figure 22: Illustration of a PRMT homodimer. (A). The PRMT homodimers adopt a doughnut -shaped 
head-to-tail structure, where the dimerization arm projects from the β-barrel of one monomer and interacts 
with the Rossmann fold of the other. An α-helix from the N-terminal of Rossmann fold wraps onto SAM and 
is involved in the proper positioning and recruitment of the substrate. A substrate binding site is therefore 
formed between the limits of β-barrel, Rossmann fold, and β-barrel. (B). Dimeric arrangement of PRMTs 
represented by CARM1 structure (PDB code 3B3F). Modified from [119]. 

 

III.3.2. The PRMT methylome and arginine methylation motifs 

Classically, PRMTs methylate arginine within a glycine and arginine (GAR) rich motif in 

their substrates, also known as RGG/RG motifs. RNA- and DNA- binding proteins harbour 

RG/RGG motifs and are reported to be mono- and/or di-methylated on arginine [125], 

reflecting the importance of PRMTs in processes like transcription, DNA repair, and 

mRNA processing [106,126–134]. A unique feature of PRMT4 and PRMT7 is their 

preference to methylate motifs other than the GAR. PRMT4 methylates arginine in 

proline-glycine-methionine (PGM) rich motifs [128,135–137], and PRMT7 methylates 

GAR and RXR motifs [132,138]. PRMT6 methylates arginine near glycine, but they target 

Monomer 1 Monomer 2 A B 
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the RG motifs rather than the RGG [139]. PRMT5 methylates ‘GRG’, and its detailed 

methylome will be developed in a later section of the thesis. 

To understand the functional relevance of arginine methylation, it is important to decipher 

and characterize the PRMT methylome. One of the first attempts to uncover the arginine 

methylome was performed in 2004 [140], where they applied for the first time the stable 

isotope labelling with amino acids in cell culture (SILAC) to detect and quantify in vivo 

arginine methylation sites. 59 methylation sites were identified, with the majority lying in 

RNA binding proteins [140]. Later studies also applied SILAC coupled with other 

purification methods to identify arginine methylation in T cells [126,141], revealing a role 

of PRMTs in endosomal trafficking, immunological synapse, and T-cell activation and 

differentiation [126,141]. Another method to search for the arginine methylome is by 

immuno-enriching methylated proteins using antibodies detecting MMA, ADMA, or SMDA 

followed by mass spectrometry. This method was first described in 2014 by Guo et al., 

who identified almost 1000 MMA sites and 300-400 ADMA sites in HCT116 colon cancer 

cells [142]. The majority of methylated proteins identified were involved in RNA 

processing and transcriptional regulation [142]. In mouse tissue, arginine methylated 

proteins enriched from mouse brain included receptors and vesicular proteins, whereas 

the majority of those enriched from mouse embryo were proteins involved in RNA 

processing and transcriptional regulation [142]. By combining high-pH prefractionation 

with immune-enrichment of MMA peptides, Larsen et al. identified 7866 MMA sites 

belonging to 3086 proteins in HEK293 cells [106]. These methylation sites represent 

around 7% of all arginine in these proteins, reflecting the widespread occurrence of 

arginine methylation with levels comparable to serine phosphorylation (9%) and lysine 

ubiquitination (7%). Importantly, MMA sites are often close to phosphorylation sites, 

indicating a possible crosstalk between both PTMs [106]. Arginine methylated proteins 

are found both in the nucleus and in the cytoplasm, and are involved in RNA processing 

and transport, cell cycle, DNA replication and repair, chromatin remodelling, endocytosis, 

and insulin signalling. Interestingly, arginine methylated sites were enriched in the hnRNP 

K homology (KH) domain (ssDNA/RNA binding domain) and the RNA recognition motif 

(RRM) [106]. MMA was also shown to be abundant in the serum of breast cancer, acute 

myeloid leukemia (AML), and non-small cell lung cancer (NSCLC) patients [143], and 
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MMA and ADMA were identified in colorectal cancer (CRC) patient tissue samples [129]. 

Total DMA levels in A549 cells were examined under MS023 (type I PRMTs inhibitor) or 

GSK591 (PRMT5 inhibitor) treatment [131]. In non-treated cells, SDMA constituted 

around 3.5% of total dimethylation, was almost negligible in GSK591 treatment, and 

increased to ~8.5% when type I PRMTs were inhibited [131]. The increase in MMA and 

SDMA levels following PRMT1 loss was reported in other studies [127,144], showing a 

compensation of other PRMTs to PRMT1 (the major PRMT) loss or inhibition. A recent 

study uncovered the methylated proteins (arginine and lysine) in mouse embryonic stem 

cells (ESC) and mouse embryonic fibroblasts (MEF) and identified methylation events on 

around 4,000 arginine and 167 lysine, of which almost half were novel sites [145]. In this 

study, arginine methylation was mainly involved in RNA processing, and was also 

enriched in processes related to development, differentiation, and chromatin remodelling 

[145]. Large scale proteomic studies were also applied to determine the methylome of 

individual PRMT members like type I PRMTs [127,134], PRMT1 [106], CARM1 

[106,128,132,135], PRMT3 [146], PRMT5 [106,127,132,133,147], and PRMT7 [106,132].  

III.3.3. Crosstalk between PRMTs 

It is well established now that one substrate can be methylated by more than one PRMT, 

and even a single arginine residue could be a target of different PRMTs. For instance, 

both PRMT1 [148,149] and PRMT5 [150–153] methylate histone H4 on R3 generating 

H4R3me2a and H4R3me2s, respectively. CARM1 methylates H3 on R17 and R26 [154] 

and PRMT5 symmetrically dimethylates H3 on R8 [153]. A proteomic analysis identified 

62 different proteins to be co-regulated by CARM1, PRMT5, and PRMT7 [132]. These 

proteins were enriched with components of the spliceosome and splicing factors like the 

nuclear protein hnRNPA1. CARM1, PRMT5, and PRMT7 could all methylate hnRNPA1 

on different residues and enhanced its binding to RNA [132]. The pre-mRNA splicing 

factor SRSF2 is methylated by both CARM1 and PRMT5. CARM1 mediated methylation 

regulates the nuclear localization of SRSF2, whereas PRMT5 mediated methylation 

enhanced its binding to RNA [106]. As mentioned earlier, loss or inhibition of PRMT1 

increases MMA and SDMA levels indicative of compensation among the different PRMTs 

and substrate scavenging [144]. On the contrary, PRMT5 inhibition did not affect basal 

levels of MMA and ADMA [134] 
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III.3.4. Functions of arginine methylation 

In this part, I will discuss the broad cellular functions of PRMTs. As this thesis focuses on 

PRMT5, a detailed section developing the various functions of PRMT5 and its implication 

in diseases will be discussed in a later section of the thesis. 

III.3.4.1. Transcriptional regulation 

PRMTs are involved in both transcriptional activation and repression by methylating 

histone tails or transcription factors. PRMT1 functions mainly as a coactivator of 

transcription by asymmetrically methylating histone H4 on R3 (H4R3me2a) (Figure 23), 

facilitating histone acetyltransferases (like p300) recruitment and chromatin opening 

[116,155]. H4R3me2a can be recognized by TDRD3, a scaffold protein that recruits DNA 

Topoisomerase IIIβ to c-MYC promoter and activates its transcription [156,157]. PRMT1 

methylates the transcription factors Runt-related transcription factor 1 (RUNX1) and 

C/EBPα inhibiting their interaction with transcriptional corepressor and enhancing their 

transcriptional activity [158,159]. CARM1 was the first PRMT to be linked to transcriptional 

coactivation by methylating H3 on R17 and R26 (H3R26me2a) [136], but it can also be 

implicated in transcriptional repression [116]. CARM1 enhances the transcriptional 

activity of nuclear receptors by interacting with p160 coactivator family and methylating 

p300 and CBP (Figure 23) [160–163]. PRMT1 and CARM1 synergistically cooperate with 

and coactivate the transcription factors nuclear factor κ of B-cells (NF-κB) [164,165], NF-

E2-related factor 2 (Nrf2) [166], and p53 [167] driving their transcriptional activation of 

target genes. CARM1 interacts also with β-catenin mediating its transcriptional activation 

[168]. Although PRMT5-dependent methylation marks on histone (H2AR3me2s, 

H4R3me2s, H3R8me2s, and H3R2me2s) were initially discovered to be repressive 

(Figure 23), it was later determined that these modifications could also contribute to 

transcriptional activation [151,169–176]. PRMT5 methylates NF-κB and activates it [177], 

the co-repressor KRAB-associated protein 1 (KAP1)  [178],  Epstein–Barr virus (EBV) 

nuclear antigen 2 (EBNA2) stimulating the EBNA2 mediated transcription [179]. PRMT6 

is mostly involved in transcriptional repression by the methylation of H3R2 and H2AR29 

(Figure 23) [116].  
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Figure 23: PRMTs functions in transcriptional regulation. (A). PRMT1 dependent methylation of H4R3 
activates gene expression. (B). CARM1 associates with p160 and enhances nuclear receptor mediated 
gene transcription. (C, D). PRMT5 methylation of H2AR3, H4R3, and H3R8 (C) and PRMT6 methylation of 
H3R2 repress the transcription of MYC target genes. Modified from [116]. 

 

III.3.4.2. pre-mRNA splicing 

Pre-mRNA splicing is the process by which introns are removed from pre-mRNA 

molecules. It consists of two trans-esterification steps where each step requires a 

nucleophilic attack on the phosphodiester bonds of the intron [180]. The proteomic 

analysis of arginine methylome has revealed that the putative PRMT substrates are 

enriched in RNA binding proteins and proteins involved in RNA dependent processes like 

pre-mRNA splicing, RNA transport, and the spliceosome [106,127,129,130,132–

134,142,147]. An elegant study by Fong et al. showed that AML cells harbouring 

mutations in splicing factors were sensitive to PRMT5 or type I PRMT inhibitors, and 

combining both inhibitors had a synergistic effect in altering alternative splicing (AS) 

events [127]. Similarly, Fedoriw et al. reported an alteration of AS events when type I 

PRMT were inhibited, and inhibiting PRMT5 in combination with type I PRMT aggravated 

this effect [134]. A recent study showed that inhibiting PRMT5 and type I PRMTs altered 



67 
 

the AS in A549 cells and inversely regulated intron retention [181]. The role of PRMT1 in 

pre-mRNA splicing has not been fully elucidated, however, it was shown that PRMT1 

methylation controls the localization and functions of some RNA-binding proteins and 

splicing factors like Sam68 [182], hnRNP A1/2 [183,184], and FUS/TLS [185]. The only 

known PRMT9 substrate is the splicing factor SF3B2 (also termed SAP145), and PRMT9 

is required for efficient AS in Hela cells (Figure 24) [186,187]. CARM1 methylates several 

splicing factors like SRSF2, SmB, SF3B4, U1C, and CA150 (Figure 24) [136]. PRMT5 

has a major role in pre-mRNA splicing by symmetrically di-methylating Sm proteins 

promoting spliceosome assembly (Figure 24). It can also methylate several splicing 

factors controlling their function, and its inhibition or depletion largely affects AS events 

(Figure 24) [116,133,188]. A detailed mechanism of PRMT5 roles in RNA processing is 

discussed in section IV of the thesis.  
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Figure 24: PRMTs functions in pre-mRNA splicing. (A). In the cytoplasm, PRMT5 symmetrically 
dimethylates Sm proteins and PRMT9 methylates SAP145 (SF3B2) to promote snRNPs assembly. The 
assembled snRNPs then translocate to the nucleus to carry their function in splicing. (B, C). CARM1 and 
PRMT5 methylate splicing factors and control alternative splicing events. From [116]. 

III.3.4.3. Translation 

PRMTs play roles in protein synthesis by methylating ribosomal proteins [116,125,130]. 

A study that identified the interactome of all PRMT members by proximity labelling in 

HEK293T cells revealed that the PRMT interactome is enriched in proteins involved in 

RNA processes including translation initiation [130]. More than half of ribosomal 

components and various translation elongation factors were identified in the same study, 

and ribosomal proteins (between 10 and 50 KDa) from different ribosome fractions were 

shown to be heavily methylated on arginine residues. Inhibiting or depleting PRMT1 and 

CARM1 caused global translation deficiency [130]. The 40S ribosomal protein S2 (RPS2) 

is methylated by PRMT1 [130], PRMT3 [189–191], and CARM1 [130] promoting its 
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assembly into the 40S ribosomal subunit. PRMT5 methylates ribosomal protein S10 

(RPS10) that is required for efficient ribosome assembly and protein synthesis [192], and 

hnRNPA1 to promote its interaction with internal ribosome entry site (IRES) on RNA and 

hence facilitating IRES-dependent translation [193].  

III.3.4.4. Cell cycle regulation 

PRMTs can affect the cell cycle progression by methylating cell cycle proteins and 

regulators, and through regulating the expression of cell cycle genes (Figure 25) [194]. 

PRMT1 methylates cyclin-dependent kinase 4 (CDK4) preventing its interaction with 

cyclin D3 and cell cycle progression [195]. PRMT5 interacts with CDK4 releasing it from 

CDKN2A and promoting cell cycle progression [196]. PRMT1 methylates INCENP, 

enhancing its interaction with Aurora Kinase B (AURKB), hence inhibiting AURKB activity 

and promoting mitosis of cancer cells [197]. CARM1 positively regulates the expression 

of CCNE1 (encoding cyclin E1) and E2F1 genes [198,199]. PRMT5 supports cell cycle 

progression by regulating the expression of CDK4/6, cyclin D1, cyclin D2, cyclin E1, and 

retinoblastoma protein (Rb) [200]. Moreover, PRMT5 represses the transcription of the 

microRNAs miR33b, miR96, and miR50 that targets the mRNA of cyclin D1 and myc 

[201]. PRMT5 inactivates the Rb proteins RB1 and RBL2 leading to the upregulation of 

polycomb repressor complex (PRC2) and cyclin D1 facilitating cell cycle progression 

[202]. PRMT6 represses the transcription of cell cycle inhibitors p21, p27, and p18 [203–

205]. PRMT6 methylation mark H3R2me2a facilitates H3 phosphorylation by AURKB 

leading to chromatin condensation [206].  

 



70 
 

 

Figure 25: Function of PRMTs in cell cycle regulation. PRMT1 and PRMT6 mediated methylation 
supports Aurora B recruitment to the chromatin and phosphorylation of H3, leading to chromosome 
condensation and segregation during mitosis. PRMT1 methylates CDK4 preventing its interaction with 
cyclin D and inhibits cell cycle progression. On the contrary, PRMT1 and PRMT5 promote cell cycle 
progression by methylating E2F1. The CDK inhibitors p16, p21, and p27 are methylated by PRMTs 
regulating their interaction with CDKs. From [194]. 

 

III.3.4.5. The DNA damage response 

The two main PRMTs involved in the DDR are PRMT1 and PRMT5. PRMT1 methylates 

the GAR motif of the checkpoint protein MRE11 which is important for its exonuclease 

activity. MRE11 methylation is important for the ATR/CHK1 pathway and the recruitment 

of replication protein A (RPA) and RAD51 to DNA damage sites (Figure 26) [207–209]. 

p53-binding protein 1 (53BP1), an important player in the NHEJ repair pathway, is a 

substrate of PRMT1 and PRMT5 and its methylation is crucial to its DNA binding ability 

and stability (Figure 26) [210–212]. PRMT1 methylates DNA polymerase β (pol β) [213], 

an indispensable player in the DNA BER pathway, and Flap endonuclease 1 (FEN1), a 

DNA repair regulator [214,215]. A main regulator of the HR pathway, BRCA1, is also 

methylated by PRMT1 (Figure 26) controlling its interaction either with SP1 or STAT1 

[216]. PRMT5 plays crucial role in the HR pathway by methylating and regulating the 
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alternative splicing of components of the TIP60 complex (Figure 26) [217,218]. A detailed 

description of PRMT5 role in DDR is provided in section IV of the thesis.  

 

Figure 26: PRMTs implication in the DNA damage response. Upon DNA double breaks, PRMT1 
methylation of MRE11 promotes its localization to the DNA lesion sites and is important for its exonuclease 
activity. PRMT5 methylates a main regulator of the NHEJ pathway 53BP1 and stabilizes it, promoting NHEJ 
repair mechanism. PRMT1 methylation of BRCA1 and PRMT5 regulation of the TIP60 complex facilitates 
the HR process. Modified from [194].  

 

III.3.4.6. Signalling pathways 

Arginine methylation regulates several signalling pathways including EGFR, TGFβ, 

platelet-derived growth factor (PDGF), and the Wnt signalling pathway. SMAD proteins, 

the main transducers of TGFβ pathway, are methylated by PRMTs. PRMT1 methylates 

the inhibitory SMADs, SMAD6 and SMAD7, causing their degradation and subsequent 

activation of the effector SMAD3 (Figure 27A) [219]. SMAD6 methylation by PRMT1 also 

activates the bone morphogenetic protein (BMP) receptor signalling (Figure 27A) [220] 

and inhibits NF-κB activation [221]. PRMT5 symmetrically dimethylates the p65 subunit 

of NF-κB increasing its binding to chromatin and regulating transcription [177], and 
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PRMT1 and CARM1 cooperate to coactivate NF-κB [164,165]. PRMT1 and PRMT5 act 

oppositely in the BMP pathway, PRMT1 activates the BMP downstream effectors 

SMAD1, SMAD5, and SMAD9 (Figure 27A) while PRMT5 inhibits them [222,223]. 

PRMT5 interacts with SHARPIN and promotes the symmetric dimethylation and inhibition 

of the transcriptional corepressor Ski, leading to the upregulation of transcription factors 

SOX10, MITF, and PAX3 and the repression of TGFβ pathway [224,225].  

PRMT1 and PRMT5 are linked to the EGFR pathway, and both PRMTs methylate EGFR 

(Figure 27B). PRMT5 symmetrically dimethylates R1175 on EGFR cytoplasmic domain, 

recruiting SH2-domain-containing protein tyrosine phosphatase 1 (SHP1) therefore 

attenuating the signalling pathway (Figure 27B) [226]. Moreover, PRMT5 methylates the 

RAF proteins CRAF and BRAF leading to their degradation and the inhibition of ERK1/2 

signalling (Figure 27B) [227]. In contrast, asymmetric methylation of the extracellular 

domain of EGFR by PRMT1 strengthens its binding to EGF and enhances EGFR 

signalling (Figure 27B) [228–231]. PRMT1 was shown to activate the expression of 

EGFR, and PRMT1, PRMT5, H4R3me2a, and H4R3me2s were all found to be enriched 

at the EGFR promoter [232–234]. PRMT5 methylates AKT increasing its phosphorylation 

and translocation to the plasma membrane [235,236]. PRMT5 methylates the cytoplasmic 

domain of PDGF at R554 masking Y555 site from binding to the ubiquitin ligase Cbl E3 

ligase, protecting it from degradation [237].  
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Figure 27: Role of PRMT1 and PRMT5 in EGFR and TGFβ signalling pathways. (A). PRMT1 effect on 
TGFβ and BMP pathways. PRMT1 methylates the inhibitory SMADs, SMAD6 and SMAD7, leading to their 
degradation and the activation of TGFβ and BMP signalling pathways. (B). PRMT1 and PRMT5 roles in 
EGFR signalling. PRMT5 methylates CRAF and BRAF leading to their degradation and the inactivation of 
the signalling cascade. PRMT5 methylates EGFR in its cytoplasmic domain facilitating the binding of SHP 
that inhibits EGFR activation. PRMT1 methylates the extracellular domain of EGFR promoting its activation. 
PRMT1 also methylates H4 (not shown in the figure) on the EGFR promoter or binds directly to the 
chromatin to activate EGFR gene expression.   

 

III.4. Arginine methylation readers 

III.4.1. Tudor domain containing proteins 

The major readers of arginine methylation are Tudor domains containing proteins 

[113,238]. Tudor domains can recognize and interact with both methylated arginine and 

lysine residues [238], however, narrower aromatic cages in Tudor domains prefer the 

docking of a methyl-arginine rather than a methyl-lysine [113,239]. Importantly, a Tudor 

domain is not able to read both arginine and lysine methylation marks [113]. Although 

arginine methylation preserves the positive charge, it leads to the loss of hydrogen bond 

donors and increases the size and hydrophobicity of the guanidinium [239]. Methylated 

arginine residues interact via cationic-π interactions with aromatic rings of Tudor domains, 

forming an aromatic cage [109,239].  

III.4.1.1. SMN and SPF30 

Several Tudor arginine-methylation readers were previously described. Survival motor 

neuron (SMN) Tudor domain can bind both SDMA and ADMA, with a higher affinity 

TGFβ BMP

BA
EGFR EGFR EGFR



74 
 

towards SDMA [240]. The symmetric dimethylation mark of Sm proteins, catalysed by 

PRMT5, is recognized by the Tudor domain of SMN facilitating spliceosome assembly 

[241,242]. SMN Tudor domain also recognizes R1810me2s in RNA polymerase II (pol II) 

aiding in the R-loop resolution process and influences transcriptional termination (Figure 

28) [243]. A recent study has shown that the recognition of dimethyl arginine marks by 

SMN Tudor domain regulates membrane-less organelles (MLOs) assembly and 

composition [244]. SPF30 is an essential splicing factor sharing 50% similarity with SMN 

[113]. The Tudor domain of SPF30 recognizes SDMA marks and to a lesser extent ADMA 

[113,240], and binds methyl arginine with a lesser affinity when compared to SMN and 

TDRD3 [245].  

III.4.1.2. SND1 (TDRD11) 

Staphylococcal nuclease domain-containing protein 1 (SND1; also known as p100, TSN 

or TDRD11) is a Tudor domain containing protein implicated in transcriptional co-

activation and is a component of the RNA-induced silencing complex (RISC) [113]. 

PRMT5 methylates the RISC component AGO2 in Arabidopsis, which is recognized by 

SND1 promoting the degradation of AGO2 associated small RNAs (sRNAs) [246]. The 

Tudor domain of SND1 is not sufficient by itself to interact with methylated arginine and it 

requires additional residues in the SN domain for the interaction [247]. Similar to SMN 

and SPF30, Tudor domain of SND1 prefers SDMA over ADMA [113]. SDMA marks on 

E2F1 and Sm proteins are recognized by the Tudor domain of SND1 [248,249]. SND1 is 

a transcriptional co-activator that can bind to E2F1 [238]. PRMT5 symmetrically 

dimethylates E2F1 on R111 and R113 reducing its stability and transcriptional activity 

(Figure 28). SND1 reads the symmetric dimethylation mark on E2F1 affecting its half-life 

and inhibiting E2F1 mediated apoptosis (Figure 28) [250,251]. Interestingly, PRMT1 also 

methylates E2F1 on R109, hindering PRMT5-mediated methylation and increasing E2F1 

apoptotic activity [250]. 

III.4.1.3. TDRD3 

TDRD3 is to-date the only Tudor domain containing protein that prefers ADMA marks 

over SDMA [245,252,253], and recognizes the histone methylation marks H4R3me2a 

(PRMT1), H3R17me2a (CARM1), and H3R2me2a (PRMT6) (Figure 29) [113,253]. 
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TDRD3 forms a complex with topoisomerase IIIB (TOP3B) that can resolve both DNA 

and RNA entanglements [113]. By recognizing H4R3me2a mark on the c-MYC promoter, 

the TDRD3-TOP3B complex relaxes supercoiled DNA and reduces R-loops promoting c-

MYC expression [157]. Interestingly, TOP3B is itself methylated by PRMT1, PRMT3, and 

PRMT6 which partially regulates its interaction with TDRD3 and enhances its activity in 

resolving supercoiled DNA and its localization to stress granules [254]. In breast cancer 

cells, the ADMA mark of ubiquitin-specific protease 9 X-linked (USP9X) is read by TDRD3 

mediating its de-ubiquitination activity and localization to stress granules (Figure 28) 

[255]. CARM1 methylates R1899 of mediator complex subunit 12 (MED12) that is then 

read by TDRD3 promoting its interaction with non-coding RNAs [256]. Pol II R1810 is 

methylated by both PRMT5 [243] and CARM1 [257]. As mentioned earlier, R1810me2s 

is read by SMN and regulates R-loop resolving at the termination site (Figure 28) [243]. 

R1810me2a created by CARM1 on the other hand is recognized by TDRD3 and resolves 

R-loops at the promoter regions before transcription start site (Figure 28) [257].  

III.4.1.4. Others 

Other less studied TDRD proteins expressed in the male germ cells were described as 

effectors of arginine methylation [113,238]. Many of the TDRD proteins are linked to the 

piwi-RNA pathway and gametogenesis [258]. TDRD1 reads SDMA marks in the N-

terminal of the Piwi-like RNA-binding protein PIWIL2 [259,260]. TDRD2 (also termed 

TDRKH) was shown to interact with PIWIL1 and PIWIL4 and that PRMT5 is required for 

this interaction [247,261]. However, structural analysis found that the Tudor domain of 

TDRD2 prefers binding to the non-methylated arginine residues in PIWIL1 rather than the 

methylated ones [262,263]. TDRD6 interacts with a SDMA modified peptide derived from 

PIWIL1 [264] and TDRD7 interacts with PIWIL2 [259]. 

III.4.2. Readers not harbouring a Tudor domain 

Several proteins that do not have a Tudor domain were shown to interact with methylated 

arginine. Interestingly, most of these readers recognize non-GAR ADMA motifs that are 

written by CARM1 [113]. CARM1 methylation on H3, H3R17me2a, is recognized by the 

PAF1 transcription complex, increasing H3K4me3 levels and the transcription of estrogen 

responsive genes [265]. CARM1 methylates R754 of the acetyltransferase p300. 
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Methylated R754 is then recognized by BRCA1 which then cooperates with p53 to induce 

the expression of cell cycle genes like p21 in response to DNA damage [266]. The 

methylation of H3R4 by PRMT1 recruits SMARCA4, a subunit of the SWI/SNF complex, 

to the EGFR promoter enhancing its signalling and promoting CRC progression [233]. 

Under glucose starvation, CARM1 methylates the chromatin remodelling factor Pontin, 

mediating its interaction with Forkhead Box O 3a (FOXO3a) and activating autophagy 

genes transcription (Figure 28) [267]. Nuclear factor I B (NFIB) is methylated by CARM1 

on R388. Only the methylated form of NFIB was able to interact with tripartite motif 29 

(TRIM29) and promotes small cell lung cancer (SCLC) progression [268]. H3R2 is 

symmetrically and asymmetrically dimethylated by PRMT5 [172] and PRMT6 [269] 

respectively. H3R2me2a inhibits H3 interaction with WDR5, a subunit of lysine 

methyltransferase complex, and the trimethylation of H3K4 [269–271]. On the contrary, 

H3R2me2s recruits WDR5 and activates gene expression (Figure 29) [172]. Through its 

PHD motif, the DNA methyltransferase DNMT3A binds H4R3me2s motif generated by 

PRMT5 leading to chromatin methylation and gene silencing (Figure 29) [151,272]. 

 

Figure 28: Readers of non-histone methylation. PRMT5 methylates E2F1 recruiting TDRD11 and 
promoting E2F1 degradation. USD9X asymmetric dimethylation marks are read by the Tudor domain of 
TDRD3 leading to its activation. CARM1 methylates the chromatin remodelling factor Pontin allowing its 
interaction with FOXO3a and the activation of autophagy genes. RNA pol II is methylated by both CARM1 
and PRMT5. Symmetric dimethylation mark is recognized by SMN and the asymmetric mark recruits 
TDRD3. Both methylation status of pol II promotes the resolving of R-loops. 
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Figure 29: Readers of histone arginine methylation marks. TDRD3 recognizes the asymmetric 
dimethylation on H3R17 and H4R3 deposited by CARM1 and PRMT1 respectively leading to transcriptional 
activation. Symmetric dimethylation of H3R2 catalysed by PRMT5 recruits WDR5 and activates gene 
transcription, whereas asymmetric dimethylation of H3R2 created by PRMT6 has the opposite effect (not 
shown in the figure). H4R3me2s recruits DNMT3A through its PHD domain leading to DNA methylation and 
inhibition of transcription. 

 

III.5. Arginine methylation erasers 

To date, the dynamic of arginine methylation is still not clear, and no specific arginine 

demethylase has been identified [273]. Unlike arginine demethylation, lysine 

demethylation is well established, with two groups of lysine demethylases (KDM) being 

described: (i) Class I KDMs: amine oxidase lysine specific demethylase 1 and 2 (LSD 1 

and 2) also termed KDM1A and KDM1B, and (ii) Class II demethylases containing a 

Jumonji C domain (JmjC), consisting of 20 KDM enzymes grouped into five subfamilies 

KDM2-6 [274]. Class I KDMs utilise flavin adenine dinucleotide (FAD) to produce an 

amine intermediate that is then hydrolysed to generate demethylated lysine. Class II 

KDMs use Fe (II) as a cofactor and 2-oxoglutarate (2OG) to demethylate mono, di-, and 

tri- methyl sites [274]. Both KDM classes demethylate via oxidizing mechanisms and 

generate formaldehyde as a co-product [275]. The first report describing arginine 

demethylation was published in 2007 where the Jumonji domain-containing 6 protein 

(JMJD6) (class II KDM) was shown to be a 2OG oxygenase that demethylates H3R2 and 

H4R3 [276]. However, other studies could not replicate the demethylation activity of 

JMJD6 on H3 and H4 peptides using mass spectrometry methods [277], possibly due to 
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a weak demethylation activity that could not be detected. Later reports also supported the 

role of JMJD6 as an arginine demethylase of non-histone proteins. Upon oestrogen 

treatment, JMJD6 interacted with the arginine methylated form of ERα and demethylated 

it [278]. JMJD6 was also able to demethylate the CARM1 substrate heat-shock protein of 

70 kDa (HSP70) on R469 [279]. G3BP1 is a stress granule component methylated by 

both PRMT1 and PRMT5. Upon oxidative stress, JMJD6 could demethylate the ADMA 

motif on G3BP1 promoting stress granule formation [280]. Other class II KDMs were later 

shown to demethylate arginine residues on histone tails and non-histone peptides in vitro. 

KDM3A, KDM4E, and KDM5C demethylated both ADMA and SDMA motifs yielding MMA 

or unmethylated peptides, while KDM6B was only capable of demethylating ADMA [275]. 

Two other members of the JmjC family, JMJD5 and JMJD7, have protease activities and 

could cleave the arginine methylated tails of H2, H3, and H4 [281]. More studies are 

needed to confirm if a dedicated arginine demethylase exits to better understand the 

dynamics and stability of arginine methylation. 

III.6. Arginine methylation in Cancer 

The implication of arginine methylation in cancer has been extensively studied, and the 

different PRMT members are emerging as attractive targets for cancer therapy. PRMT5 

is one of the most studied PRMT members in the context of tumorigenesis, and a detailed 

description, of its diverse functions in cancer will be discussed in section IV. The functions 

of other PRMTs in oncogenesis will be stated in this part. 

III.6.1. PRMT1 

III.6.1.1. Breast cancer 

PRMT1, the major PRMT, is overexpressed in breast cancer at the mRNA and protein 

levels, and its expression is associated with poor survival in breast cancer patients 

[156,234,282]. The implication of PRMT1 in ER+ breast cancer has been well described 

compared to the other breast cancer subtypes. In response to estrogen or IGF-1, PRMT1 

methylates ERα at R260 regulating cell proliferation and survival in different breast cancer 

subtypes [283,284]. The methylated ERα triggers its interaction with PI3K and Src [283], 

forming an ERα/Src/PI3K complex in the cytoplasm of breast cancer cells and tumours 

[285]. The ERα/Src/PI3K complex is overexpressed in breast tumours and its high 
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expression correlates with the activation of AKT, low disease-free survival, and resistance 

to tamoxifen [285]. PRMT1 methylates BRCA1 in breast cancer cell lines regulating its 

protein-protein interaction and binding to chromatin, that could affect its tumour 

suppressor functions [216]. Depleting or inhibiting PRMT1 reduces the proliferation of 

TNBC cell lines [234,286,287]. The methylation of the transcription factor C/EBPα blocks 

its interaction with HDAC3 promoting the expression of cyclin D1 and the proliferation of 

TNBC cell lines [282]. In the TNBC cell line MDA-MB-468, PRMT1 knockdown decreased 

cell proliferation, sphere formation, and EGFR activation, and its inhibition sensitized the 

cells to the EGFR inhibitor cetuximab [230]. Our group showed that PRMT1 regulates the 

EGFR and Wnt signalling pathways in TNBC, and its depletion induces death of MDA-

MB-468 [234]. In addition to promoting proliferation of breast cancer, several reports 

implicated PRMT1 in driving breast cancer metastasis and epithelial to mesenchymal 

(EMT) transition. By methylating H4R3 on ZEB1 promoter and activating its expression, 

PRMT1 promotes EMT, invasion, and stemness of breast cancer cells [288]. EZH2 is a 

histone protein lysine methyltransferase (PKMT) and an inducer of EMT. PRMT1 

methylates EZH2 at R342 inhibiting its phosphorylation and then subsequent 

ubiquitination. The stabilization of EZH2 through arginine methylation promotes breast 

cancer proliferation, EMT, invasion, and metastasis [289,290]. By secreting interleukin-6 

(IL-6), tumour-associated macrophages (TAMs) stimulate the PRMT1-mediated 

methylation of EZH2 increasing breast cancer metastasis [291]. PRMT1 was suggested 

to contribute to drug resistance in MCF-7 breast cancer cell lines by interacting with 

pregnane x receptor (PXR) to activate the expression of multidrug resistance 1 (MDR1) 

gene [292]. PRMT1-mediated methylation of apoptosis signal-regulating kinase 1 (ASK1) 

enhances its interaction with its negative regulator thioredoxin. Depleting PRMT1 

enhanced paclitaxel induced activation of ASK1 and apoptosis of breast cancer cells 

[293].  

III.6.1.2. Other solid tumours 

PRMT1 expression levels are correlated with poor prognosis and reduced survival 

probability in CRC [294], and its inhibition decreased the progression of a CRC derived 

xenograft model [295]. Like in breast cancer, PRMT1 methylates EGFR in CRC, 

activating EGFR signalling and regulating the response to cetuximab treatment [228,233]. 
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PRMT1 methylates non-POU domain-containing octamer-binding protein (NONO) 

promoting its oncogenic functions including CRC proliferation and metastasis [295]. 

Although being overexpressed in lung cancer, a little is known about the role of PRMT1 

in this cancer type  [296]. PRMT1 regulates EMT in lung cancer by methylating the E-

cadherin repressor Twist1 [297], and mitosis through the methylation of the AURKB 

interactor, inner centromere protein (INCENP) [298]. In pancreatic ductal 

adenocarcinoma (PDAC), PRMT1 methylates the transcription factor Gli1 at R597 

enhancing its binding to promoter regions, its transcriptional activity, and oncogenic 

functions [299]. PRMT1 can also promote the drug resistance of PDAC cells by 

methylating HSP70. meHSP70 binds to and stabilizes BCL2 mRNA thus increasing BCL2 

protein levels and protecting cancer cells from gemcitabine-induced apoptosis [300]. 

PRMT1 levels are elevated in PDAC tumours and correlate with poor prognosis and 

survival [300]. In hepatocellular carcinoma (HCC), PRMT1 overexpression correlated with 

poor clinical outcomes, and its knockdown attenuated the growth of HCC cell lines [301]. 

PRMT1 expression predicts sensitivity to platinum-based chemotherapy, like cisplatin 

and carboplatin, in ovarian cancer patients [302]. An elegant study showed that PRMT1 

is phosphorylated by DNA-dependent protein kinase (DNA-PK) upon cisplatin treatment, 

inducing its recruitment to the chromatin and activation of the senescence-associated 

secretory phenotype genes via H4R3 methylation, sensitizing ovarian cancer cells to 

cisplatin treatment [303].  

III.6.1.3. Leukemia  

PRMT1 levels are elevated in AML, MLL, and Hodgkin's lymphoma (HL) [304–306]. 

PRMT1 methylates Fms-like receptor tyrosine kinase 3 (FLT3) facilitating the recruitment 

of adaptor proteins and enhancing its oncogenic functions. Additionally, the type I inhibitor 

MS023 decreased the proliferation of AML and MLL cell lines, and it also enhanced the 

effect of FLT3 inhibitors in eliminating MLL and AML cells [305]. On the contrary, the 

tumour suppressor BTG1 recruits PRMT1 to methylate the transcription factor ATF4, 

activating its transcriptional activity towards pro-apoptotic genes. BTG1 is frequently 

deleted in leukemia leading to a shift of the activity of ATF4, which is no longer methylated 

by PRMT1, towards pro-survival genes expression [307]. Alterations in AS events 

contribute to cancer progression and could have prognostic values [308]. The splicing 



81 
 

factor SRSF1 is methylated by PRMT1, and both proteins are upregulated in acute 

lymphoblastic leukemia (ALL) patients contributing to leukemogenesis [309]. An elegant 

study revealed that AML cells harbouring mutations for splicing factors are more 

vulnerable to PRMT1 and PRMT5 inhibition. Moreover, the inhibition of both PRMTs 

together, or the inhibition of each PRMT in combination with a SF3B1 inhibitor, had 

synergistic effects in inhibiting AML cell proliferation [127].  

III.6.2. PRMT2 

PRMT2 functions as a coactivator of nuclear receptors like ERα and AR, and its roles in 

ER+ breast cancer has been investigated [310]. Full length PRMT2 and all its four splice 

variants are overexpressed in breast cancer and can interact with and activate ERα 

[310,311]. On the contrary, Oh et al. reported that PRMT2 mRNA level is lower in breast 

cancer compared to normal breast tissue, and that PRMT2 and RORγ expression levels 

inversely correlate in ER+ breast cancer [312]. PRMT2 interacts with ERα in its AF-1 

region, DNA binding domain, and hormone binding site, acting as a transcriptional co-

activator of the receptor [313]. In MCF-7 cells, PRMT2 prevented ERα from interacting 

with AP-1 on cyclin D1 promoter, resulting in a downregulation of cyclin D1 levels. The 

loss of nuclear PRMT2 positively correlates with cyclin D1 levels and the grade of IDC 

breast tumours [314]. Overexpression of PRMT2 splice variant, PRMT2β, arrested cell 

cycle progression, induced apoptosis, and inhibited cyclin D1 expression in MCF-7 cells 

[315]. Through its interaction with ER-α36 and inhibiting its activity, PRMT2 regulates the 

response of breast cancer cells to tamoxifen treatment [316]. In glioblastoma (GBM), 

PRMT2 is highly expressed and is associated with poor prognosis [317]. PRMT2 

methylates H3R8 activating the expression of oncogenic genes, and its silencing inhibits 

GBM cells proliferation and the self-renewal abilities of GBM stem cells [317]. Similarly, 

PRMT2 is overexpressed and predicts poor prognosis in HCC, and it was shown to 

activate Bcl2 expression in HCC cells by methylating H3R8 at its promoter [318].  

III.6.3. PRMT3 

PRMT3 interacts with the tumour suppressor protein DAL-1/4.1B in lung and breast 

cancer cells, leading to an inhibition of PRMT3 catalytic activity [319]. DAL-1/4.1B also 

interacts with PRMT5 [319,320], and inhibiting the global methylation using Adox 
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significantly increased MCF-7 cells apoptosis induced by DAL-1/4.1B [321]. Invasive 

micropapillary carcinoma (IMPC) is a breast cancer histological subtype exhibiting higher 

invasiveness and metastasis incidence compared to IDC. Recently, IMPC samples were 

shown to have increased levels of total arginine methylation compared to IDC, and 

PRMT3 was identified as the main driver of this distinction [322]. The same study revealed 

that the methylation of H4R3 by PRMT3 regulates the endoplasmic reticulum (ER) stress 

signalling pathway and enhances breast cancer cells proliferation and invasion [322]. 

PRMT3 upregulation contributes to pancreatic cancer cell resistance to several 

chemotherapies by increasing the expression of the ATP-binding cassette member 

ABCG2, that is involved in drug resistance. Mechanistically, PRMT3 methylates 

hnRNPA1 at R31 promoting its binding to ABCG2 mRNA and its stabilization [323]. 

PRMT3 is upregulated in CRC [324,325] and its overexpression enhances CRC cells 

proliferation and invasion by stabilizing c-myc expression [325]. Moreover, PRMT3 

methylates HIF1α at R282 stabilizing its expression and enhancing its oncogenic 

functions in CRC [324].  

III.6.4. PRMT4  

III.6.4.1 Breast cancer 

CARM1 is overexpressed in the different breast cancer subtypes and its overexpression 

is associated with poor prognosis [326–328]. CARM1 is well studied in the context of ER+ 

breast cancer due to its interaction with and activation of ERα. In ER+ breast cancer cells, 

CARM1 is enriched on ERα-enhancers and essential for the activation of estrogen-

induced genes [128]. Mapping of CARM1 methylome revealed that several CARM1 

substrates are implicated in the regulation of ER signalling [128]. PTM of CARM1 

regulates its functions in ER activation. Phosphorylation of CARM1 at S228 inhibits 

CARM1 activity and activation of estrogen-regulated transcription [329], and its 

phosphorylation by PKA on S448 is indispensable to its interaction with and subsequent 

activation of ERα [330]. CARM1 methylates LSD1 promoting its deubiquitylation and 

stabilization [331]. LSD1 stabilization increases the demethylation levels of H3K4me2 and 

H3K9me2, activating vimentin transcription and promoting metastasis of breast cancer 

cells. The levels of CARM1-dependent methylation of LSD1 correlates with the grade of 

human breast cancer samples [331]. In MCF-7 cell, CARM1 in cooperation with ERα and 
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AIB1 asymmetrically dimethylates H3R17 on the promoter of E2F1, activating its 

transcription [198]. CARM1 binds to and methylates MED12 on several arginine residues 

regulating its association with the chromatin and the activation of ERα genes [332], 

sensitizing breast cancer cells to chemotherapy [333]. CARM1 methylates the SWI/SNF 

subunit BAF155 at R1064 regulating breast cancer metastasis, and this CARM1-

dependent meBAF155 is itself a prognostic marker for breast cancer relapse [334]. 

CARM1 switches the metabolism of breast cancer cells from oxidative phosphorylation to 

aerobic glycolysis by inhibiting the expression of inositol-1,4,5-trisphosphate receptors 

(InsP3Rs) through the methylation of the glycolytic enzyme pyruvate kinase muscle 

isozyme M2 (PKM2). The CARM1-dependent shift of breast cancer cells’ metabolism to 

glycolysis promotes their tumorigenesis and invasiveness [335].  

III.6.4.2. Other solid tumours 

In ovarian cancer, CARM1 interacts with the transcription regulator NAC1 and both 

proteins are overexpressed and associated with poor prognosis in ovarian cancer patients 

[336]. CARM1 methylates BAF155 promoting the EZH2-mediated repression of tumour 

suppressor genes such as MAD2L2 [337,338]. Moreover, EZH2 inhibition reduced the 

proliferation of ovarian cancer cells and the growth of ovarian xenograft models 

specifically in cells/tumours expressing CARM1 [337], and sensitized CARM1-high 

ovarian cancers to PARP inhibitors [338]. CARM1 is upregulated in CRC and regulates 

the transcriptional targets of p53 and NFκB [339]. By supressing the expression of 

CARM1, microRNA-195 induces death of CRC cell lines and increases their sensitivity to 

radiation [340,341]. CARM1 interacts with β-catenin and positively regulates its target 

genes expression promoting CRC proliferation [342]. Similarly, CARM1 cooperates with 

β-catenin to increase prostate cancer proliferation [343]. CARM1 activates AR mediated 

transcription by methylating H3 at AR enhancers in prostate cancer cells [344]. However, 

CARM1 is also implicated in the development of AR-independent prostate cancer [345]. 

In contrast to its cancer driving roles in other cancer types, CARM1 was proposed to 

supress the proliferation of PDAC. CARM1 methylates the aspartate aminotransferase 

malate dehydrogenase 1 (MDH1) inhibiting its dimerization and activation, and this leads 

to the suppression of glutamine metabolism and cell proliferation [346].  
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III.6.4.3. Leukemia 

Although not important for normal haematopoiesis, CARM1 is required for AML 

oncogenesis [347]. By methylating RUNX1, CARM1 represses the expression of miR-

223, blocking the differentiation of hematopoietic stem cells (HSCs) [348]. Targeting 

CARM1 with two small molecule inhibitors, EZM2302 and TP-064, exhibited an anti-

tumour activity in multiple myeloid leukemia (MML) cell lines and xenograft model [349], 

and diffuse large B-cell lymphoma (DLBCL) growth [350]. Mutations in CREBBP and 

EP300 were suggested to be biomarkers of response to CARM1 inhibition in DLBCL, as 

the sensitivity to CARM1 inhibition correlates with CREBBP/EP300 mutational load, and 

inhibiting CARM1 globally decreases the acetyltransferase activity of CBP [350]. 

Interestingly, CARM1 methylates PRMT5 inhibiting its methyltransferase activity in 

erythroleukemia cells [351]. 

III.6.5. PRMT6 

PRMT6 is overexpressed in several cancer types including NSCLC, SCLC, bladder, and 

breast cancer [296]. PRMT6 regulates the expression of important cell cycle regulators 

like p21 and p16 [352]. Additionally, the methylation of H3R2 by PRMT6 inhibits the DNA 

methyltransferase 1 (DNMT1) cofactor UHRF1 recruitment to the chromatin, causing 

global DNA hypomethylation in cancer [353]. PRMT6 knockdown affected the global 

transcription and pre-mRNA splicing processes in breast cancer cells, and PRMT6 

dysfunction correlated with a better relapse- and metastasis- free survival in ER+ breast 

cancer [354]. In ER+ breast cancer, PRMT6 interacts with the ligand-binding domain of 

ERα and methylates the receptor, activating both ligand dependent and independent 

activation of ERα [355]. In addition to its roles in transcriptional regulation, PRMT6 can 

also control AS events in breast cancer [356]. PRMT6 cooperates with the proto-

oncogene proline, glutamate, and leucine rich protein 1 (PELP1) to activate ER, 

proliferation, and AS of cancer-related transcripts in breast cancer [357]. Recently, the 

complex of PRMT6, PARP, and CUL4B was shown to regulate the circadian clock 

supporting breast cancer progression [358]. On the contrary, PRMT6 can play a role as 

a tumour suppressor in ovarian, hepatocellular, and prostate cancer [359].  
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III.6.6. PRMT7 

PRMT7 is overexpressed in breast cancer and drives EMT and metastasis in breast 

cancer by downregulating E cadherin expression [360,361]. Furthermore, PRMT7 auto-

methylation [362] and PRMT7-dependent activation of matrix metalloproteinase 9 

(MMP9) expression [363] promotes the invasiveness of breast cancer cell lines. The 

methylation of mitochondrial ribosomal protein S23 (MRPS23) on R21 by PRMT7 and 

K108 by SETD6 controls its stabilization and subsequently breast cancer metastasis 

[363].  

III.7. PRMT inhibitors 

Specific inhibitors targeting PRMT3, CARM1, PRMT5, PRMT6, and PRMT7 and pan-type 

I PRMT inhibitors have been developed, and some of these inhibitors have been 

evaluated in clinical trials. To date, PRMT5 has the highest number of specific inhibitors, 

and it is the most evaluated PRMT member in the clinical trials. Table 2 lists the different 

inhibitors with their PRMT target, company, mechanism of action, and whether or not they 

were included in clinical trials. A separate table for PRMT5 inhibitors is found in section 

IV. 

Table 2: PRMT inhibitors 

Compound Target Company Mechanism Clinical trial Ref 

SGC707 PRMT3  Allosteric - [365] 

EZM2302 

(GSK3359088) 

CARM1 Epizyme 

GlaxoSmithKline 

Substrate 

competitive 

with 

additional 

contacts to 

the SAM 

binding 

pocket 

- [349] 

TP-064 CARM1  Substrate 

competitive 

- [366] 
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MS049 CARM1 

and 

PRMT6 

 Substrate 

competitive 

- [367] 

EPZ020411 PRMT6 Epizyme Substrate 

competitive 

- [368] 

SGC6870 PRMT6  Allosteric - [369] 

SGC8158 

converted from 

the prodrug 

SGC3027 

PRMT7  SAM 

competitive 

- [370] 

DS-437 PRMT5 

and 

PRMT7 

 SAM 

competitive 

- [371] 

MS023 Type I 

PRMT 

 Substrate 

competitive 

- [372] 

GSK3368715 Type I 

PRMT 

Epizyme 

GlaxoSmithKline 

Substrate 

competitive 

NCT03666988 [134] 
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Summary 

Post-translational modifications are main regulators of proteins’ functions, among which, 

arginine methylation is an abundant modification that is catalysed by the PRMT family. 

Arginine methylation preserves the charge of the protein but creates a bulky group that 

could interfere with protein-protein or protein-nucleic acid interactions. The PRMTs are 

classified according to their methylation mode into type I PRMT catalysing MMA and 

ADMA, type II PRMT catalysing MMA and SDMA, and type III PRMT catalysing only 

MMA. PRMTs form homodimers and are highly conserved for their central 

methyltransferase domains. Arginine methylation is commonly read by proteins 

harbouring a tudor domain, but other readers have been reported. PRMT members are 

implicated in diverse cellular processes and play roles in cancer progression. For that, 

inhibitors that target the PRMTs are developed, and several are currently under clinical 

evaluation. It is still not clear how the dynamics of arginine methylation work. Although 

some lysine demethylases were reported to remove the arginine methylation modification, 

no specific arginine demethylase has been discovered till now, and the extent of arginine 

methylation stability remains unclear. 
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IV. Protein Arginine Methyltransferase 5 (PRMT5) 

IV.1. Generalities 

PRMT5 is the main type II PRMT responsible for generating the majority of arginine 

symmetric di-methylation. PRMT5 methylates arginine in glycine rich regions, mainly 

within the RGG motif. It was first discovered in 1999 as a JAK2 interacting partner using 

the yeast two hybrid system (Y2H) and was initially termed Jak-binding protein 1 (JBP1) 

[152]. PRMT5 gene is located on chromosome 14q11.2–21 [152], and the 2.5 kb PRMT5 

transcript is widely expressed in tissues [152,188]. PRMT5 protein can form dimers [152]. 

The expression of PRMT5 is dysregulated in different cancers, either at the mRNA or/and 

protein levels. I will discuss in more details the involvement of PRMT5 in carcinogenesis 

in a later section. PRMT5 homologues include the S. pombe Shk1 kinase-binding protein 

1 (Skb1) and the S. cerevisiae histone synthetic lethal 7 (HSL7). In order to be fully active, 

PRMT5 associates with its main partner methylosome protein 50 (MEP50 or WDR77) in 

a hetero-octameric complex [122,373]. 

IV.2. General structure of PRMT5 

Human PRMT5 is a 72 KDa protein composed of 637 aa [188]. PRMT5 contains four 

main domains: a TIM-barrel domain at the N-terminal, a Rossmann-fold located in the 

middle of the protein, and a β-barrel domain at the end (Figure 30) [123,188]. Rossmann 

fold and the β-barrel domain constitute PRMT5 methyltransferase domain. Within the β-

barrel domain is a ~60 residues dimerization domain, similar to other PRMTs. PRMT5 

contains 3 nuclear exclusion sequences (NES). The first NES is located in the N-terminal 

domain (1-90) and the two other NES are in the C-terminal domain (500-560 and 576-

637) (Figure 30) [374].  
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Figure 30: PRMT5 and MEP50 structures. PRMT5 is composed of three domains: the N-terminal TIM 
barrel, middle Rossmann fold and the β-barrel domain. The dimerization domain of PRMT5 is embedded 
in its β-barrel domain. The Rossmann fold and β-barrel compose the methyltransferase domain. PRMT5 
harbours three NES that control its nuclear and cytoplasmic shuttling. MEP50 has 7 WD repeats, two NES 
and three NLS for its subcellular compartmentalization. NES: nuclear exclusion signal; NLS: nuclear 
localization signal. 

 

IV.3. Crystal structure of PRMT5 

In 2011, the first crystal structure of PRMT5 from C. elegans, that shares high sequence 

homology with the human PRMT5, was determined. The oligomerization domain of 

PRMT5 connects the TIM-barrel and the β-barrel domains. The TIM, Rossmann-fold, and 

β-barrel domains are packed in a triangular fashion [123]. PRMT5 forms homodimers, 

where intermolecular interactions occur between the dimerization domains and between 

the TIM-barrel and β-barrel domains (Figure 31) [123].  

IV.3.1. The active site 

The residues F379, K385, S503, and S669 (in C. elegans) are conserved in the active 

site of PRMT5 proteins, and correspond to M, R, Y, and H respectively in type I PRMTs. 

Mutating most of these residues to their counterparts in type I PRMTs greatly diminishes 

PRMT5 enzymatic activity. However, mutating F379 to methionine (F379M) increases 

PRMT5 activity and confers PRMT5 the ability to both symmetrically and asymmetrically 

dimethylate histone H4R3. The corresponding mutation in human PRMT5 (F327M) 

yielded the same effects [123]. To access PRMT5 active site, H4 derived peptide binds 

the groove at β-barrel surface and inserts R3 side chain through a tight tunnel made of 
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L312, F327, and W579 [122]. PRMT5 active site contains the S atom of SAH and the 

invariant glutamate residues common to all PRMTs, E435 and E444 (corresponding to 

E499 and E508 in C. elegans). These two glutamate residues are indispensable for 

PRMT5 enzymatic activity and are located on the “double-E” loop bridging β-4 and α-F 

[122,123]. The guanidine side chain of arginine substrate forms a pair of salt bridges with 

each of these two E residues, posing the ω-NG atom for methyl transfer [122]. F327 

residue plays a critical role in orienting the N atom for the transfer [122]. Y304 and Y307, 

which are phosphorylated by a Jak2 mutant [375], participate in substrate binding [122].  

 

 

Figure 31: Crystal structure of PRMT5. (A). Ribbon diagram of PRMT5. TIM barrel is shown in tan, 
Rossmann fold in cyan, β-barrel in green, and oligomerization domain in yellow. SAH is shown as a stick. 
(B). A PRMT5 dimer in ribbon representation. The red line approximately marks the dimer interface. From 
[123].  

IV.3.2. Comparing PRMT5 structure to type I PRMTs 

The spatial positioning and fold of the Rossmann-fold and β-barrel of PRMT5 are similar 

to PRMT1 and CARM1. Upon SAH binding, a N-terminal loop (termed L0) and a nearby 

α-helix (termed α-A) become ordered. Similar to type I PRMTs, the α-A protects SAH from 

solvent and forms a secured catalytic active site. Y376 and F379 of PRMT5 found on α-

A interact with ribose via hydrogen bond and with the homocysteine via van der Waals. 

L0 harbours residues conserved among PRMT5 proteins in different species. The 

corresponding region is disordered in PRMT1 and has a helical form in CARM1. L0 of 

PRMT5 is responsible of contacting the SAH/SAM molecules via the residues P366, 

L367, and L371 (C. elegans) constituting a catalysis area inaccessible by solvent. The 
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beginning of L0 contacts the dimerization domain, thus stabilizing the loop in a form 

allowing it to affect substrate binding [123]. 

The PRMT5 catalytic domain adopts a tertiary structure similar to that of type I PRMTs. 

SAM binding occurs in the Rossmann fold and the substrate binding pocket lies in the β-

barrel domain [122]. The YFxxY motif characteristic of type I PRMTs is absent in PRMT5 

and the corresponding region in PRMT5 has a PLxxN motif [122,123]. Additionally, the 

THW motif conserved in type I PRMTs is a FSW in PRMT5 [122].  

IV.4. PRMT5 partners 

IV.4.1. The methylosome 

PRMT5 is mainly present in cells as a part of multimeric complexes. To be fully active, 

PRMT5 needs to associate with MEP50 [122,376]. Moreover, PRMT5 interacts with 

additional partners known as substrate adaptors, that are required for substrate 

recognition and methylation [377,378]. This complex of PRMT5, MEP50 and adaptor 

proteins is termed the methylosome (Figure 32A). The most known PRMT5 adaptor 

proteins are RIO kinase 1 (RIOK1), pICln (also known as CLNS1A), and cooperator of 

PRMT5 (COPR5). A recent report revealed that these three adaptors share a common 

site termed PRMT5 binding motif (PBM), GQF[D/E]DA[E/D], that is crucial and sufficient 

for interacting with PRMT5 [377]. The PBM interacts with a shallow groove in the TIM 

barrel domain of PRMT5 [377]. In the same year, another study with similar results was 

published, showing that the PRMT5 adaptors pICln, RIOK1 and COPR5 share a 

conserved sequence motif (GQF[D/E]DA[E/D]) responsible for binding with PRMT5 TIM 

barrel domain [378]. After these findings, compounds targeting the protein-protein 

interaction (PPI) of PRMT5 and its adaptor proteins are starting to emerge as a new class 

of PRMT5 inhibitors (Figure 32B) [379–381]. 
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Figure 32: PRMT5 methylosome. (A). An adaptor protein (like RIOK1, pICln…) recruits the substrate to 
be methylated by PRMT5. PRMT5 adaptor proteins share a common motif termed the PBM that is 
responsible for the interaction with PRMT5. (B). Molecules targeting the PBM binding site in PRMT5 prevent 
PRMT5-adaptor interactions and hence inhibit its activity. PBM: PRMT5 binding motif; SAM: S-adenosyl 
methionine; SAH: S-adenosylhomocysteine. 

IV.4.2. MEP50: a major PRMT5 partner 

IV.4.2.i. MEP50 generalities 

MEP50 is a main partner of PRMT5 that highly enhances its catalytic activity. MEP50 was 

initially identified by two separate groups as (i) a 50KDa WD repeat protein present in the 

methylosome [373], and (ii) a 44KDa androgen receptor (AR) co-activator (p44) 

overexpressed in prostate cancer [382]. Both studies identified MEP50 as a PRMT5 

partner. MEP50 contains 7 WD repeats (Figure 30), and is composed of 342 aa and 

weighs 36.7 KDa but migrates above 45 KDa on SDS-PAGE gel [373]. MEP50 can shuttle 

between the nucleus and cytoplasm due to its 2 NES and 3 nuclear localization sequence 

(NLS). MEP50 NES1 (114-165) is not a conventional Leucine-rich NES while NES2 (280-

290) is. Interestingly, NLS1 (49-119), NLS2 (144-197), and NLS3 (220-274) do not 

resemble any known NLS [383].  

IV.4.2.ii. PRMT5:MEP50 crystal structure 

The crystal structure of PRMT5 in complex with MEP50, H4 peptide (1-24), and A9146C 

(SAM analogue) was determined in 2012 (Figure 33) [122]. Four molecules of PRMT5 

associate with four molecules of MEP50 to form a ~453 KDa hetero-octamer complex 

(Figure 33A). PRMT5 residues 13-637, covering almost the full protein, were ordered in 
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the structure. MEP50 residues 21-329 with the exception of loops 208–211 and 245–246 

were also ordered. The four molecules of PRMT5 interact together through the TIM barrel 

and catalytic domain, and form a tetramer at the core of the complex (Figure 33A-C). 

MEP50 molecules interact only with the TIM barrel of PRMT5 and reside at the outer 

surface of the PRMT54:MEP504 octamer (Figure 33A-C). Cryo-electron microscopy of 

the PRMT5:MEP50 complex revealed the same hetero-octamer complex structure [384]. 

  

 

Figure 33: PRMT5:MEP50 crystal structure. (A). Structure of human PRMT5/MEP50 complex. The four 
monomers of PRMT5 are shown in green, blue, wheat, and yellow and are found at the core of the hetero-
octameric complex. MEP50 four monomers, in red, are present at the periphery of the complex and only 
interact with the TIM barrel of PRMT5. (B). The interaction between two PRMT5 monomers, at the center 
of the complex, occur through their dimerization domains via salt bridges. (C). PRMT5 dimer bound to SAM 
analogue (in black) and H4 peptide (in magenta) with the R3 residue presented as a stick. In orange is the 
linker between TIM barrel domain and the C-terminal catalytic domain. From [122]. 
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IV.4.3. pICln 

The methylosome subunit pICln is a 26 KDa chaperon protein encoded by the CLNS1A 

gene and interacts with the Sm proteins in the cytoplasm. pICln is an adaptor protein of 

PRMT5 that enhances its activity towards specific substrates [385]. pICln brings Sm 

proteins Sm B/B’, Sm D1, and Sm D3 to be symmetrically di-methylated by PRMT5 on 

their RG motifs. This methylation is essential in early steps of U snRNPs assembly, by 

mediating the loading of Sm protein on the SMN-complex [385–387]. A detailed 

mechanism of PRMT5 roles in the 6S complex and spliceosome assembly will be 

discussed later. pICln enhances PRMT5 mediated methylation of Sm proteins but inhibits 

that of histones [387]. However, a recent study showed that PRMT5 cooperates with pICln 

to activate AR transcription via H4R3 methylation on the AR promoter, independent of 

MEP50, in castration-resistant prostate cancer (CRPC) [388]. Moreover, PRMT5 and 

pICln activate the transcription of genes involved in the DDR [389].  

IV.4.4. RIOK1 

RIOK1 is a 90 KDa protein and a member of the RIO kinase family. RIOK1 is a strictly 

cytoplasmic PRMT5 adaptor protein and competes with pICln for binding to the N-terminal 

of PRMT5. RIOK1 recruits nucleolin, an RNA-binding protein involved in ribosome 

biogenesis, to be symmetrically di-methylated by PRMT5:MEP50 complex [390]. 

Nucleolin methylation is involved in its interaction with RNA [391]. RIOK1 also recruits 

nuclear factor 90 (NF90) to be methylated by PRMT5 in its C-terminal region [392].  

IV.4.5. COPR5 

COPR5 is a PRMT5 adaptor protein that regulates its nuclear functions. COPR5 binds 

the N terminal tail of H4 and recruits PRMT5 to the nucleosomes in vitro. Moreover, 

COPR5 can potentially regulate PRMT5 substrate specificity, as it promotes the 

methylation of H4R3 but not H3R8 [393]. Knockdown of COPR5 decreases H4R3 

symmetric di-methylation inducing cardiomyocyte hypertrophy [394]. PRMT5 is less 

recruited to the promoter of Dlk-1 (a Wnt target gene) [395] CCNE1 (encoding cyclin E1) 

[393], p21, and MYOG [396] genes when COPR5 is downregulated. COPR5 interacts 

with RUNX1 which is suggested to recruit PRMT5-COPR5 complex to the promoter of 

p21 and MYOG hence regulating myogenic differentiation [396].  



95 
 

In addition to MEP50 and its adaptors, PRMT5 interacts with a wide range of proteins 

involved in different cellular functions. PRMT5 partners are listed in Table 3, and I will 

discuss each separately according to the functional roles they play with PRMT5 in the 

“PRMT5 functions” section.   

Table 3: PRMT5 partners. 

PRMT5 

partner* 
Partner 

interacting 

domain 

PRMT5 interacting 

domain 
Functional impact Ref 

Jak1 ND aa 268-637 ND [152] 

Murine 

Jak2 
ND aa 268-637 ND [152] 

Tyk2 ND aa 268-637 ND [152] 

pICln PBM TIM barrel PRMT5 adaptor [377,378,385] 

RIOK1 PBM 

aa 1-242 

TIM barrel PRMT5 adaptor [377,378,390] 

COPR5 PBM TIM barrel PRMT5 adaptor [393] 

STAT3 ND ND Differentiation gene 

repression in ESC 
[169] 

LCE1C ND ND LCE1C translocates 

PRMT5 to the 

cytoplasm 

[397] 

14-3-3 ND 623-

637(phosphorylated) 
Viability of mice 

embryo 
[398] 

NHERF PDZ 623-637 

(unphosphorylated) 
ND [398] 

MYPT-1 N-terminal ND MYPT-1 decreases 

PRMT5 activity by 

diminishing its 

phosphorylation at 

T80  

[399] 

LKB1 ND Rossmann fold LKB1 phosphorylates 

PRMT5 and inhibits 

its activity 

[400] 
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Src ND ND Phosphorylation of 

PRMT5 and inhibition 

of its activity 

[212] 

SHARPIN UBL TIM and β-barrel Facilitates the 

formation of PRMT 

complexes and 

increases its 

methyltransferase 

activity 

[224,401] 

CARM1 ND aa 454–637 Inhibits PRMT5 

homodimerization 

and 

methyltransferase 

activity 

[351] 

DAL-

1/4.1B 
ND ND Regulates PRMT5 

catalytic activity 
[319] 

CHIP TPR ND Ubiquitin-dependent 

degradation of 

PRMT5 

[402] 

TRAF6 ND ND Enhances PRMT5 

binding to MEP50 and 

its activity 

[403] 

Cyclin D1  

ND 

 

 

ND 

 

Phosphorylation of 

MEP50 and 

enhancing PRMT5 

activity 

 

[404] 

 

CDK4 

FAM47E ND ND Enhances PRMT5 

stability and activity 
[405] 

EWSR1-

ATF1 
ND ND Enhances EWSR1-

ATF1 transcriptional 

activity 

[406] 

SWI/SNF ND ND Regulation of 

transcription 
[153,407] 

Blimp1 ND ND Regulates epigenetic 

reprogramming in 

primordial germ cells 

[408] 

CDK8 and 

CDK19 
ND ND Repression of 

immune response 

genes transcription 

[409] 
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* Partners validated as PRMT5 substrates are listed in table 4. 

IV.5. The PRMT5 methylome 

Several studies have determined the general methylome of PRMT5 in different cell types. 

Radzisheuskaya et al. applied Liquid Chromatography with tandem mass spectrometry 

(LC-MS/MS) to identify PRMT5 global substrates in AML [133]. KRAB cells treated either 

with sg-ctrl or two different sgRNA targeting PRMT5 were analysed using the TMT 

method, an isobaric isotope labelling quantitative technique. Profiling of proteins and of 

methylated peptides yielded 2962 differentially expressed proteins in the two sgPRMT5 

samples, and the identified PRMT5 consensus motif in this study is GRGRGR. PRMT5 

knockdown (KD) led to a dysregulation in RNA AS events. The splicing factor SRSF1 was 

identified as a PRMT5 substrate, di-methylated at R93, R97, and R109 [133]. SFSR1 

methylation did not affect its localization as both wild type (wt) and lysine-mutant were 

nuclear. However, PRMT5 KD led to a considerable change in the proteins and mRNA 

transcripts that bind to SRSF1, suggesting a role of SRSF1 arginine methylation in 

regulating its PPI and nucleic acid binding [133]. Another study identified PRMT5 global 

substrates by immuno-enrichment of MMA (using PTMScan Mono-Methyl Arginine Motif 

[mme-RG] Kit #12235; Signaling Technology) and SDMA (using PTMScan [sdme-R] Kit 

#13563; Cell Signaling Technology) peptides, coupled to SILAC in Hela cells treated or 

not with the PRMT5 inhibitor GSK591 [147]. PRMT5 preferred to modify arginine residues 

lying between two glycine residues “GRG” [147]. Most of the proteins whose methylation 

was regulated upon PRMT5 inhibition belong to the class of RNA binding proteins (RBP) 

and involved in RNA processing [147]. Another study used a similar approach based on 

immune enrichment and SILAC, and the same SDMA and MMA enrichment kits (#12235 

and #13563), for PRMT5 substrate profiling in acute promyelocytic leukemia NB4 cells 

treated with GSK591 [127]. 391 methyl containing peptides altered upon PRMT5 

inhibition were identified; of which 299 had MMA, 40 with DMA and 52 having both 

modifications. PRMT5 preferentially methylated arginine in the “GRG” motif, and most 

proteins were RBPs involved in RNA export, stability, and splicing [127]. The PRMT5 

methylome was also determined in the mantle cell lymphoma (MCL) cell line Z-138 by 

immunoprecipitating SDMA containing proteins (using antibody #13222; Cell Signaling 

Technology), either treated or not by the PRMT5 inhibitor GSK591, followed by mass 
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spectrometry (MS) analysis [410]. The majority of SDMA containing proteins are involved 

in pre-mRNA splicing, transcription, and translation processes. Moreover, PRMT5 

inhibition induced AS of MDM4, activating the p53 pathway and marking a critical role in 

the response to PRMT5 inhibition [410]. In MTAP-null PDAC, 408 peptides containing 

SDMA were identified from 107 proteins as PRMT5 substrates, with the majority of 

peptides methylated at the “GRG” motif [377]. Li et al. identified the methylome of PRMT4, 

PRMT5, and PRMT7 and revealed that these three PRMTs are important for the 

regulation of AS events and can methylate hnRNPA1 on different R residues enhancing 

its RNA binding ability [132]. Interestingly, a recent study identified PRMT5 substrates in 

the nuclear and cytoplasmic compartments of primary mouse oligodendrocyte progenitor 

cell (OPC) using isobaric Tags for Relative and Absolute Quantitation (iTRAQ) method 

on cells knocked down for PRMT5 [411]. Out of the 307 symmetrically di-methylated 

identified peptides (corresponding to 60 proteins), 77 were cytosolic, 91 were nuclear, 

and 139 were present in both compartments. Whether in the nucleus or cytoplasm, the 

identified potential PRMT5 substrates are implicated in RNA processing, splicing, 

stability, and translation. Nuclear substrates additionally included DNA binding proteins 

and histones [411].  

In addition to these large-scale proteomic analyses, PRMT5 was shown to methylate 

proteins involved in various aspects of cellular functions. Table 4 lists the known and 

validated PRMT5 substrates. 

Table 4: PRMT5 known substrates. 

Substrate Residue Functional impact Ref 

H2A R3 Transcriptional regulation [152] 

H3 R8, R2 Transcriptional regulation [153] 

H4 R3 Transcriptional regulation [123,150–

153] 

SmD1 R98, R100, 

R102, R104, 

R106, R108, 

R110, R112, 

R114 
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SmD3 R110, R112, 

R114, R118 

 

Directs Sm proteins assembly to the 

SMN complex 

 

[385,386] 

Sm B/B’ R108, R112, 

R147, R172, 

R181, R209 

Nucleolin ND Regulates RNA binding [390,391] 

NF90 C-ter (aa 640 to 

655) 
ND [392] 

SRSF1 R93, R97, R109 PPI and mRNA binding [133] 

hnRNPA1 R206, R218, 

R225 
Promotes RNA binding 

Promotes growth of cancer cells 

Promotes IRES-dependent translation 

[132,147,193] 

hnRNPH1 R217, R224 ND [147,410] 

hnRNPK ND ND [147] 

SFPQ aa 298–707 ND [147] 

KHDRBS1 ND ND [147] 

CNBP R25, R27 ND [147] 

ZNF326 R175 Regulates AS [412] 

FUBP1 ND ND [410] 

53BP1 ND Increases 53BP1 stability and the 

NHEJ pathway 
[212] 

SRSF2 ND Promotes RNA binding [106] 

NF-κB (p65) R30 Enhances p65 binding to DNA and its 

transcriptional activity 
[177] 

KAP1 ND ND [178] 

EBNA2 ND ND [179] 

RPS10 R158, R160 Mediates ribosomal assembly and 

protein synthesis 
[192] 

Ski R8 Upregulates the expression of TFs 

SOX10, MITF, and PAX3 repressing 

TGFβ signalling 

[224] 
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EGFR R1175 Recruitment of SHP1 and signal 

inhibition 
[226] 

CRAF R563 Enhances activated CRAF degradation 

and attenuates ERK1/2 signalling 
[227] 

BRAF R671 Enhances activated CRAF degradation 

and attenuates ERK1/2 signaling 
[227] 

PDGF R554 Prevents PDGF ubiquitination and 

degradation 
[237] 

pol II R1810 Methylation mark is recognized by 

SMN that recruits senataxin, leading to 

R-loop resolution and controlling 

transcription termination 

[243] 

E2F1 R111, R113 Decreases E2F1 half-life and 

transcriptional and apoptotic activities 
[250,251] 

RBMX R369, R373 Promotes assembly of RBMX-SRSF1 

complex and the splicing of MDM4 
[413] 

SREBP R321 Stabilization of SREBP leading to an 

increase in de novo lipogenesis 
[414] 

 

ULK1 

R170 Promotes ULK1 autophosphorylation 

and subsequently autophagosome 

formation 

[415] 

R532 Suppresses ULK1 activation and 

attenuates autophagy 
[416] 

RUVBL1 R205 Promotes DNA repair by HR [218] 

FEN1 R19, R100, 

R104, R192 
Decreases FEN1 phosphorylation and 

increases its interaction with PCNA 

promoting the BER pathway 

[214] 

RAD9 R172, R174, 

R175 
Regulation of S/M and G2/M 

checkpoints and sensitivity to DNA 

damage 

[417] 

TDP R361, R586 Enhances TFP 3′- phosphodiesterase 

activity and enhances it DNA repair 

functions 

[418] 

P53 R333, R335, 

R337 
Regulates p53 DNA binding and 

transcriptional activity and the p53 

response 

[419] 
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KLF4 R374, R376, 

R377 
Inhibits KLF4 ubiquitination increasing 

its stability and breast tumorigenesis 
[420] 

PDCD4 R110 Enhances breast cancer progression [421] 

KLF5 R57 Inhibits KLF5 phosphorylation and 

ubiquitination and sustains breast 

cancer stemness and proliferation 

[422] 

AKT R391 Promotes AKT translocation to the 

plasma membrane and activation 
[236] 

R15 [235] 

ND: not determined 

IV.6. PRMT5 and MEP50 localization 

Due to their NES and NLS, PRMT5 and MEP50 (Figure 30) can shuttle between the 

nuclear and cytoplasmic compartments [390]. One study has also reported the 

localization of PRMT5 to the plasma membrane of SK-CO15 via its C-terminal domain 

[398]. In addition to its NESs, PRMT5 was shown to translocate to the cytoplasm by 

interacting with LCE1C [397]. Nuclear functions of PRMT5 include transcriptional 

regulation and chromatin remodelling, facilitated by PRMT5 association with COPR5 

[393]. The shuttling of PRMT5 between nucleus and cytoplasm determines how PRMT5 

acts and can even influence cell proliferation and cancer progression (Figure 34). PRMT5 

is upregulated in the cytoplasm of ESC where it methylates, in complex with MEP50, the 

cytosolic H2A hence repressing differentiation genes and maintaining pluripotency [169]. 

Moreover, PRMT5 translocates to the nucleus of preimplantation embryos and primordial 

germ cells (PGC) during DNA demethylation to supress the transposable elements [423].  

Cytoplasmic PRMT5 correlates with a higher tumour grade in NSCLC and pulmonary 

neuroendocrine tumours (NET) [424]. In prostate cancer cells, PRMT5 and MEP50 

predominantly localize to the cytoplasm promoting cellular proliferation. Consistently, 

PRMT5 was present in the nucleus of normal prostate epithelium and in the cytoplasm of 

cancerous prostate tissue [374]. Forced PRMT5 nuclear expression decreased prostate 

cancer cells proliferation independent of PRMT5 enzymatic activity [374]. Similar to 

PRMT5, cytoplasmic MEP50 increased the proliferation of prostate epithelial cells and 

reduced their differentiation [383,425–427]. Translocation of MEP50 from the nucleus to 

the cytoplasm of prostate epithelial cells correlates with tumorigenesis [426]. Additionally, 
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nuclear PRMT5 was less in metastatic melanoma tissue compared to primary ones, and 

both PRMT5 and MEP50 were predominantly cytoplasmic in metastatic melanoma cell 

lines [428]. In ER-positive breast cancer, high nuclear PRMT5 associates with better 

prognosis and survival [400]. PRMT5, MEP50 and the symmetric di-methylation of H4R3 

levels are less in TNBC compared to the other breast cancer subtypes [429,430]. In 

summary, the localization of PRMT5:MEP50 complex seems to determine cell fate: 

nuclear localization favours cell differentiation while cytoplasmic localization is associated 

with proliferation and poor cancer prognosis (Figure 34). 

 

Figure 34: PRMT5 localization is associated with poor prognosis. When PRMT5 is enriched in the 

nucleus of the cell (right), cell differentiation is favoured over proliferation. On the contrary, high cytoplasmic 

PRMT5 (left) is associated with more proliferation and cell growth and is correlated with bad prognosis in 

cancer.  

 

IV.7. PRMT5 and MEP50 PTM 

PRMT5 C-terminal domain is phosphorylated at T634 by both AKT and serum- and 

glucocorticoid-inducible kinases (SGK) (Figure 35; Table 5). This phosphorylation event 

creates a switch between PRMT5 binding with 14-3-3 proteins (when phosphorylated) 

and PDZ domains (when unphosphorylated). Interaction of PRMT5 with 14-3-3 proteins 

is important for the viability of mice embryo [398]. RhoA-activated kinase (ROK) 

phosphorylates PRMT5 at T80 increasing its methyltransferase activity (Figure 35; Table 

5) [399,431]. PRMT5 interacts with myosin phosphatase target subunit-1 (MYPT1), 



103 
 

subunit of the Myosin phosphatase (MP) holoenzyme, that dephosphorylates PRMT5 and 

decreases methylation of H4 and H2A [399]. PRMT5 was first discovered as a JAK2 

partner, but no functional impact of this interaction was reported [152]. A constitutively 

active mutant of JAK2, JAK2V617F, interacts more strongly with PRMT5 and 

phosphorylates it at Y297, Y304 and Y307 (Figure 35; Table 5) impairing its interaction 

with MEP50 and therefore decreases its methyltransferase activity [375]. In breast cancer 

cell lines, PRMT5 is phosphorylated by liver kinase B1 protein (LKB1) on T132, T139, 

and T144 (Figure 35; Table 5) inhibiting its interaction with the methylosome components 

and hence decreasing its activity [400]. During DNA damage, Src phosphorylates PRMT5 

at Y324 (Figure 35; Table 5) inhibiting its binding to SAM and therefore its 

methyltransferase activity. PRMT5 inhibition blocks the NHEJ pathway inducing cell death 

[212]. 

PRMT5 is itself methylated by CARM1 on R505 (Figure 35; Table 5). This methylation 

inhibits PRMT5 homodimerization and subsequently its methyltransferase activity, 

leading to diminished H4R3me2s levels on the γ-globin promoter activating its 

transcription in erythroleukemia cells [351].  

The E3 ubiquitin ligase carboxyl terminus of heat shock cognate 70-interacting protein 

(CHIP) interacts with PRMT5 in the cytoplasm and promotes its ubiquitination at several 

lysine residues between aa 229 and 451 (240, 241, 248, 259, 275, 302, 329, 333, 343, 

354, 380, and 387) (Figure 35; Table 5). PRMT5 ubiquitination leads to its 

downregulation via K48-linked ubiquitin-dependent proteasomal degradation [402]. 

Another E3 ubiquitin ligase, TRAF6, interacts with PRMT5 and promotes its K63-linked 

ubiquitination [403]. TRAF ubiquitinates PRMT5 at 6 lysine residues in its TIM barrel 

domain: K85, K95, K200, K227, K240, and K241. Instead of a predicted effect of 

ubiquitination, the proteasomal degradation, PRMT5 ubiquitination by TRAF6 enhances 

its binding to MEP50 and therefore its methyltransferase activity, and using TRAF 

inhibitors sensitizes breast cancer cells to PRMT5 inhibition [403]. Large-scale proteomic 

analysis predicts PRMT5 to be post-translationally modified on other residues [432].  

The PTMs of MEP50 are less studied than PRMT5. Three residues, T5, S264, and S306 

are phosphorylated by CDK4 (Figure 35; Table 5). T5 mutation drastically reduces 
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MEP50 phosphorylation. MEP50 phosphorylation on T5 and probably S264 by CDK4 

increases the methyltransferase activity of PRMT5 and drives carcinogenesis [404].  

 

Figure 35: PRMT5 and MEP50 post-translational modifications. The known PTMs of human PRMT5 
and MEP50 are indicated with their corresponding residues. The modifying enzyme, if identified, is also 
presented. M: methylation (in red); P: phosphorylation (in purple); U: ubiquitination (in blue).   

 

Table 5: PRMT5 and MEP50 PTM. 

Protein PTM Residue PTM 

enzyme 

Functional impact Ref 

 

MEP50 

P T5  

CDK4 

Enhances PRMT5 

activity 

 

[122] P S264 

P S306 

 P Y297, 

Y304, Y307 

JAK2V617F Impairs binding to 

MEP50 and 

decreases 

[375] 

CDK4

AKT

SGK
ROK

LKB1

LKB1

Src
CARM1

CHIP

TRAF6TRAF6

JAK2V

617F
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PRMT5 

 

 methyltransferase 

activity 

P T634 AKT and 

SGK  

switch between 

PRMT5 binding 

with 14-3-3 

proteins and PDZ 

domains 

[398] 

P T80 ROK Enhances PRMT5 

activity 

[399] 

P S15/16 ND ND [399] 

P T67 ND ND [399] 

P S69 ND ND [399] 

P T132, T139 

and T144 

LKB1 Inhibition of PRMT5 

activity and 

interaction with 

methylosome  

[400] 

P Y324 Src Inhibits PRMT5 

binding to SAM and 

its activity 

[212] 

M R505 CARM1 Inhibits PRMT5 

homodimerization 

[351] 

U Ks in 229–

451 region 

CHIP PRMT5 

downregulation 

[402] 

U Ks in TIM 

barrel 

TRAF6 Enhances PRMT5 

activity 

[403] 

M: methylation; P: phosphorylation; U: ubiquitination; ND: not determined. 

 



106 
 

IV.8. PRMT5 Functions 

IV.8.1. PRMT5 in splicing regulation 

IV.8.1.1. The spliceosome assembly 

As discussed earlier, the PRMT5 interactome and methylome are enriched in 

spliceosomal proteins and pre-mRNA splicing factors [127,132,133,147,410]. In addition, 

depleting or inhibiting PRMT5 leads to global alteration in AS events, reflecting the crucial 

role of PRMT5 in splicing regulation [127,133]. PRMT5 promotes the assembly of the 

spliceosome, a large RNA-protein complex responsible for removing introns from pre-

mRNA transcripts in the nucleus [433,434]. Two types of spliceosome are present in most 

eukaryotes, the U2-dependent spliceosome and the less abundant U12-dependent 

spliceosome [435]. The U2-dependent spliceosome is formed from U1, U2, U5, and 

U4/U6 small nuclear ribonucleoproteins (snRNPs) (Figure 36). Each snRNP is made of 

an snRNA (Figure 36) (2 snRNAs in case of U4/U6), the seven Sm proteins (B/B′, D3, 

D2, D1, E, F, and G) common to all snRNPs, and a unique set of proteins specific for 

each snRNP (Figure 36) [435]. The assembly of the spliceosome occurs through the 

interaction of spliceosomal snRNPs with a large number of splicing factors [435]. The 

snRNP assembly starts in the cytoplasm and involves the SMN and its associated 

proteins (the SMN complex). The SMN complex recruits the snRNAs and associates them 

with the Sm proteins, that form a doughnut-shaped ring around the snRNAs [434].  
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Figure 36: Protein and snRNA components of the human spliceosomal snRNPs. Each snRNP is 
composed of snRNA, the seven Sm proteins, and a specific set of proteins that vary among the different 
snRNPs. From [435]. 

 

PRMT5 symmetrically dimethylates the C-terminal of three Sm proteins, Sm B/D1/D3, 

enhancing their affinity for the SMN complex [385,386]. pICln, a component of 

PRMT5/MEP50 methylosome, interacts with the Sm proteins and acts as a chaperone in 

the assembly process [385,436–438] (Figure 37). As mentioned earlier (section III), the 

Tudor domain of SMN recognizes the PRMT5-catalyzed symmetric dimethylation motifs 

in Sm B/D1/D3, promoting the loading of Sm proteins onto the SMN complex and hence 

the spliceosome assembly [385,386,436] (Figure 37). PRMT5 therefore has an 

indispensable function in the assembly of the spliceosome, explaining the various splicing 

defects observed upon its loss or inhibition. 
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Figure 37: PRMT5 functions in the spliceosome assembly. The PRMT5/MEP50 complex methylates 
Sm proteins D1, B/B’, and D3, mediating their loading on the SMN complex via the chaperon pICln therefore 
the spliceosome assembly. 

 

IV.8.1.2. Global splicing regulation and methylation of splicing factors 

In addition to its roles in the spliceosome assembly, PRMT5 regulates AS by methylating 

known splicing factors (SF). PRMT5 methylates SRSF1 in AML regulating its binding to 

RNA and proteins. Consistent with that, the loss of PRMT5 caused an alteration in the 

AS of multiple essential genes [133]. In breast cancer cells, MEP50 interacts with the 

splicing factor ZNF326 (a DBIRD complex subunit) causing its symmetric dimethylation 

at R175 by PRMT5 [412]. The loss of PRMT5 or MEP50 causes alteration in AS events, 

such as the inclusion of A-T rich exons, an AS defect previously observed upon the loss 

of ZNF326 [412]. Despite being a transcriptional regulator, the symmetric dimethylation 

of E2F1, read by SND1, recruits snRNA to be assembled with E2F1, extending its role in 

transcription to the regulation of alternative RNA splicing [249].  

Looking at its roles in the spliceosome assembly and the regulation of splicing factors’ 

functions, it is not surprising that PRMT5 controls splicing events in the cells, and its loss 

or inhibition causes major splicing defects. In hematopoietic stem cell (HSC), PRMT5 

regulates splicing of DNA repair genes, and its inhibition increases exon skipping and 
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intron retention leading to a decrease in gene expression. PRMT5 loss also increases 

DNA damage leading to the activation of p53 pathway and apoptosis [439]. PRMT5 

regulates the splicing of activating transcription factor 4 (ATF4), and the loss of PRMT5 

downregulated ATF4 protein and increased oxidative stress in AML [440]. PRMT5 

depletion or inhibition causes AS of MDM4, leading to the activation of p53 pathway and 

apoptosis in different models [410,441]. In addition, and as stated earlier in several 

sections of the thesis, the repertoire of PRMT5 substrates is enriched in RNA binding 

proteins, splicing factors, and spliceosome components which all play roles in RNA-

related processes. Moreover, PRMT5 role in splicing regulates its other cellular functions, 

by controlling the AS of transcripts implicated in DNA repair, cell cycle, signalling, 

autophagy… (refer below). 

IV.8.2. PRMT5 in transcriptional regulation 

IV.8.2.1. Histone methylation 

Histone tails undergo modifications like acetylation and methylation (R and K) that largely 

affects gene transcription. PRMT5 symmetrically dimethylates H2A at R3, H4 at R3, and 

H3 at R2 and R8, which can be linked to transcriptional activation or inhibition. PRMT5 

interacts with the chromatin remodelling complex SWI/SNF, promoting H3R8 and H4R3 

symmetric dimethylation, repressing the expression of tumour suppressor genes ST7, 

cad, and NM23 [153,407]. PRMT5-mediated H3R8me2s and H4R3me2s also blocks the 

transcription of tumour suppressor genes RB1, RBL1, and RBL2 [442] and of ribosomal 

proteins [170]. PRMT5 and H4R3me2s associate on the chromatin at the transcription 

start site at cyclin E promoter and repress its transcription [150]. PRMT5 controls the 

epigenetic reprogramming in primordial germ cells via interacting with Blimp1 and 

methylating H2AR3 and H4R3 [408]. PRMT5 interacts with CDK8 and CDK19 and 

dimethylates H4R3 at the promoter of immune response genes and C/EBPβ target genes 

to repress their expression [409]. The PRMT5 mediated symmetric dimethylation of H3R2 

enhances binding to WD5 and is mainly responsible for transcriptional activation [172].  

IV.8.2.2. Methylation of transcription factors 

In addition to histone tail methylation, PRMT5 regulates gene transcription through the 

methylation of transcription factors. PRMT5 methylates R30 of the p65 subunit of NFκB 
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enhancing its binding to the κB elements on DNA. Mutating R30 to A or knocking down 

PRMT5 resulted in the downregulation of almost 85% of NFκB target genes including 

chemokines and cytokines [177]. A separate report showed that the NFκB p65 subunit is 

rather methylated at five residues: R3, R35, R174, R304, and R330 and the depletion of 

PRMT5 largely decreased p65 methylation levels and decreased CXCL10 expression 

[443]. R30A and R35A mutants lost the ability to bind to CXCL10 promoter and activate 

its transcription [443]. PRMT5 methylates the tumour suppressor p53 on three residues, 

R333, R335, and R337 regulating its DNA binding functions and the transcription of its 

downstream target genes [419]. The three arginine residues are located within a region 

that harbours the oligomerization domain, NES, and NLS of p53 and their methylation 

affects p53 oligomerization and nuclear translocation [419]. E2F1 is methylated by both 

PRMT1 and PRMT5, and its symmetric dimethylation decreases E2F1 half-life and 

transcriptional and apoptotic activities [250].  

IV.8.3. PRMT5 and DNA damage response 

Components of the DDR pathway, like 53BP1, RAD9, and RuvB-like 1 (RUVBL1) are 

methylated by PRMT5 [444]. The GAR motif of 53BP1 is methylated by both PRMT1 and 

PRMT5, and knockdown of either PRMT increases 53BP1 methylation by the other one 

[444]. The PRMT5-mediated symmetric dimethylation of 53BP1 increases its stability and 

hence controls the NHEJ repair pathway. Importantly, under DNA damage, Src 

phosphorylates PRMT5 inhibiting its activity and therefore blocks NHEJ, inducing 

apoptosis of breast cancer cells [212]. Flap Endonuclease 1 (FEN1) is an enzyme that 

functions in DNA repair and replication. PRMT5 methylates FEN1 at several arginine 

residues, mainly at R192, leading to a decrease of FEN1 phosphorylation at S187. The 

methylated (unphosphorylated) form of FEN1 strongly associates with PCNA promoting 

the BER pathway [214]. RAD9 is an evolutionary conserved protein that functions in 

several pathways of the DDR, cell cycle checkpoints, and apoptosis [444]. PRMT5 

methylates RAD9 on three arginine residues, which are important for the activation of the 

RAD9 downstream effector Chk1, important for the regulation of the cell response to DNA 

damage [417]. PRMT5 is a key regulator of HR pathway by methylating the TIP60 

complex cofactor, RUVBL1, at R205 [218]. Methylation of RUVBL1 activates the 

acetyltransferase activity of TIP60 promoting the acetylation of H4K16, displacing 53BP1 
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from DNA double strand breaks and promoting HR [218]. Moreover, PRMT5 controls the 

AS of TIP60, and its inhibition or depletion leads to TIP60 aberrant splicing, decreased 

acetyltransferase activity, and subsequently an impairment in the HR pathway [445]. In 

AML, sensitivity to PRMT5 inhibition correlated with impaired DNA repair and synergized 

with PARP inhibitors in impairing the proliferation of AML cell lines [445]. Top1 cleavage 

complexes (TopIcc) are responsible of relaxing DNA supercoiling and are usually trapped 

by the action of some chemotherapies like camptothecin or by alterations in the DNA. 

TopIcc trapping generates double strand breaks and damages the genome causing cell 

death. Tyrosyl-DNA phosphodiesterase 1 (TDP1) is a key enzyme in repairing TopIcc and 

is methylated by PRMT5 on R361 and R586 that enhances its activity. In response to 

camptothecin, TDP1 methylation promotes its interaction with XRCC1 and its recruitment 

to the damaged sites. TDP1 methylation repairs TopIcc caused by camptothecin, 

protecting cells from its treatment [418].  

IV.8.4. PRMT5 and signalling pathways 

PRMT5 regulates two of the major signalling pathways involved in proliferation and 

survival, the PI3K (PTEN, PI3K, AKT, mTOR,) and ERK1/2 (RAS, RAF, MEK, ERK) 

pathways [446]. PRMT5 controls the activity of two important growth factor receptors 

EGFR and Fibroblast Growth Factor Receptor 3 (FGFR3).  

IV.8.4.1. PRMT5 regulation of EGFR and AKT 

As mentioned earlier in section III of the thesis, PRMT5 mediated methylation of EGFR 

at R1175 inhibits its activity [226]. However, other recent studies showed that PRMT5 

controls EMT through the EGFR/AKT pathway in lung, colorectal, and pancreatic cancer 

[447–449]. Two separate reports showed that PRMT5 methylates AKT and activates it 

[235,236]. Yin et al. reported that PRMT5-dependent methylation of AKT at R391 

promotes its interaction with PIP3, promoting its translocation to the plasma membrane 

and therefore its activation by PDK1 (Figure 38) [236]. Importantly, PRMT5 inhibition 

synergized with AKT inhibitors to enhance cancer cell death [236]. Huang et al. reported 

the methylation of AKT by PRMT5 on another residue, R15 [235]. AKT R15 methylation 

is required for its phosphorylation at T308 and S473, plasma membrane localization, 
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activation, and controls the expression of the EMT transcription factors SNAIL, ZEB1, and 

TWIST1 [235].  

 

Figure 38: PRMT5 methylates and activates AKT. When not methylated, AKT is present in a closed 
conformation. Methylation of R391 by PRMT5 on AKT KD domain leads to its semi-open conformation 
relieving AKT PH domain. AKT is therefore translocated to the plasma membrane where it interacts with 
PIP3 leading to its phosphorylation by PDK1 and activation. Modified from [236].  

IV.8.4.2. FGFR3 

PRMT5 upregulates the expression of FGFR3 in CRC by methylating H4R3 and H3R8 at 

the FGFR3 promoter [176], in nasopharyngeal carcinoma (NPC) [450], and in lung cancer 

by downregulating the expression of miR-99 that targets FGFR3 [451,452]. By 

methylating H4R3, PRMT5 supresses the expression of miR-99 family therefore 

upregulating FGFR3, activating ERK and AKT and leading to cancer cell proliferation and 

metastasis [452].  

IV.8.4.3. PRMT5 and ERK1/2 

When a growth factor receptor is activated, RAS kinase is activated and phosphorylates 

RAF, RAF in turn phosphorylates MEK, then MEK finally phosphorylates ERK [453]. 

KRAS is the most mutated RAS in cancers [446,454]. In CRC patients, both PRMT5 and 

KRAS are upregulated and positively correlate with each other. In KRAS mutant CRC, 

PRMT5 is further upregulated compared to non-mutated CRC that increases the 

sensitivity to PRMT5 inhibition suggesting that the two proteins may crosstalk [455]. 
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PRMT5 methylates the RAF proteins CRAF and BRAF which leads to their degradation 

and the inhibition of ERK pathway, shifting the cells response to EGF from proliferation 

to differentiation (Figure 27 in Section III) [227]. Interestingly, treating melanoma cells 

with BRAF inhibitor decreased PRMT5 expression, however, when BRAF resistance was 

acquired, PRMT5 levels rose again [456]. In hepatocellular carcinoma, PRMT5 depletion 

induced ERK phosphorylation and upregulated the expression of the tumour suppressor 

BTG2 and a treatment with ERK1/2 inhibitor reversed the observed effect [457].  

IV.8.5. PRMT5 in development, differentiation, and stem cell maintenance 

PRMT5 is required in mouse early embryonic development and the loss of PRMT5 

functions is lethal [169]. During the derivation of ESC, PRMT5 is upregulated and 

translocates to the cytoplasm in order to sustain pluripotency and repress differentiation. 

Depleting PRMT5 in ESC using siRNA led to the loss of pluripotency, downregulation of 

pluripotency and stem cell maintenance genes, and upregulation of differentiation ones 

[169]. PRMT5 represses differentiation genes by two mechanisms: (i) methylating in 

complex with MEP50 the pre-deposited histone H2A in the cytoplasm and (ii) by 

interacting with STAT3 in the ESCs [169]. PRMT5 is essential for the epigenetic 

reprogramming of PGC, where PRMT5 shuttles between the nucleus and cytoplasm to 

control gene expression. When DNA demethylation begins, PRMT5 moves to the nucleus 

and symmetrically dimethylates H2A and H4 to supress the expression of LINE1 and AIP 

transposons. After DNA demethylation, PRMT5 shuttles back to the cytoplasm and 

methylates PIWI proteins required for pi-RNA biogenesis, that in turn silences LINE1 and 

AIP [423]. PRMT5 KD in CD34+ hematopoietic stem cells increased erythroid 

differentiation and colony formation [375]. In neuronal progenitor cells (NPC), PRMT5 

knockout leads to the postnatal death of mice and is required for NPC homeostasis [441]. 

PRMT5 deletion causes aberrant splicing in NPCs, and one of the targets is MDM4. AS 

of MDM4 leads to the activation of p53 and therefore to apoptosis [441]. Similarly, PRMT5 

regulates AS in HSCs, and its loss decreases the viability of HSCs, increases HSCs size, 

and increases mTOR pathway activation and protein synthesis. PRMT5 is therefore 

important for sustaining HSCs [439]. PRMT5 methylates the RGG/RG motif in the C-

terminal domain of RBMX promoting its interaction with SRSF1. Loss of PRMT5 causes 
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a decrease in SRSF1 binding to MDM4 transcript and therefore protein levels, leading to 

abnormal p53 activation and differentiation of NPCs [413].  

IV.8.6. Hypoxia and autophagy 

The role of PRMT5 in autophagy has just been recently studied. Unc-51-like kinase 1 

(ULK1) is a cytoplasmic kinase important for the process of autophagy [458]. Apart from 

its role in autophagy, ULK1 was found to interact with the PRMT5 methylosome complex 

and to phosphorylate the C-terminal of pICln (PRMT5 adaptor and part of the 

methylosome), inhibiting the transfer of Sm proteins onto the SMN complex and 

regulating UsnRNP biogenesis [459,460]. Then in 2022 and 2023, two separate studies 

reported the methylation of ULK1 by PRMT5 on two different residues (Figure 39) 

[415,416]. The symmetric dimethylation of ULK1 at R170 promotes its 

autophosphorylation and activation, therefore leading to the phosphorylation of Atg13 and 

Beclin, the formation of autophagosomes, and less oxygen consumption (Figure 39) 

[415]. The R170me2s mark is removed by the lysine demethylase KDM5C. KDM5C 

activity decreases upon hypoxia, causing an accumulation of ULK1 R170me2s [415]. A 

methylation deficient mutant of ULK1 impairs cell proliferation upon low oxygen levels 

[415]. On the contrary, PRMT5-mediated mono-methylation of ULK1 on R532 inhibits its 

activity and attenuates autophagy in TNBC cells (Figure 39) [416]. Moreover, an ULK1 

inhibitor sensitizes TNBC cells (MDA-MB-231, BT549, and Hs 578T) to PRMT5 inhibition 

[416]. In lung cancer cells, PRMT5 overexpression causes a hypermethylation of ULK1 

increasing autophagy activation, that can enhance cancer cell survival in hypoxic 

conditions [461]. Similarly, PRMT5 enhanced autophagy activation induced by EBSS or 

rapamycin treatment in breast cancer cells promoting tumorigenesis [462]. 
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Figure 39: PRMT5 functions in autophagy. PRMT5 methylates ULK1 on two different residues, leading 
to either activation or repression of autophagy. PRMT5 symmetric di-methylation of ULK1 R170 promotes 
its autophosphorylation and activation, leading to Beclin and Atg13 phosphorylation, autophagosome 
formation, and autophagy activation. On the contrary, PRMT5-mediated monomethylation of ULK1 R532 
inhibits autophagy.  

IV.8.7. PRMT5 and the immune system 

In T lymphocytes, PRMT5 inhibition alters AS and affects a set of signalling pathways 

including antiviral type I and type III interferon signalling [463]. Inhibiting or depleting 

PRMT5 in CD4 T helper (Th) cells reduces Th expansion and Il-2 production [464]. By 

methylating SREBP, PRMT5 promotes the induction of enzymes involved in the 

cholesterol biosynthesis pathway [414]. PRMT5 is important for homeostasis of Th cells, 

differentiation of Th17 cells, and the maintenance of CD8+ T cells [465]. During mouse T 

cell activation, transient transcription of PRMT5 is induced by NFκB, and NF-κB, MYC, 

and mTOR drive the induction of PRMT5 protein [466]. PRMT5 also regulates AS in T 

cells, and one of its targets is the cation channel Trpm4 [467]. PRMT5-mediated splicing 

regulation of Trpm4 probably affects T cell receptor and NFAT signalling and IL-2 

production [467]. PRMT5 and MEP50 interact with CDK8 and CDK19, causing the 

repression of C/EBPβ target genes involved in the immune response [409]. 
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IV.9. PRMT5 implication in cancer 

IV.9.1. Breast cancer 

PRMT5 is upregulated in breast cancer tissues compared to the normal, and its high 

expression is associated with poor prognosis in breast cancer. Moreover, inhibiting, or 

depleting PRMT5 suppresses breast cancer cells proliferation, migration, and stemness 

properties [420,422,429,430,468–470]. PRMT5 nuclear expression is associated with 

luminal subtype (ER-positive) and good overall survival, while low-nuclear PRMT5 

expression is associated with the more aggressive subtypes (TNBC) [400,430]. Recently, 

tamoxifen was shown to stimulate the methylation of ERα by PRMT5, promoting its 

binding to the corepressors SMRT and HDAC1 and therefore inhibiting ERα 

transcriptional activity. Tamoxifen triggers PRMT5 localization to the nucleus only in 

tamoxifen-sensitive luminal breast cancers, and nuclear PRMT5 expression presents a 

biomarker of response to tamoxifen (Figure 40A) [471]. On the contrary, a study showed 

that TRAF4 interacts with PRMT5 and upregulated its expression in the nucleus 

promoting breast cancer proliferation, and that PRMT5 nuclear expression correlates with 

HER2 expression [472]. In luminal breast cancer, PRMT5 expression is correlated with 

high nuclear LKB1 [400]. LKB1 is a kinase that can phosphorylate PRMT5 in its N-terminal 

domain and inhibits its methyltransferase activity, possibly by preventing its interaction 

with MEP50 and its adaptor proteins (Figure 40B) [400]. PRMT5 and MEP50 regulate 

AS in TNBC cell line MDA-MB-231, and their depletion causes AS defects like AT-rich 

exons inclusion, a phenotype previously observed upon ZNF326 (a PRMT5 substrate) 

depletion (Figure 40C) [412]. Genes that were deregulated with PRMT5 loss are involved 

in breast tumorigenesis, like REPIN1/AP4, ST3GAL6, TRNAU1AP, and PFKM [412]. 

Another PRMT5 substrate important for tumorigenesis and the regulation of breast cancer 

is Kruppel-like factor 4 (KLF4). PRMT5 methylates KLF4 at R374, R376, and R377 

inhibiting its ubiquitylation by VHL and increasing its stability [420]. Accumulation of KLF4 

reduces the transcription of tumour suppressor genes and increases that of oncogenes 

and stem cell renewal and metastasis genes, therefore supporting breast cancer 

aggressiveness (Figure 40D) [420]. Consistently, KLF4 and PRMT5 are elevated in 

aggressive breast tissues compared to the normal breast [420]. WX2–43, a molecule that 

inhibits PRMT5 and KLF4 interaction, supressed TNBC tumour growth and induced cell 
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death of TNBC cells [473]. In addition, PRMT5 regulation of KLF4 and c-myc enhanced 

breast cancer stemness properties and resistance to doxorubicin [469]. PRMT5 

methylates another KLF, KLF5, in basal-like breast cancer [422]. KLF5 methylation 

inhibits its phosphorylation and ubiquitination promoting breast cancer stem cells 

maintenance and proliferation (Figure 40D) [422]. PRMT5 sustains BCSCs that are 

proposed to drive breast cancer tumorigenesis and relapse. PRMT5 symmetrically 

dimethylates H3R2 at the FOXP1 promoter, facilitating WD5 and H4K3 trimethylation 

therefore activating gene expression [468]. FOXP1 is a transcription factor involved in 

stem cell function. Accordingly, PRMT5 depletion or inhibition significantly reduced 

BCSCs both in vitro and in vivo [468]. Similarly, PRMT5 is required to sustain stemness 

of TNBC cells and its inhibition reduces the proliferation of a panel of breast cancer cells 

(ER+, HER2-positive, and TNBC) and delays the growth of TNBC PDX models [430]. 

PRMT5 methylates the tumour suppressor programmed cell death 4 (PDCD4) at R110 

promoting breast cancer progression. High levels of PCDC4 are associated with poor 

prognosis in breast tumours that have elevated PRMT5 levels [421].  
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Figure 40: PRMT5 implication in breast cancer. (A). Tamoxifen treatment triggers PRMT5 nuclear 
transport, where it methylates ERα promoting its interaction with transcriptional corepressors. (B). LKB1 
phosphorylates PRMT5, preventing its interaction with MEP50 and therefore inhibits its activity. (C). MEP50 
interacts with ZNF326 causing its methylation by PRMT5 thus promoting the splicing of AT-rich exons. (D). 
PRMT5 dependent methylation of KLF4 and KLF5 prevents their ubiquitination and degradation, therefore 
promoting breast cancer aggressiveness and stemness.  
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IV.9.2. PRMT5 and MTAP depletion 

The MTAP gene is often deleted in cancer due to its presence near CDKN2A, a frequently 

deleted tumour suppressor gene [474]. MTAP deleted cells show a remarkable increase 

in intracellular levels of MTA, a molecule that specifically inhibits PRMT5 activity. MTAP 

deleted cells therefore show less PRMT5 activity, which correlates with an increased 

sensitivity to PRMT5 depletion or inhibition [474], and sensitizes cells to type I PRMT 

inhibitor [134]. Consequently, inhibitors targeting PRMT5 in the presence of MTA have 

been developed and evaluated for treating cancer with MTAP deletions [475]. 

 

Figure 41: MTAP-deleted cancer cells are more susceptible to PRMT5 inhibition. Cancer cells carrying 
MTAP deletion accumulate MTA which is an inhibitor of PRMT5 enzymatic activity, creating a vulnerability 
to PRMT5 inhibition or depletion. From [117]. 

IV.9.4. Leukemia 

Methylation of PRMT5 by CARM1 inhibits PRMT5 methyltransferase activity and 

increases γ-globin expression in erythroleukemia cells [351]. In AML, PRMT5 inhibition 

resulted in aberrant splicing of ATF4, producing an intron retaining ATF4 transcript that 

is unstable and stuck in the nucleus [440]. This leads to the loss of ATF4 protein and 

subsequently downregulation of its target genes, resulting in an increase in oxidative 
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stress, growth arrest, and cellular senescence [440]. One class of AML is dependent on 

ecotropic virus integration site 1 (EVI1) driven gene expression that affects stemness and 

apoptosis. AML cells overexpressing EVI1 had lower ATF4 expression, increased 

oxidative stress, and sensitized the cells to PRMT5 inhibition [440]. In lymphoma, PRMT5 

inactivates the retinoblastoma proteins RB1 and RBL2 therefore upregulating polycomb 

repressor complex (PRC2) expression and favouring tumorigenesis [202]. PRMT5 

epigenetically inhibits the expression of RBL2 [442] and indirectly enhances RB1 

phosphorylation through activating cyclin D1 expression [202].  

IV.9.5. Other solid tumours 

PRMT5 is upregulated in hepatocellular carcinoma (HCC) and correlates with poor 

prognosis in HCC patients, and PRMT5 knockdown decreases HCC proliferation and 

tumour growth [457]. PRMT5 methylates the transcription factor SREBP at R321 and 

prevents it phosphorylation by GSK3β leading to its stabilization [414]. Stabilization of 

SREBP causes an increase in de novo lipogenesis promoting hepatocellular cancer cells 

proliferation. Interestingly, R321 methylation of SREBP is associated with poor prognosis 

in hepatocellular carcinoma [414]. Sachamitr et al. showed that using two different 

PRMT5 inhibitors decreases the growth of 46 patient derived glioblastoma stem cells and 

causes a global disruption of AS, with a particular effect on cell cycle transcripts [476]. 

Interestingly, the same study identified a GBM splicing signature that correlates with 

PRMT5 sensitivity, implying that the response of GBM cells to PRMT5 is dependent upon 

pre-mRNA splicing [476]. PRMT5 is upregulated at the mRNA and protein levels, in 

addition to its methylation mark H4R3, in lung tumour compared to normal lung tissue, 

and its cytoplasmic localization is associated with tumour grade in lung cancer [424]. 

PRMT5 protein is upregulated in melanoma, including malignant and metastatic tumours, 

compared to normal epidermis [428]. PRMT5 depletion using siRNA decreased the 

proliferation of melanoma cell lines but increased that of other subsets. PRMT5 depletion 

also decreased the expression of microphthalmia-associated transcription factor (MITF), 

a melanoma oncogene, while increased that of p27Kip1 [428].  Clear cell sarcoma of soft 

tissue (CCSST) is a rare sarcoma that lacks any therapy, characterized by the expression 

of EWSR1-ATF1, a genes fusion product. PRMT5 interacts with EWSR1-ATF1 enhancing 



121 
 

its transcriptional activity and supporting CCSST cells proliferation, and PRMT5 inhibitor 

decreased the proliferation of CCSST in vitro and in vivo [406]. 

IV.10. PRMT5 inhibitors  

For its involvement in crucial cellular functions, and as increasing reports are validating 

its roles in oncogenesis, several PRMT5 inhibitors have been developed, and a number 

of which were evaluated in clinical trials [477,478]. Table 6 lists the different PRMT5 

inhibitors developed and by which company, their mechanism of actions, and whether or 

not were evaluated in the clinical trials.  

Table 6: PRMT5 inhibitors and their mechanism of action. 

Compound Company Mechanism of 

action 

Evaluated in 

clinical trials 

Ref 

BRD0639 - PBM competitive No [379] 

macrocyclic 

peptide (50) 

- PBM competitive No [380] 

WX2-43 - Inhibits PRMT5-

KLF4 interaction 

No [473] 

EPZ015666 

GSK3235025 

Epizyme 

GSK 

Substrate 

competitive 

No [479] 

EPZ015938 

GSK3326595 

Epizyme 

GSK 

Substrate 

competitive 

NCT04676516 

NCT03614728 

NCT02783300 

 

[410] 

EPZ015866 

GSK3203591 

Epizyme 

GSK 

Substrate 

competitive 

No [410] 

DC_Y134 - Substrate 

competitive 

No [480] 
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JNJ-64619178 Janssen 

Research and 

Development 

Dual 

SAM/substrate 

site 

NCT03573310 [481] 

PF-06939999 Pfizer SAM 

competitive 

NCT03854227 [482] 

T1551 - Substrate 

competitive 

No [483] 

LLY-283 Eli Lilly and 

Company 

SAM 

competitive 

No [484] 

MRTX1719 Mirati 

Therapeutics 

PRMT5-MTA 

inhibitor 

NCT05245500 [475] 

TNG908 Tango 

Therapeutics 

PRMT5-MTA 

inhibitor 

NCT05275478 [485] 

PRT543 Prelude 

Therapeutics 

Substrate 

competitive 

NCT03886831 [478] 

PRT811 Prelude 

Therapeutics 

SAM 

competitive 

NCT04089449 [478] 

AMG 193 Amgen PRMT5-MTA 

inhibitor 

NCT05094336 [478] 

 

IV.11. PRMT5 as a target in combinatorial treatments 

Recently, the use of PRMT5 in combination with other targeted therapies or 

chemotherapies is being evaluated in different cancer models and appears to be 

promising. Drug combinations are gaining interest in cancer research, as they can 

increase the efficacy of treatment while reducing toxicities and side effects. In Table 7, 

drug combination studies performed between PRMT5 inhibitors and chemo- or targeted- 
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therapies are listed, along with the model they have been tested in. Only combinations 

that showed a therapeutic benefit are included in the table. 

Table 7: PRMT5 inhibition in combination studies 

PRMT5 

inhibitor 

Combinatorial 

compound 

Combinatorial 

target 

Model Reference 

EPZ015666 Erlotinib EGFR TNBC cells [430] 

GSK3186000 Olaparib PARP AML cell lines [445] 

GSK3326595 EPZ5676 DOT1L MLL [486] 

GSK3203591 anti-PDL1  PDL-1 Lung cancer [487] 

GSK3326595 abemaciclib CDK4/6 MCL [488] 

GSK3326595 AZD6738 ATR MCL [488] 

GSK3326595 palbociclib CDK4/6 Breast, 

esophageal, and 

pancreatic cancer 

cells  

[489] 

GSK3203591 GSK2816126 EZH2 CRC [490] 

GSK3326595 GSK3368715 Type I PRMT Pancreatic cancer, 

DLBCL cells 

[134] 

GSK3203591 MS023 Type I PRMT AML [127] 

GSK3203591 E7107 Spliceosome AML [127] 

EPZ015666 PP242 mTOR Glioblastoma [491] 

T1-44 Vactosertib TGFβ Pancreatic cancer [492] 

GSK3326595 MRT68921 ULK1/2 TNBC cells [416] 

GSK332659 Niraparib PARP Breast and ovarian 

cancer 

[493] 
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EPZ015666 Paclitaxel - Lung, breast, liver, 

and colon cancer 

cells 

[494] 

 

Summary 

PRMT5 is responsible for the majority of arginine symmetric dimethylation in the cells and 

prefers the ‘GRG’ motif for methylation. Unlike other PRMT members, PRMT5 is mostly 

present in protein complexes, and its interaction with MEP50 is indispensable for its full 

enzymatic activity. The two proteins form a hetero-octameric complex, where four PRMT5 

monomers interact together at the core of the complex, and four MEP50 molecules are 

present at the periphery. The PRMT5/MEP50 complex activity can be modulated by 

PTMs occurring either at PRMT5 or at MEP50. Another way to regulate the activity of 

PRMT5 and MEP50 is through their subcellular localization. Interestingly, the subcellular 

compartmentalization of the complex is linked to oncogenesis, as the higher levels of 

cytoplasmic PRMT5 and MEP50 are associated with tumour aggressiveness. The 

methylome of PRMT5 was identified in various models, and all support the enrichment of 

PRMT5 substrates with RNA binding proteins involved in processes of RNA metabolism. 

The PRMT5/MEP50 complex functions in a wide range of cellular processes, and is 

deregulated in several cancer types, including the breast. In breast cancer, PRMT5 

expression is associated with poor patient prognosis, and its inhibition or depletion 

reduces the proliferation of breast cancer cells, stemness properties, and tumour growth 

of in vivo breast cancer models. Inhibitors that target PRMT5 substrate binding pocket, 

SAM binding site, or sites of protein-protein interactions have been developed and several 

are under clinical evaluation. Recently, the use of PRMT5 inhibitors in combination with 

chemo- or targeted- therapies is emerging and has yielded promising data in the 

preclinical settings. 
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V. Far Upstream Element Binding Protein 1: FUBP1  

V.1. FUBP1 discovery and generalities 

The Far Upstream Element (FUSE) is a DNA sequence located 1.5 kb upstream the P1 

promoter of the MYC oncogene, capable of efficiently regulating its transcription. It was 

first reported in 1990, in a study demonstrating that the FUSE element and its unidentified 

“binding factor” are positive regulators of MYC transcription, however, this regulation is 

lost upon differentiation [495]. Later, in 1994, this 70 KDa “binding factor” was isolated by 

Duncan et al. and termed Fuse Upstream Element Binding Protein (FUBP) [496].  

We are particularly interested in FUBP1 as it was identified during my thesis as a PRMT5 

substrate. In this section, I will discuss the general features of FUBP1, its diverse 

functions, and then its role in tumorigenesis.  

V.2. Molecular and structural features of FUBP1 

V.2.1. The Far Upstream Element Binding Protein family members 

FUBP1 belongs to a conserved family of nucleic acid binding regulators, also including 

FUBP2 (known as KHSRP; KH-type splicing regulatory protein) and FUBP3 (Figure 42). 

A fourth FBP member expressed in Caenorhabditis elegans was described, revealing the 

high homology in this ancient family [497]. FBP1 gene is located on chromosome 1p31.1, 

FBP2 on 19p13.3, and FBP3 on 9q34.11 [498]. The three proteins share high sequence 

homology and the same general structure of three distinct domains: amino-terminal, C-

terminal, and a central nucleic acid binding domain. The central domain is formed of four 

KH motifs similarly spaced in the three proteins (Figure 42). Though structurally similar, 

different functions were attributed to the three members. FUBP1 is well known as a 

transcription factor regulating MYC expression, however, it has been also described later 

as a splicing and a translation factor [499]. FUBP2 is best known in regulating RNA 

processes, such as pre-mRNA splicing, microRNA biogenesis and mRNA decay [500]. 

Unlike its homologs, FUBP3 functions are poorly described, but has been reported to 

function in transcriptional and post-transcriptional processes [499]. Interestingly, FUBP1, 

FUBP2, and FUBP3 are components of the spliceosome [501], implying they are present 

in same functional complexes as PRMT5 and MEP50.  
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Figure 42: FUBP family members. The FUBP family is composed of three members, FUBP1, FUBP2 
(KHSRP), and FUBP3. The three members share conserved structure of an N-terminal self-inhibitory 
domain, central nucleic acid binding domain, and a C-terminal transactivation domain. Their nucleic acid 
binding domains are formed of four equally spaced KH motifs, responsible of direct contact with 
ssDNA/RNA. The three members share two conserved NLS in their central and C-terminal domains. FUBP1 
and FUBP2 share a bipartite NLS at their N-terminal, which is lacking in FUBP3.   

 

V.2.2 FUBP1 subcellular localization 

FUBP1 is primarily a nuclear protein [502–505], in accordance with its role in 

transcriptional regulation. The translocation of FUBP1 to the nucleus is driven by three 

NLS located in its N-terminal, central, and C-terminal domains. In Hela cells, both 

endogenous and ectopically expressed GFP-FUBP1 localize to the nucleus. Interestingly, 

each of the three FUBP1 domains alone fused to GFP localizes to the nucleus suggesting 

the presence of an NLS in each [502]. The N-terminal NLS is a canonical bipartite NLS 

located at residues 63-78 (Figure 42). The two other NLS are atypical, located at amino 

acids 366-386 and 531-644 in the central and C-terminal domains respectively (Figure 

42) [502]. Upon cell death, oxidative stress, and viral infection, FUBP1 localizes to the 

cytoplasm [503–505]. When cells are undergoing apoptosis, FUBP1 is cleaved by 

caspases 3 and 7 at the consensus site DQPD located in the bipartite N-terminal NLS, 

thus mediating FUBP1 transport from the nucleus [503]. During Japanese encephalitis 

virus (JEV) and Enterovirus 71 (EV71) infection, FUBP1 translocates to the cytoplasm 



127 
 

probably to regulate viral replication and translation [504,505]. Under stress induction like 

heat shock, FUBP1 was also shown to localize to the stress granules [505].     

V.2.3 FUBP members post-translational modifications 

V.2.3.1. Ubiquitination 

Ubiquitination is the most reported modification of FUBP1. FUBP1 was found to be 

ubiquitinated by Parkin promoting its degradation [506]. Moreover, FUBP1 interacts with 

AIMP2/p38 (also known as JTV1), a component of tRNA synthetase complex, promoting 

it ubiquitination and degradation, leading to a downregulation of c-myc levels and 

enhancing lung cell differentiation [507]. In another study, Prostaglandin E2 (PGE2) was 

shown to activate the EP3 receptor that in turn inhibits TGFβ [508]. TGFβ suppression 

downregulates AIMP2/p38, decreasing FUBP1 ubiquitination levels leading to its 

stabilization and promoting liver cancer progression [508]. However, AIMP2/p38 is not 

itself a ubiquitin ligase. It was later reported that AIMP2/p38 interacts with Smurf2, and 

the latter is responsible for FUBP1 ubiquitination [509]. Another study also reported the 

ubiquitination of FUBP1 by Smurf2 in CRC, particularly CRC carrying KRAS mutations 

[510]. Though several studies showed FUBP1 ubiquitination, the exact ubiquitination sites 

were not investigated. The lysine residues illustrated in Figure 43 were obtained from 

large scale proteomic analysis reported on PhosphoSitePlus and none was confirmed 

[432]. Ubiquitin-specific protease 22 (USP22) was shown to deubiquitinate FUBP1 [511].  

One study found that FUBP2/KHSRP is ubiquitinated on K109, K121 and K122 (Figure 

43) [512] and large-scale analysis predicted other ubiquitination sites (Figure 43) [432]. 

No study specifically reports the ubiquitination of FUBP3, however, like the other two 

members, FUBP3 is predicted to be potentially ubiquitinated on different residues (Figure 

43) [432].  

V.2.3.2. Phosphorylation 

Though the phosphorylation of FUBP1 was not deeply investigated, the protein is 

reported to be potentially phosphorylated on different residues by large-scale proteomic 

analysis, especially on its N-terminal domain (Figure 43; PhosphoSitePlus website [432]). 

One study reported that c-src phosphorylates FUBP1 on Y58, Y126, Y268, and Y625 

(Figure 43) [513]. Apart from c-src, the kinases responsible for FUBP1 phosphorylation 
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on other residues are not known. Interestingly, the phosphorylation level of FUBP1 varies 

between normal and cancer tissues [514]. Phosphorylation of S120 in the KH-1 domain 

is significantly elevated in lung and clear cell renal carcinoma, and that at S630 and T153 

is increased in uterine corpus endometrial carcinoma (UCEC) [514]. In breast tumours, 

FUBP1 is more phosphorylated at Y126 and T174 sites compared to the normal tissues 

[514]. This variation in the phosphorylation levels of FUBP1 between normal and 

malignant tissues is important, as it implies that the functions of FUBP1 can be modulated 

through post-translational modifications. Nevertheless, the exact implication of FUBP1 

phosphorylation in cancer development/progression is yet to be explored.  

The phosphorylation of FUBP2/KHSRP has been more studied. Like FUBP1, FUBP2 is 

phosphorylated by c-src on Y317, Y583, and Y688 (Figure 43) [513]. During muscle 

differentiation, p38 phosphorylates FUBP2 at T692 (Figure 43) inhibiting its interaction 

with AU-rich elements (ARE) containing mRNA and preventing their decay by FUBP2 

[515]. FUBP2 was shown to be phosphorylated by AKT at S193 (Figure 43) promoting 

its interaction with 14-3-3 protein and impairing the mRNA decay of β-catenin [516], but 

this study was later retracted [517]. However, other studies also reported this 

phosphorylation event on FUBP2. Moreno et. al showed that the phosphorylation of 

FUBP2 at S193 creates a binding site for 14-3-3 driving its nuclear translocation [518], 

and Ruggiero et al. reported that some FUBP2 target transcripts are regulated by the AKT 

pathway [519]. In breast cancer, FUBP2 can be phosphorylated through the AKT pathway 

promoting its nuclear localization, enhancing breast cancer progression and drug 

resistance [520]. Additionally, PI3K/AKT pathway activation was shown to activate 

FUBP2 function in promoting miRNA maturation while inhibiting its functions in miRNA 

decay [521]. FUBP2 is phosphorylated at S395 (Figure 43) by p70S6K inhibiting its 

binding with a precursor RNA pre-let-7a [522]. The ATM kinase interacts with FUBP2 and 

phosphorylates it at S132, S274, and S670 (Figure 43) enhancing its interaction with 

primary miRNA (pri-miRNA) and hence miRNA processing [523]. FUBP2 phosphorylation 

at S181 increases in response to 2 hours stimulation by parathyroid hormone (PTH) [524]. 
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No data has been reported for the phosphorylation of FUBP3, but the protein was 

predicted to be phosphorylated by proteomic analysis (Figure 43; PhosphoSite website 

[432]).  

 

Figure 43: Post-translational modifications of FUBP1, FUBP2, and FUBP3. The known PTMs of human 
FUBP1, FUBP2, and FUBP3 are indicated with their corresponding residues. A: acetylation (in blue); M: 
methylation (in red); P: phosphorylation (in purple); S: sumoylation (in yellow); U: ubiquitination (in green).   

 

V.2.3.3. Methylation 

Several large-scale proteomic data have reported the methylation of all FUBPs on 

arginine residues (Table 8). Interestingly, three potentially methylated arginine residues 

found in the three FUBPs lie in the linker region between KH3 and KH4 domains (Figure 

44; Table 8) and have the RGRG PRMT5 consensus methylation motif [106]. The 

sequence of these three residues is conserved between FUBP1 (R359, R361, R363; 

PGPGGRGRGRGQGN) and FUBP2 (R411, R413, R415; MPPGGRGRGRGQGN) but 

differs in FUBP3 (R337, R339, R341, R343; GLAAARGRGRGRGD) (Figure 44; Table 

8). A fourth arginine is reported to be methylated by several studies on FUBP2 (R422) 

and FUBP3 (R408) but not on FUBP1 (Table 8; Figure 44). Interestingly, the three 
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FUBPs were reported to be potential PRMT5 substrates [133,147], and Gerhart et al. 

have shown that the methylation of FUBP1 and FUBP2 small peptides, that include the 

linker region between KH3 and KH4 domains, decreases upon PRMT5 inhibition [410]. A 

recent study shows that FUBP1 and FUBP3 are symmetrically dimethylated in HT1080 

fibrosarcoma cell lines which express MTAP, and this methylation is absent in MTAP-

negative cell lines [525]. The same study reports that adding MTA, that inhibits PRMT5, 

to the medium of MTAP-positive cells reduces the total symmetric dimethylation levels 

[525] . Using reporter plasmid containing FUSE sequence, MTA addition reduced the 

transcription of GFP, implying that FUBP1 and FUBP3 methylation could potentially have 

a functional impact on their transcriptional activity [525]. FUBP2 was reported to be 

methylated in N2a cells on 14 arginine residues, seven of which are not RG motifs [526]. 

The same study shows that depleting CARM1 inhibited the interaction between FUBP2 

and SMN and induced FUBP2 localization to the cytoplasm. The authors suggested that 

CARM1 is the PRMT responsible for FUBP2 methylation, however, no experiments were 

performed to validate this hypothesis [526].  

Table 8: Arginine methylation sites on FUBP1, FUBP2 and FUBP3 

Protein Methyla

ted Arg  

Sequence Methylation Ref 

FUBP1 R359 GGPGPGGRGRG

RGQG 

MMA/DMA [106,128,134,141–

144,146,377,411,527] 

 R361 PGPGGRGRGRG

QGNW 

MMA/DMA [106,126,128,134,144,147,

377] 

 R363 PGGRGRGRGQG

NWNM 

MMA/DMA [106,126,128,134,147,377,

411,527] 

FUBP2 R411 PGMPPGGRGRG

RGQG 

MMA/DMA [106,128,134,143,144,147,

377,411] 

 R413 MPPGGRGRGRG

QGNW 

MMA/DMA [106,142,144,147,377,411,

527] 

 R415 PGGRGRGRGQG

NWGP 

MMA/DMA [106,126,147,377,411,527] 
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 R442 KCGLVIGRGGEN

VKA 

MMA/DMA [106,134,141,143,144,527] 

FUBP3 R337 FGGLAAARGRGR

GRG 

MMA [106,134,143,147,377] 

 R339 GLAAARGRGRGR

GDW 

MMA [106,377] 

 R341 AAARGRGRGRG

DWSV 

MMA [106,377] 

 R343 ARGRGRGRGDW

SVGA 

MMA [106] 

 R408 NLRRFTIRGVPQQ

IE 

MMA [128,142] 

MMA: mono-methyl arginine; DMA: di-methyl arginine 
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Figure 44: FUBPs share conserved methylated arginine. FUBP1, FUBP2, and FUBP3 are methylated 
on arginine residues (marked in red) between their KH3 and KH4 domains, whose sequence is conserved 
between FUBP1 and FUBP2. 

 

V.3 FUBP1 partners 

Proteomic analysis aiming to identify FUBP1 partners indicate that it interacts with 

proteins involved in pre-mRNA splicing, translation, mRNA processing and transport, and 

spliceosome components [528,529], similar to the processes involving PRMT substrates, 

particularly PRMT5 (discussed in sections III and IV). FUBP1 interacting partners were 

identified in HEK293T cells, and PRMT1, PRMT5, MEP50, and CHTOP (PRMT1 and 

PRMT5 partner) were identified as potential FUBP1 partners. Table 9 lists the known 

partners of FUBP1. A description of the functional interaction between FUBP1 and its 

different partners will be discussed in later in this section.  

PGPGGRGRGRGQGN

MPPGGRGRGRGQGN

GLAAARGRGRGRGD
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Table 9: FUBP1 interacting partners. 

Partner FUBP1 domain Partner domain Reference 

FIR 

(PUF60 isoform) 

CD ND [530] 

N-ter and CD RRM1 and RRM2 motifs [531] 

TFIIH subunits: p62, 

p89, Cyc H 

C-ter (449–644) ND [532] 

JTV1 (FL) and JA 

(JTV1 lacking E2) 

ND ND [533] 

p53 ND ND [534] 

BCCIP (TOK-1) ND ND [534] 

TCTP ND ND [534] 

RUNX1 ND ND [535] 

4EBP1 CD ND [536] 

PTBP2 ND ND [529] 

NOVA1/NOVA2 ND ND [529] 

SRRM4 ND ND [529] 

eIF3η ND ND [537] 

USP22 ND ND [511] 

GCN5 ND ND [511] 

P38 C-ter ND [507] 

AIMP2 ND MT1 (84–119) and MT2 

(120–155) 

[509] 

Smurf2 ND HECT domain [509] 

CD: central domain; ND: not determined 

V.4. FUBP1 structure 

V.4.1. FUBP1 N and C terminal domains 

The N terminal domain of FUBP1 extends from aa 1 to 106 (Figure 42), bearing at the 

beginning a stretch of 11 repeated glycine residues followed by an amphipathic α-helix. 

After the helix, the remaining residues of the N terminal domain are enriched in glutamine. 
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Similarly, the C terminal domain of FUBP1 (448-644) is rich in glutamine residues in 

addition to tyrosine. Some tyrosine residues form repeated tyrosine-dyad motifs, 

representing potential phosphorylation sites [496].  

Classical transcription factors contain a DNA binding domain and a trans-activating 

domain that drives gene transcription. To understand the exact mechanism of FUBP1 

transcriptional function, Duncan et al. utilised GAL4-FUBP1 domains constructs 

chimeras. The study revealed that the C-terminal domain of FUBP1 was sufficient by itself 

to drive transcription activation, unlike the other two domains, marking it as FUBP1 

transactivation domain. However, it had no sequence homology with other known trans-

activation domains, rising questions about its mechanism of action. The beginning of the 

C-terminal domain is rich in proline, histidine, and glycine and is marked by a three-time 

repetition of “PHGP” sequence. A discern feature in the rest of the domain is the presence 

of five pairs of tyrosine dyads (YY) in a novel sequence motif. The motifs containing these 

tyrosine dyads were termed YM1, YM2, and YM3. YM1 and YM3 bear 2 sets of tyrosine 

pairs and YM2 contains one. Each motif alone was capable of driving transcription, and 

the deletion of all the three together completely abolished the C-terminal domain trans-

activating activity [538]. Several mutations in the tyrosine residues augmented 

transactivation, emphasizing the importance of the presence of at least one of the motifs 

for transcriptional activation [538]. The authors unravelled the role of the N-terminal 

domain in auto-repressing the transcriptional activity of FUBP1, as co-expressing two 

chimeras of the separate domains drastically augmented the activity of the C-terminal one 

[538].  

V.4.2. NMR structure and the nucleic acid binding domain 

The central domain of FUBP1 is the largest of the three domains and is responsible of 

nucleic acid binding. It is comprised of four KH domains consisting of 30 residues each, 

separated by equal spacers. The four domains share similar structures: a β-sheet 

followed by a turn at glycine 13 and 14, separating the sheet from the adjacent α-helix. 

Each domain is then followed by an amphipathic α-helix and share sequence homology 

to those of hnRNP K. FUBP1 binds to the non-coding strand of the FUSE element, an 

AT-rich 29 nucleotide sequence (5’-TATATTCCCTCGGGATTTTTTATTTTGTG-3’) 
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located 1500 nct upstream MYC P1 promoter (or 1700 upstream P2 promoter) [495,496]. 

Truncated constructs of the central domain uncovered the importance of the last two 

repeats, where in between FUBP1’s methylation sites are present (Figure 44), in binding 

to ssDNA [496].  

KH domains are ssDNA and RNA binding motifs present on some nucleic acid binding 

proteins, and one domain can generally bind up to 4 nucleotides. In eukaryotic KH motifs, 

the β-sheet is composed of three anti-parallel β-strands of the order β1, β’ and β2, and 

three α-helices pack on the surface of the β-sheet. Binding to nucleic acids is mediated 

by a hydrophobic cleft (or groove) formed between α1, α2, and GxxG loop on one end, 

and the β-sheet and variable loop on the other end [539,540]. 

The NMR structure of FUBP1 KH3 and KH4 domains in complex with FUSE has been 

resolved in 2002 (Figure 45) [541]. On FUSE, KH3 and KH4 respectively bind to the short 

sequences 5’-TATTCCC-3’ and 5’-ATTTTT-3’ separated by a 6-nucleotide spacer that 

does not contact FUBP1 [541]. Additionally, KH3 and KH4 domains do not interact 

together and are connected by a flexible, highly disordered glycine rich 30 residue linker 

[541].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45: NMR structure of FUBP1 KH3 and KH4 domains bound to ssDNA. (A, B) KH4 and (C, D) 
KH3 domains FUSE. In A and C the domains are presented as a molecular surface, with hydrophobic 

A B 

C D 
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(green), uncharged hydrophilic (pink), positively charged (blue), and negatively charged (red) residues 
comprising the ssDNA (yellow) binding sites. In B and D, the protein backbone is represented as a red tube. 

Systematic Evolution of Ligands by Exponential Enrichment (SELEX) method was 

adapted to ssDNA binding proteins and employed to characterize the binding of full length 

FUBP1 to FUSE [542]. SELEX revealed that FUBP1 KH1 preferentially bound 

(T/G)TG(T/C), and the other three KH domains’ optimal binding sequence is T(T/C)GT. 

Furthermore, EMSA assay was used to define an ideal spacing between KH binding 

tetrads and unveiled the importance of the nucleotide spacers lengths and compositions 

in FUBP1 binding to FUSE [542].  

The early NMR and SELEX studies of FUBP1 KH domains have added to the 

understanding of FUBP1 ssDNA binding ability. However, they did not provide sufficient 

data on the contribution of each KH domain alone. Recently, the crystal structure of each 

FUBP1 KH domain was obtained, in an attempt to characterize their nucleic acid binding 

properties [543]. To assess the binding capabilities of each domain, a series of EMSA 

and isothermal titration assay (ITC) experiments were performed. All KH domains were 

alone capable to moderately bind to the FUSE sequence [543]. Random deletions in the 

FUSE sequence showed the preference of KH1 and KH3 domains to a core “TGT” 

sequence while KH2 and KH4 preferred a core “TTT”. Interestingly, KH3 domain had the 

strongest FUSE binding potency, with a 5-fold increase compared to the other domains 

[543]. Moreover, the binding strength of different pairs of KH domains was assessed. 

KH1-2, KH2-3, and KH3-4 all showed an increased but still moderate affinity to FUSE 

compared to individual domains [543]. The different pairing combinations had almost 

equal binding affinities, in contrast with the early report showing the importance of KH3 

and KH4 in DNA binding [496]. Interestingly, the presence of all KH domains showed a 

remarkable increase in the binding affinity to FUSE, unveiling a possible orchestration 

between the four domains for ssDNA binding [543]. Since FUBP1-FUSE interaction was 

reported, several “FUSE-like” sequences have been discovered that FUBP1 can interact 

with and are summarized in Table 10. 
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Table 10: FUBP1 DNA binding sequences   

Gene FUBP1 DNA binding sequence Reference 

 

MYC 

(FUSE) 

GAUUUUUUA [541] 

AUAUUCCCUC 

TTGT [542] 

GTGT; GTGC 

5’-TATATTCCCTCGGGATTTTTTATTTTGTG-3’  [496,543] 

USP29 5′AGTTTGCATTACTTTTTTTTTTGTTTGTTTTTGAGATGGAGTT

TTGCTCTTGTTGCCCAGGC 3′ 

[533] 

P21 5’-TTTTGTTTTCATTTTGTTTTTTTGTTT-3’ [511,535,54

4] 

 

c-KIT 

+30kb enhancer  

5’-TTTATTCCTATGGGGATATAAAAGTGTGT-3’ 

       KH4                           KH3 

[535] 

HK1 

HK2 

3 promoter regions    

promoter distal and proximal regions 

[545] 

CCNA1 2 promoter regions   [546] 

DVL1 5’-TTCCCCTGATTT-3’ [510] 

 

V.5. FUBP1 Functions 

V.5.1. FUBP1: a transcription factor 

V.5.1.1. FUSE/FUBP1/FIR and MYC activation 

Numerous studies have studied the FUSE-FUBP1 interaction and the regulation of MYC 

expression by FUBP1 [496,531,547–549]. MYC is a proto-oncogene that drives global 

transcription, regulating the expression of 10-15% of the human genome and is reported 

to be deregulated in ~70% of human cancers [499,550,551]. Noteworthy, FUBP1 alone 

is not sufficient to activate MYC transcription, but is required for its maximum activation 

[552]. However, some studies report the failure of FUBP1 in inducing MYC expression or 

binding upstream its promoter, raising a possibility that this activation is cell line 



138 
 

dependent [511,535,544]. FUBP1 regulation of MYC transcription activation involves two 

other crucial players, TFIIH and FUBP Interacting Repressor (FIR). 

TFIIH is a multi-protein RNA polymerase II transcription initiation factor composed of ten 

subunits forming two main sub-complexes [553]. FIR is a splice variant of the essential 

splicing factor 60-kDa poly-U-binding factor (PFU60). FIR is composed of a repression 

domain at its N terminal that interacts with TFIIH and inhibit its 3’-5’ helicase activity [530], 

a central domain encompassing two RRM able to interact with RNA and to a lesser extent 

ssDNA, and an U2AF homology domain at its C terminus [498,499]. FIR can interact with 

the FUSE element as a dimer [530,531] and with FUBP1 and FUBP2 central domains, 

but not with FUBP3. Both RRM1 and RRM2 motifs of FIR are responsible for its 

interaction with FUBP1, that is highly enhanced in the presence of FUSE nucleotide 

sequence [531].  

Figure 46 summarizes the mechanism of MYC regulation by the FUBP1/FUSE/FIR 

system. When MYC transcription is initiated, binding of factors and chromatin remodelling 

exerts torsional stress on the FUSE element, leading to its melting and the recruitment of 

FUBP1 to the non-coding strand. At the meantime, TFIIH is also recruited and binds 

FUBP1 C-terminal activation domain, activating its 3’-5’ helicase activity leading to 

maximum MYC transcription activation [532,552]. However, c-myc levels should be 

critically controlled and monitored, as even a transient increase in c-myc levels can 

elevate tumorigenicity [550,554]. After MYC transcription reaches a peak, FIR is recruited 

and interacts with the central domain of FUBP1, allowing the interaction of FIR with FUSE 

and forming a FUSE/FUBP1/FIR tripartite complex. This puts FIR in a proximity to TFIIH 

-still interacting with FUBP1- and subsequently inhibits TFIIH p89/XPB helicase activity. 

Inhibition of TFIIH exerts a torsional stress on FUSE, leading to conformational changes 

and finally allowing FUSE renaturation. This ejects FUBP1 from the complex, allowing 

FIR to homo-dimerize on FUSE. The stabilization of the FUSE/FIR interaction allows MYC 

transcription to reach basal levels [531,532,552,555].  
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Figure 46: FUBP1/FIR/FUSE axis in the control of MYC transcription. When MYC transcription is 
initiated, binding of activation factors causes torsional stress, leading to DNA unwinding and the recruitment 
of FUBP1 to the non-coding strand of FUSE. FUBP1 interacts with the transcriptional machinery on the 
FUSE element, leading to maximum MYC transcription. FIR is then recruited and interacts with both FUBP1 
and FUSE, forming a FUSE/FUBP1/FIR tripartite complex. FIR interacts with TFIIH and inhibits its activity, 
which causes a conformational change in the chromatin leading to the ejection of FUBP1 and terminating 
MYC transcription. 
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V.5.1.2. Regulation of cell cycle and apoptotic genes 

Apart from MYC, FUBP1 can up- or down-regulate the expression of genes implicated in 

cell cycle, proliferation, differentiation, apoptosis, and metabolism. Table 11 includes the 

different genes found to be regulated by FUBP1 at the transcriptional level.  

P21 (encoded by CDKN1A), a cell cycle inhibitor, is regulated by FUBP1 through the 

direct binding of FUBP1 to its promoter [511,535,544]. FUBP1 is required in S phase of 

the cell cycle more than the mitotic one (M) and is enriched more in G1/S than in G2/M. 

Knockdown of FUBP1 in NIH3T3 fibroblasts diminished the expression of cyclin A1 and 

cyclin A2 (encoded by CCNA1 and CCNA2 respectively) mRNA expression levels. 

Consistently, cyclin A protein levels decreased after FUBP1 knockdown. Regulation of 

cyclin A1 transcription was directly mediated by FUBP1, as FUBP1 is significantly 

enriched at two regions of CCNA1 promoter (Table 10) [546]. Stathmins are a family of 

four proteins: stathmin, stathmin-like 2 (SCG10), stathmin-like 3 (SCLIP), and stathmin-

like 4 (RB3) encoded by different genes. Stathmins play critical roles in regulating 

microtubule organization and cell cycle, and their overexpression is associated with 

oncogenesis [556,557]. Depleting FUBP1 using siRNA decreased the expression of 

stathmin in Calu-1 and both stathmin and SCLIP in Calu-6 lung cancer cells. Additionally, 

analysing FUBP1, stathmin, SCG10, and SCLIP mRNA levels in NSCLC tissues showed 

a correlation between FUBP1 overexpression and all three stathmins in cancerous tissue 

[557]. An elegant study published in 2011 revealed a cooperation between FUBP1 and 

JTV1 in activating ubiquitin specific peptidase 29 (USP29) transcription [533]. In response 

to oxidative stress, JTV1 - a component of a multi-aminoacyl-tRNA synthetase (ARS) 

complex - dissociates from ARS and translocates to the nucleus. Nuclear JTV1 then 

associates with FUBP1, and the latter binds to the USP29 promoter activating its 

transcription [533]. USP29 then binds to p53 and deubiquitinates it, stabilizing p53 

expression. The same study identified a 54 bp FUSE-like sequence located 2.5 kb 

upstream the USP29 TSS (Table 10). Surprisingly, this FUSE-like sequence matches 

FUBP1 predicted optimal binding site better than the FUSE element [533]. Another FUSE-

like sequence was identified using structural modelling and molecular biology in the +30 

kb enhancer upstream the c-KIT gene (Table 10) [535]. c-kit is a tyrosine kinase receptor 

expressed primarily on progenitors of hematopoietic, melanogenesis and reproductive 
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systems. It is involved in cell growth and stimulation of differentiation and is classified as 

an oncogene [558]. Debaize et al. reported an interaction and cooperation between 

FUBP1 and RUNX1 in driving c-KIT expression  [535]. The two transcription factors bind 

two regulatory regions, +700 bp and +30 kb in the c-KIT first intron. Overexpressing both 

FUBP1 and RUNX1 increased c-kit mRNA and protein expression levels, amplified c-kit 

signalling pathway, and led to proliferation and resistance to imatinib mesylate (a c-kit 

inhibitor) in Nalm6 pre-B cell line [535]. Hk1 and Hk2 are two hexokinases that play roles 

in glycolysis. FUBP1 was shown to bind to three and two regions of HK1 and HK2 

promoters, respectively (Table 10), thus activating their expression and mediating lactate 

production [545]. Recently, FUBP1 was shown to enhance the Wnt signalling pathway in 

CRC by directly binding to DVL1 promoter and activating its transcription, promoting CRC 

cell migration and invasion [510]. 

Table 11: Transcripts regulated by FUBP1 at the transcriptional level. 

Target FUBP1 Effect Reference 

c-myc Activation [496,548] 

Cyclin E/H/I Activation [548] 

L32 Activation [548] 

Stathmin and SCLIP Activation [557] 

USP29 Activation [533] 

p21 Repression [544] 

p15 

p21 Repression [534] 

PDL-1 Activation [559] 

c-Kit Activation [535] 

Hk1 Activation [545] 

Hk2 Activation [545] 

PKM1 Activation [545] 
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Ccna1 and Ccna2 Activation [546] 

DVL1 Activation [510] 

 

V.5.2. FUBP1: a pre-mRNA splicing factor 

Although FUBP1 has been found to be present in the spliceosome  [501], and though 

FUBP1’s close family member FUBP2 is a well-studied pre-mRNA splicing factor, the first 

report implicating FUBP1 in splicing was only lately demonstrated [560]. FUBP1 has been 

shown to mediate the second step splicing inhibition of tridian exon 10 by binding to an 

AU rich exon splicing silencer (ESS) [560]. Adding increasing amounts of recombinant 

FUBP1 in an in-vitro splicing assay caused 50-80% splicing inhibition and depleting 

endogenous FUBP1 by siRNA increased exon inclusion of tridian exon 10. In the same 

report, the splicing pattern of 51 additional transcripts was examined upon FUBP1 

depletion, and four out of the 51 analysed transcripts were regulated by FUBP1. FUBP1 

increases the inclusion of PTBP2 exon 10 and ENAH/MENA exon 11 and decreases the 

inclusion of exons 4-7 of caspase 9 and exon 14 of ACLY [560]. This was the first report 

proving the role of FUBP1 in pre-mRNA splicing and presented it as either a positive or 

negative splicing regulator [560]. In another study, it was shown that in the presence of 

SMN-C2, a small molecule regulating AS, FUBP1 and FUBP2 bind with a higher 

efficiency to SMN2 mRNA regulating the splicing of SMN2 exon 7 [561]. FUBP1 was also 

demonstrated to be a positive regulator of Mouse double minute 2 (MDM2) splicing. 

MDM2 is a negative regulator of p53, causing its ubiquitination and subsequent 

degradation in the cytoplasm [562]. MDM2 has been reported to be spliced into malignant 

isoforms under stress conditions [563,564]. By using a MDM2 minigene, FUBP1 was 

shown to bind to regions both upstream and downstream of intron 11 of MDM2 and 

positively regulate its splicing. The same study showed the emergence of a shorter 

isoform of FUBP1 under stress inducing conditions (cisplatinum treatment). Surprisingly, 

both the long and short isoforms of FUBP1 were able to regulate MDM2 splicing, under 

normal and stress conditions [563]. Moreover, FUBP1 binds to a UG rich intronic splicing 

enhancer (ISE) upstream exon 39 of DMD gene [565]. DMD encodes dystrophin, and 

loss of function mutations leading to the absence of dystrophin in muscle cells cause 
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Duchenne muscular dystrophy (DMD). DMD mutations causing a non-functional, 

truncated, or lower level of dystrophin in muscle cells causes Becker muscular dystrophy 

(BMD), a milder variant of DMD. By binding to intron 38 of ISE, FUBP1 increases E39 

inclusion of DMD, and enhances normal splicing of the transcript [565]. Mass 

spectrometry analysis of immunoprecipitated FUBP1 in neural progenitor cells (NPC) 

retrieved FUBP1 partners present in the spliceosome like PTBP2, NOVA1/2 and SRRM4. 

LSD1 gene contains 19 exons. Mature LSD1 transcript can contain an extra mini exon 

8a, generating LSD1+8a isoform that is exclusively expressed in the nervous system. 

Loss of LSD1+8a strongly inhibits neuronal differentiation. FUBP1 and SRRM4 bind to 

different regions of LSD1 introns 8 and 8+, promoting exon 8+ inclusion and subsequently 

neuronal differentiation [529].  In an elegant study, FUBP1 was shown to regulate the 

splicing of different transcripts involved in tumorigenesis like caspase 8 and BRCA1 [528]. 

Caspase 8 can experience A3’ AS giving rise to a non-functional transcript unable to 

produce caspase 8 protein, and FUBP1 null cells exhibited a complete loss of caspase 8. 

BRCA1 was highly expressed in FUBP1 null cells as an aberrantly spliced form missing 

most of exon 11, termed BRCA1Δ11b. In addition, FUBP1 KO cells expressed a truncated 

and oncogenic form of MAGI3, a Hippo signalling regulator, MAGI3pPA. The same altered 

AS events were assessed in a different breast cell line upon FUBP1 depletion, MCF10A. 

Similar to MCF10F, FUBP1-null MCF10A cells exhibited a complete loss of caspase 8 

protein, however, there was no effect on BRCA1 or MAGI3 AS [528].  

Table 12 summarizes the different transcripts for which pre-mRNA splicing is regulated 

by FUBP1 and the corresponding FUBP1 RNA binding motifs. 

Table 12: Transcripts regulated by FUBP1 at the pre-mRNA splicing level. 

Target Splicing event FUBP1 binding site/motif Reference 

 

Tridian E10 Exon skipping Tridian exon 10 

ESS: AUAUAUGAU 

 

 

[560] ACLY Exon 14 skipping ND 

Caspase 9 Exon 4-7 skipping ND 
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PTBP2 Exon 10 inclusion ND 

ENAH/MENA Exon 11 inclusion ND 

MDM2 Exon inclusion MDM2 intron 11 [563] 

DMD Exon 39 inclusion DMD intron 38 [565] 

LSD1 Exon 8+ inclusion two regions in introns 8 and 

8a of LSD1 
[529] 

MAGI3 Cleavage and poly-

adenylation in intron 

10 

ND  

 

[528] 
BRCA1 Exon 11 skipping ND 

Caspase 8 Alternative A3′ 

splicing 

ND 

 

V.5.3. FUBP1 and translation 

As an RNA binding protein, FUBP1 is implicated in regulating the translation of some 

transcripts, which are summarized in Table 13. 

V.5.3.1. Translation regulation via 3’UTR binding 

Both FUBP1 and FUBP2 were found to bind the 3’UTR of nucleophosmin (NPM), coding 

for a protein involved in ribosome biogenesis and cell proliferation [566]. By binding to the 

3’UTR, FUBP1 represses the translation of NPM in MEF stably depleted of Tsc1 and p53. 

FUBP1 depletion in this cell line increased the fraction of polysomes associated 

transcripts, elevating the translation of NPM. As NPM promotes cell growth, FUBP1 

depletion enhanced proliferation, marking it as a tumour suppressor in the context of the 

study [566]. FUBP1 binding site on NPM UTR is still not described. 

Similar to NPM, FUBP1 binds to an AU rich region in the 3’UTR of polycystic kidney 

disease 2 (PKD2) and represses its translation [536]. PKD2 is an integral membrane 

cation channel expressed on a wide range of tissues. By controlling PKD2 protein levels, 

FUBP1 regulates disease-associated phenotypes in larval zebrafish like tail curling and 

pronephric cyst induction [536]. 
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V.5.3.2. Translation regulation via 5’UTR binding 

P27, also known as KIP1, is a cyclin dependent kinase inhibitor (CDKI) that inhibits cell 

cycle progression. Reduction of p27 levels is detected in different tumours and is 

associated with poor clinical outcomes [567]. Using RNA pulldown from MCF7 cytosolic 

extracts, FUBP1 was identified to associate with the 5’UTR of p27.  The interaction is 

strong and direct, requiring nucleotides 431-439 (5′-GCGAAGAG-3) situated at the 3’ end 

of p27 5’UTR. FUBP1 stimulates p27 IRES activity promoting its translation both in vitro 

and in MCF7 cell line. Accordingly, overexpressing or depleting FUBP1 in MCF7 cells 

respectively increased and decreased endogenous p27 protein levels [568]. 

Nuclear factor erythroid 2 related factor 2 (Nrf2) is a transcription factor regulating the 

expression of antioxidant proteins in response to oxidative stress [537]. Upon H2O2 

treatment, FUBP1 associates with the 5’UTR of Nrf2 mRNA and activates its IRES-

mediated translation. FUBP1 was present in the 40/43S fraction and showed a H2O2 

dose-dependent increase in the total ribosome fraction. Interestingly, it interacts with 

eIF3η, a subunit of the eIF3 complex responsible for 43S pre-initiation complex assembly. 

The interaction between both proteins was also enhanced upon H2O2 treatment. This 

reinforces a function of FUBP1 in promoting 43S complex attachment to Nrf2 mRNA for 

translational initiation [569].  

Table 13: Transcripts regulated by FUBP1 at the translational level. 

Gene Regulation Mechanism FUBP1 binding site/motif Reference 

 

P27 Activation 5′-GCGAAGAG-3′ on the 5’UTR 

(Important, but not direct contact) 

[568] 

NPM Repression 3’UTR [566] 

PKD2 Repression 3’UTR [536] 

Nrf2 Activation upon H2O2 

treatment 

5’UTR [569] 
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EV71 

viral 

RNA 

FUBP1 positively regulates 

EV71 IRES activity 

5’UTR; linker region through FUBP1 

KH3+KH4 
[504] 

 

V.5.5. Global transcripts regulated by FUBP1  

FUBP1 impacts the global transcription and splicing mechanisms in cells [528,529]. RNA-

seq analysis in NPC FUBP1 KO cells revealed an increase in exon skipping events upon 

FUBP1 loss in differentiating NPCs [529]. Additionally, depleting FUBP1 from MCF10F 

cells caused a dysregulation in AS events [528]. Compared to the control, FUBP1 null 

cells presented more than 10,000 differential alternative splicing events, with exon 

skipping being the most prevalent one (70% of total events). Differentially spliced genes 

affected by FUBP1 depletion are implicated in mRNA processing, DNA repair, and cell 

cycle, linking FUBP1 splicing regulation to tumour formation [528]. Furthermore, cancers 

having FUBP1 loss of function mutations and an additional glioma cell line U87MG 

depleted from FUBP1 by siRNA were assessed for splicing alterations. Interestingly, an 

overlap of FUBP1 alternatively spliced events was observed between human brain 

cancers, U87MG, and MCF10F cells. Several altered alternative splicing events included 

A3SS, A5SS, and SE events [528]. 

V.6. FUBP1 in Cancer 

Conflicting roles of FUBP1 were reported in cancer progression. In oligodendrogliomas, 

homolog of Drosophila capicua (CIC) and FUBP1 genes are mutated, leading to the loss 

of FUBP1 and CIC proteins in oligodendroglial tumours [570–572]. The loss of FUBP1 

expression correlated with unfavourable progression-free survival and overall survival, 

implying the role of FUBP1 as a tumour suppressor in this cancer [573]. By analysing 

whole-exome sequencing data in 33 tumours from the TCGA database, Seiler et al. 

identified 119 mutated splicing factor genes, including loss of function mutations in 

FUBP1 gene [574]. In neuronal progenitors, FUBP1 enhances the splicing of LSD1+8a 

isoform, favouring neuronal cells differentiation and suppresses tumorigenesis [529].  

On the contrary, FUBP1 is reported to be overexpressed, drives oncogenesis, and 

correlates with poor patient prognosis in NSCLC [557,575], CRC [576], HCC [577], 
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leukemia [578–580], ovarian [514], and breast cancer [528,581]. The involvement of 

FUBP1 in oncogenesis is linked to a deregulation of its target genes expression like MYC.  

In breast cancer, the circular RNA circACTN4 binds competitively to FUBP1 preventing 

its association with FIR, therefore elevating MYC transcription and promoting breast 

cancer tumorigenesis [582]. FUBP1 and myc protein levels were higher in breast cancer 

tumour tissue compared to the normal breast, and their expression decreases upon 

cisplatin treatment [583]. Furthermore, FUBP1 knockdown in TNBC cell lines arrests cell 

cycle progression, decreases proliferation and cyclin A2 levels, reduces cell migration, 

and enhances the sensitivity of TNBC cells to cisplatin treatment  [583]. In HER2-positive 

breast cancer, trastuzumab and lapatinib treatment upregulates the expression of the 

microRNA miR-16. By targeting FUBP1, miR-16 inhibits breast cancer proliferation even 

in cells resistant to trastuzumab and lapatinib [581]. In accordance, high miR-16 and low 

FUBP1 expression levels correlate with the response of HER2-positive breast tumours to 

trastuzumab [581]. In MCF7 luminal breast cancer cell lines, induction of apoptosis 

causes the cleavage of FUBP1 by caspases at its NLS, promoting its export from the 

nucleus leading to the downregulation of MYC levels [503]. 

Summary 

FUBP1 is a protein involved in transcription, translation, and pre-mRNA splicing, 

processes similar to those enriched in the PRMT5 methylome and regulated by PRMT5. 

FUBP1 is present in the spliceosome, a complex that PRMT5 is crucial in its assembly. 

FUBP1 functions are largely regulated by its central domain, encompassing four KH 

domains responsible for ssDNA and RNA binding. Between KH3 and KH4 domains, three 

arginine residues are reported to be mono- and di- methylated in all three FUBP 

members, reflecting an importance of their methylation in regulating FUBP functions. 

Although having contradictory roles in cancer, FUBP1 acts primarily as an oncogene in 

breast cancer and regulates breast cancer sensitivity to some therapies like cisplatin and 

HER2-targeted therapies. 
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Chapter 2: Objectives and results 

During my thesis, I mainly worked on two projects pertaining the role of PRMT5 in TNBC. 

This chapter will be divided into two parts, each part consisting of the results, discussion, 

and conclusions for each project.  

The first part is the manuscript entitled “Therapeutic advantage of targeting PRMT5 in 

combination with chemotherapies or EGFR/HER2 inhibitors in triple-negative breast 

cancers”, where the aim was to test different combinations of PRMT5 inhibitor with 

targeted or chemotherapies on a panel of TNBC cell line. This project was entirely 

performed during this thesis, and this manuscript has been published in the Breast 

Cancer: Targets and Therapy journal.  

The second part is the manuscript entitled “Unveiling the PRMT5 interactome through 

immunoprecipitation and TurboID proximity labelling in TNBC”, that aimed to decipher the 

interactome of PRMT5 and study the functional interaction between PRMT5 and some of 

the partners retrieved. This project started before the start of my thesis by a previous PhD 

student, where she carried out the experiments of MEP50 mass spectrometry. The rest 

of the data was obtained during this thesis.  
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Abstract 

Purpose: Triple-negative breast cancer (TNBC) is the most aggressive breast cancer 

subgroup characterized by a high risk of resistance to chemotherapies and high relapse 

potential. TNBC shows inter-and intra-tumoral heterogeneity; more than half expresses 

high EGFR levels and about 30% are classified as HER2-low breast cancers. High 

PRMT5 mRNA levels are associated with poor prognosis in TNBC and inhibiting PRMT5 

impairs the viability of subsets of TNBC cell lines and delays tumour growth in TNBC mice 

models. TNBC patients may therefore benefit from a treatment targeting PRMT5. The aim 

of this study was to assess the therapeutic benefit of combining a PRMT5 inhibitor with 

different chemotherapies used in the clinics to treat TNBC patients, or with FDA-approved 

inhibitors targeting the HER family members. 

Methods: The drug combinations were performed using proliferation and colony formation 

assays on TNBC cell lines that were sensitive or resistant to EPZ015938, a PRMT5 

inhibitor that has been evaluated in clinical trials. The chemotherapies analyzed were 

cisplatin, doxorubicin, camptothecin, and paclitaxel. The targeted therapies tested were 

erlotinib (EGFR inhibitor), neratinib (EGFR/HER2/HER4 inhibitor) and tucatinib (HER2 

inhibitor). 

Results: We found that PRMT5 inhibition synergized mostly with cisplatin, and to a lesser 

extent with doxorubicin or camptothecin, but not with paclitaxel, to impair TNBC cell 

proliferation. PRMT5 inhibition also synergized with erlotinib and neratinib in TNBC cell 

lines, especially in those overexpressing EGFR. Additionally, a synergistic interaction was 

observed with neratinib and tucatinib in a HER2-low TNBC cell line as well as in a HER2-

positive breast cancer cell line. We noticed that synergy can be obtained in TNBC cell 

lines that were resistant to PRMT5 inhibition alone. 

Conclusion: Altogether, our data highlight the therapeutic potential of targeting PRMT5 

using combinatorial strategies for the treatment of subsets of TNBC patients. 

Keywords: TNBC; erlotinib; neratinib; cisplatin; drug combination 
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Introduction 

Breast cancer is a heterogeneous disease with distinct subgroups categorized according 

to the expression level of estrogen receptor (ER), progesterone receptor (PR), and human 

epidermal growth factor receptor 2 (HER2). Luminal breast cancers express ER and PR; 

HER2-positive tumours carry an amplification of the HER2 gene; and triple-negative 

breast cancers (TNBC) do not express ER and PR and have no HER2 gene amplification 

[10,584]. Recently, about 65% of luminal breast cancers and 35% of TNBC were found 

to be HER2-low breast tumours [38,585], defined as tumours expressing HER2 with 

immunohistochemical (IHC) scores of 1+ and 2+ without HER2 gene amplification. Breast 

cancer subgroups differ in their grade and prognosis, with TNBC being the most 

aggressive. TNBC is an invasive tumour usually associated with drug resistance, high 

metastatic potential, and poor prognosis [66,67,80,81]. A high percentage of TNBC 

patients experience relapse within 3-5 years following treatment [67]. Compared to the 

other breast cancer subgroups, TNBC is enriched in a subpopulation of cells with self-

renewal ability, termed breast cancer stem cells (BCSC) or tumour-initiating cells (TIC) 

that are drug-resistant and thought to be involved in the high relapse rate of TNBC 

patients [67,586,587]. Another major concern in TNBC is its inherent inter-tumoral 

heterogeneity with different TNBC subtypes: basal-like 1 (BL1), basal-like 2 (BL2), 

mesenchymal (M), and luminal androgen receptor (LAR) [68,69]. Interestingly, HER2-low 

breast cancer is associated with the expression of androgen receptor (AR) in luminal and 

in TNBC [38]. The high inter- and intra-tumoral heterogeneity poses a considerable 

challenge in TNBC treatment options as one specific target/drug may not be beneficial to 

all TNBC but rather to a subset of them. Although chemotherapies such as platinum 

agents (cisplatin, carboplatin), taxanes (paclitaxel and docetaxel), and anthracyclines 

(doxorubicin, epirubicin), remain the standard treatment option [584,588,589], a few new 

treatments have been recently approved by the Food and Drug Administration (FDA) for 

selected TNBC patients: poly (ADP-ribose) polymerase (PARP) inhibitors for patients with 

BRCA1/2 mutations [78–80], anti-PDL-1 antibodies for metastatic and early disease 

[67,590], and the antibody-drug conjugate sacituzumab govitecan [591]. Although more 

than half of TNBC overexpress the epidermal growth factor receptor (EGFR) 

[104,105,592], early clinical trials failed to demonstrate the clinical benefit of its inhibition 
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[81]. It is possible that the patients were not selected for high EGFR expression, or the 

pathway was not stimulated or was activated by downstream effectors such as AKT 

[81,592]. By screening an FDA-approved drug library in TNBC cells, we have reported 

that erlotinib, a reversible EGFR inhibitor, acts in synergy with the first described PRMT5 

inhibitor (EPZ015666 [479]), to impair the proliferation of TNBC cells [430].  

Arginine methylation is a common post-translational modification catalyzed by nine 

protein arginine methyltransferases (PRMT1-9), regulating transcription, pre-mRNA 

splicing, cell signaling, DNA repair, and stem cell maintenance [106,109,115,593,594]. 

Several PRMTs are overexpressed in different cancer types [115,116,136,234,287,595]. 

High PRMT5 mRNA expression is associated with poor prognosis in TNBC 

[429,430,470,473]. Inhibitors specifically targeting PRMT5 have been developed and are 

currently being evaluated in clinical trials [115,478,593]. Using the first described PRMT5 

inhibitor (EPZ015666), we showed that inhibiting PRMT5 impairs cell proliferation of 

TNBC cell lines, reduces mammosphere formation, and slows tumour growth in a TNBC 

patient-derived xenograft (PDX) mice model [430]. By methylating and stabilizing KLF4 

and KLF5, PRMT5 sustains stemness in TNBC, and its inhibition reduces tumour growth 

in xenograft models derived from TNBC cell lines [422,473]. These data suggest that 

PRMT5 could be an attractive therapeutic target for TNBC [422,430]. 

In this study, we used a more potent PRMT5 inhibitor, EPZ015938, optimized from 

EPZ015666, to improve pharmacokinetic properties, yielding a more drug-like molecule 

that has been evaluated in a clinical trial [410,478]. We assessed its antiproliferative 

effects on several breast cancer cell lines and non-cancerous breast cells. We evaluated 

the therapeutic benefit of combining it with different chemotherapies currently used in the 

clinic to treat TNBC patients [589]. We also combined EPZ015938 with different FDA-

approved inhibitors targeting the HER family members: erlotinib [596,597], neratinib 

(EGFR, HER2, and HER4 inhibitor) [598], and tucatinib (HER2 inhibitor) [55]. Our results 

showed that inhibiting PRMT5 in combination with some chemotherapies or with inhibitors 

targeting the HER family could be a promising therapeutic strategy to treat subsets of 

TNBC patients. 
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Material and methods 

Cell Culture 

The MDA-MB-231 cell line was a kind gift from Dr. Mina Bissell (University of California, 

Berkeley, CA, USA) and its use was approved by our institute with the establishment of 

a material transfer agreement. All other cell lines were purchased from the American Type 

Culture Collection (ATCC, LGC Promochem). All cell lines were authenticated by short 

tandem repeat profiling in 2021 and tested for mycoplasma by the MycoAlert Mycoplasma 

Detection Kit (Lonza Biosciences, Durham, NC, USA). MDA-MB-468, BT474, and T47D 

cells were cultured in RPMI-1640 GlutaMAX™ (LifeTechnologies) supplemented with 

10% (vol/vol) fetal bovine serum (FBS, LifeTechnologies), 100 U/mL penicillin, and 100 

µg/mL streptomycin (P/S, LifeTechnologies). HCC38, HCC70, and HCC1954 cells were 

cultured in RPMI-1640 GlutaMAX™ supplemented with 10% (vol/vol) FBS, 100 U/mL P/S, 

1.5 g/L sodium bicarbonate (LifeTechnologies), 10 mmol/L Hepes (LifeTechnologies), 

and 1 mmol/L sodium pyruvate (LifeTechnologies). MCF-10A cells were cultured in 

DMEM-F12 (LifeTechnologies) supplemented with 0.01 mg/mL insulin, 100 ng/mL 

cholera toxin (Sigma), 500 ng/mL hydrocortisone (SERB Laboratories), and 20 ng/mL 

epidermal growth factor (Sigma). MDA-MB-453 and MDA-MB-231 cells were cultured in 

DMEM-F12 (LifeTechnologies) supplemented with 10% FBS and 1% P/S. BT-20 and 

MCF-7 cells were cultured in MEM (Sigma-Aldrich) containing 10% FBS, 1% P/S, 1.5 g/L 

sodium bicarbonate, 0.1 mmol/L non-essential amino-acids (NEAA, LifeTechnologies) 

and 1 mmol/L sodium pyruvate. All cell lines were maintained at 37°C with 5% CO2.  

Inhibitors 

EPZ015938 (PRMT5 inhibitor; ref: HY-101563), neratinib (HER1/2/4 inhibitor; ref: HY-

32721), and tucatinib (HER2 inhibitor; ref: HY-16069) were purchased from 

MedChemExpress. Erlotinib (EGFR inhibitor; ref: S7786), cisplatin (ref: S1166), and 

paclitaxel (ref: S1150) were obtained from Selleckchem. Camptothecin (ref: C9911) and 

doxorubicin (ref: D1515) were purchased from Sigma-Aldrich. Cisplatin was resuspended 

in water and the other inhibitors in DMSO. 
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Proliferation assay 

To determine the half-maximal inhibitory concentration (IC50) of the PRMT5 inhibitor on 

the eleven breast cell lines, cells were seeded in 96 well plates and then treated after 48 

hours with 0.05% DMSO or 1 µM maximal concentration of EPZ015938 followed by two-

fold serial dilutions. Cell proliferation was then assessed using MTT (M2128-1G, Sigma-

Aldrich, St. Louis, MO, USA), WST-1 (11644807001, Sigma-Aldrich), or CellTiterGlo 

(G7572, Promega, Madison, WI, USA) after four doubling times (3-7 days depending on 

the cell line) (Table S1). 

For combination analyses, four TNBC cell lines (BT20, MDA-MB-231, MDA-MB-453, and 

MDA-MB-468) were seeded in 96-well plates and treated with 0.05% DMSO or varying 

concentrations of inhibitors, either on their own or in combination. For combinations, the 

two inhibitors were added simultaneously. Cell proliferation was measured after four 

doubling times by MTT or CellTiterGlo assays (Table S1). Inhibitors were used at a 

maximal concentration of ~2xIC50 (or 5 µM if the cell line was resistant to the inhibitor) 

(Tables S2 and S3), followed by two-fold serial dilutions. Drug interactions were 

assessed using the Loewe model and calculated on the Combenefit software [599]. The 

combination index (CI) was calculated using the formula 𝐶𝐼 =
𝐶𝑎𝑥

𝐼𝐶𝑎𝑥
+  

𝐶𝑏𝑥

𝐼𝐶𝑏𝑥
 , where Cax and 

Cbx are the concentrations of drugs A and B that produce an effect “x” (such as 50% cell 

death), and ICax and ICbx are the concentrations of drugs A and B that yield the same 

effect “x” when used alone [600]. CI = 1 indicates additivity, CI > 1 indicates antagonism 

and CI < 1 indicates synergism. Combination experiments were done in triplicates, and a 

minimum of three independent experiments were performed. 

Colony formation assay 

For colony formation assay (CFA), two TNBC cell lines were seeded at low density in 6-

well plates and treated 24 hours later with vehicle or one single concentration of each 

drug alone or in combination and incubated until colonies formed (~9 days for MDA-MB-

468 and ~12 days for BT20). For combinations, the two inhibitors were added 

simultaneously. As a vehicle, 0.05% DMSO was used for all the combinations except 

when cisplatin was examined (0.05% DMSO + H2O). Different doses of inhibitors 

(cisplatin, EPZ015938, erlotinib, neratinib) were first tested on these cell lines, and 
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concentrations that decreased colony number to a maximum of 50% were chosen. The 

colonies were then fixed and stained with 0.05% Coomassie Brilliant Blue in 50% 

methanol and 10% acetic acid solution for 20 minutes then rinsed with ultrapure water. 

Colonies were imaged using the ChemiDoc MP imager (Bio-rad Laboratories, Hercules, 

CA, USA) and quantified by ImageJ 1.43u software [601].  

Western Blotting 

Western blotting was performed as previously described [602] with few modifications. The 

cells were lysed in Laemmli buffer containing 50 mmol/L Tris pH 6.8, 2% sodium dodecyl 

sulfate (SDS), 5% glycerol, 2 mmol/L 1,4-dithio-dl-threitol (DTT), 2.5 mmol/L 

ethylenediaminetetraacetic acid (EDTA), 2.5 mmol/L ethylene glycol tetraacetic acid 

(EGTA), 2 mmol/L sodium orthovanadate, and 10 mmol/L sodium fluoride (Sigma-

Aldrich), a cocktail of protease (Roche) and phosphatase (Thermo Scientific) inhibitors, 

and then boiled at 100°C for 10 minute. The protein concentration in each sample was 

determined with the reducing agent-compatible version of the BCA Protein Assay kit 

(Thermo Scientific, 23227). Equal amounts of total protein (20 µg) were fractionated by 

SDS-PAGE under reducing conditions (4%-12% TGX gels, Bio-Rad, Marnes la Coquette, 

France) and blotted onto nitrocellulose membranes (Bio-Rad). The membranes were 

blocked with 5% BSA in TBS containing 0.1% Tween 20 (TBS-T) and hybridized with anti-

PRMT5 (Cell Signaling Technology #79998) or anti-actin (Sigma-Aldrich #A5441) 

antibodies overnight at 4°C. Membranes were washed in TBS-T and then hybridized with 

the secondary antibody for 1 hour at room temperature. Antibodies were diluted in TBS-

T containing 5% BSA. The membranes were washed with TBS-T, and immune complexes 

were revealed by enhanced chemiluminescence (SuperSignal West Pico 

Chemiluminescent Substrate, Thermo Scientific) and imaged using a ChemiDoc™ XRS+ 

System (Bio-Rad Laboratories,Inc.).  

Transcriptomic microarray 

Total RNA was purified with miRNeasy kit from Qiagen (Qiagen, Courtaboeuf, France) 

according to the supplier recommendations. A quality control of total RNA was carried out 

with a Nanodrop ND1000 spectrophotometer (Thermo Fisher) to monitor the 

concentration and purity of samples, and integrity of total RNA was controlled using 
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RNA6000 Lab-on-a-chip with a Bioanalyzer (Agilent technologies) as described [603]. 

Samples were then hybridized with the GeneChip Human Exon 1.0 ST arrays (Affymetrix) 

following the manufacturer’s instructions. Data quality control was performed using 

Affymetrix Expression Console. The data were analyzed as described elsewhere [603].  

Statistical Analysis 

GraphPad Prism 8.4.3 was used for statistical analysis. Data are presented as mean ± 

standard deviation (SD) and p-values were calculated using the Student t-test. P<0.05 

was considered statistically significant. 
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Results 

Breast cancer cell lines show distinct sensitivity to PRMT5 inhibition 

We treated ten breast cancer cell lines from the different breast cancer subgroups (six 

TNBC, two HER2-positive, and two luminal) and one non-cancerous breast cell line with 

nanomolar concentrations (3.9 nM – 1000 nM) of EPZ015938 (Table S2). To take into 

account the well-established TNBC inter-tumoral heterogeneity [68,69], cell lines 

representing different TNBC subtypes were tested (Table S2). Among the TNBC cell 

lines, HCC38 cells were the most sensitive (IC50 = 21.9 nM ± 8.7 nM) to PRMT5 inhibition, 

followed by MDA-MB-453 (IC50 = 109.4 nM ± 13.4 nM) and MDA-MB-468 (IC50 = 319.3 

nM ± 226.2 nM) cells (Figure 1, Table S2). The three other TNBC cell lines (BT20, 

HCC70, and MDA-MB-231) were resistant to PRMT5 inhibition as the treatment did not 

permit the calculation of an IC50 (Figure 1, Table S2). EPZ015938 also impaired the 

proliferation of the two luminal cell lines T47D (IC50 = 303.9 nM ± 244.8 nM) and MCF-7 

(IC50 = 191.5 nM ± 47 nM) (Figure 1, Table S2). Out of the two HER2-positive cell lines, 

HCC1954 (IC50 = 54.2 nM ± 19.4 nM) was more sensitive to PRMT5 inhibition than BT474 

(IC50 = 625.5 nM ± 217.6 nM) (Figure 1, Table S2). Importantly, EPZ015938 was less 

effective in inhibiting the proliferation of the non-cancerous cell line MCF10A (IC50 = 722.8 

nM ± 122 nM) compared to the sensitive breast cancer cell lines (Figure 1, Table S2). 

These results show that the cells respond differently to PRMT5 inhibition, and this is 

independent of the PRMT5 expression level (Figure S1).  
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Figure 1: Evaluation of the sensitivity of various breast cell lines to PRMT5 inhibition (EPZ015938). 
Six TNBC (red), two HER2-positive (blue), two luminal (green) breast cancer cell lines, and one non-
tumorigenic breast cell line (black) were treated with nanomolar doses (3.9 nM – 1000 nM) of EPZ015938 
(PRMT5i). Cell proliferation was determined after four mitotic cycles. The percentage of viable cells was 
normalized to DMSO-treated cells. The mean of at least three independent experiments is presented for 
each cell line (error bars are not shown to better visualize the different cell lines but IC50 ± SD are indicated 
in Table S2). 

 

PRMT5 inhibition synergizes with cisplatin, doxorubicin, and camptothecin, 

but not with paclitaxel, to impair TNBC cell proliferation  

Drug combinations have gained increasing interest as a means to overcome resistance, 

increase treatment efficacy, and reduce relapse, all representing concerns in TNBC 

management. Therefore, we tested the antiproliferative effects of inhibiting PRMT5 in 

combination with different chemotherapies used in the clinics to treat TNBC patients 

[589]. The drug combinations were assessed in four TNBC cell lines: two sensitive (MDA-

MB-453 and MDA-MB-468) and two resistant (BT20 and MDA-MB-231) to PRMT5 

inhibition with EPZ015938 (Figure 1, Table S2). Cells were treated with varying 
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cells and to 5 µM for resistant cells, then viability was quantified after four mitotic cycles. 

To assess the nature of drug interactions (synergy, additivity, antagonism), we employed 

the widely used Loewe additivity model which assumes there is no interaction when a 

compound is combined with itself [604,605].  

PRMT5 inhibition acted synergistically with cisplatin to inhibit the proliferation of BT20, 

MDA-MB-453 and MDA-MB-468 (Figure 2A) cells; additivity was observed in MDA-MB-

231 cells (Figure S2). The highest synergy scores (>30) and lowest CI values were 

obtained in BT20 and MDA-MB-468 cells, and importantly, at doses lower than the IC50 

for both PRMT5 inhibitor and cisplatin in MDA-MB-468 cells. Remarkably, synergy was 

observed at low doses (125-250 nM) of EPZ015938 in BT20 cells (Figure 2A), a cell line 

resistant to PRMT5 inhibition alone (Figure 1). Next, we examined whether the 

EPZ015938 plus cisplatin combination affected the ability of TNBC cell lines to form 

colonies. At the tested doses, the EPZ015938 plus cisplatin combination decreased the 

colony number by 63.7% ± 1.9% in BT20 (Figure 2B) and 77.8% ± 3.9% in MDA-MB-468 

(Figure 2C) cells. This reduction is more pronounced compared to cisplatin alone in BT20 

(20.4% ± 2.7%) and in MDA-MB-468 (35.4% ± 2.1%) or compared to EPZ015938 alone 

in BT20 (46.7% ± 2.9%) and in MDA-MB-468 (45.6% ± 8.8%) cells (Figure 2B-C). These 

results suggest that targeting TNBC with PRMT5 inhibitors in combination with cisplatin 

may offer a promising therapeutic option by using lower doses of each drug, hence 

potentially lowering toxicity in patients. 
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Figure 2: Effect of the inhibition of PRMT5 in combination with cisplatin on the proliferation (A) and 
colony formation (B, C) of TNBC cell lines. (A) BT20, MDA-MB-468, and MDA-MB-453 TNBC cells were 
seeded in 96-well plates and treated with varying concentrations of EPZ015938 (PRMT5i) and/or cisplatin, 
then cell proliferation was measured after four mitotic cycles (7 days). The percentage of viable cells was 
normalized to (DMSO + H2O)-treated cells. Each drug was used at a maximal concentration of 2xIC50 for 
sensitive cell lines (5 µM maximum for resistant cells), followed by two-fold serial dilutions. The nature of 
drug interaction between EPZ015938 and cisplatin was assessed using the Loewe model on the 
Combenefit software. The synergy matrix (upper panel) and isobologram (bottom panel) for each cell line 
are shown. Isobolograms represent the IC50 (BT20, MDA-MB-468) or IC60 (MDA-MB-453) of cisplatin (X-
axis) obtained at various EPZ015938 concentrations (Y-axis). CI were calculated at the different 
EPZ015938 concentrations used and are shown on the isobolograms. Data are representative of at least 
three independent experiments. (B, C) BT20 (B) and MDA-MB-468 (C) cells were seeded at low densities 
and then treated with DMSO + H2O, EPZ015938 (PRMT5i), cisplatin, or a combination (combo) of the two 
drugs. The colony number was quantified using ImageJ software. An image for each condition is shown 
and is representative of three independent experiments. Quantification of colony number is expressed as 
a percentage relative to (DMSO + H2O)-treated cells and represented as the mean ± SD from at least three 
independent experiments (right panels). P values were calculated using a student t-test and presented as: 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Moreover, we found that doxorubicin synergized with PRMT5 inhibition to impair cell 

proliferation in BT20 and MDA-MB-453 cell lines (Figure 3A); additivity was observed in 

MDA-MB-468 (Figure 3A) cells and weak antagonism in MDA-MB-231 cells (Figure S2). 

Camptothecin synergized with PRMT5 inhibition in BT20 and MDA-MB-468 cell lines 

(Figure 3B); additivity was observed in MDA-MB-453 (Figure 3B) and weak antagonism 

in MDA-MB-231 (Figure S2). The paclitaxel/EPZ015938 combination had an additive 

effect on all the tested cell lines except on MDA-MB-453 cells in which the drug 

combination exhibited antagonism (Figure S2; Figure S3). These results showed that a 

particular drug combination could show synergy, additivity, or antagonism depending on 

the TNBC cell line.  

Taken together, analyzing the effects on cell viability of PRMT5 inhibition combined with 

different clinically relevant chemotherapies to treat TNBC patients revealed that (i) there 

is a heterogeneity of response to a particular combination between TNBC cell lines, (ii) 

the most effective synergistic interaction was obtained with cisplatin, and (iii) the response 

of a cell line to a particular combination is independent of its sensitivity to PRMT5 inhibitor 

when used alone. 
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Figure 3: Effect of the inhibition of PRMT5 in combination with doxorubicin (A) or camptothecin (B) 
on TNBC cell proliferation. BT20, MDA-MB-468, and MDA-MB-453 TNBC cells were seeded in 96-well 
plates and treated with varying concentrations of EPZ015938 (PRMT5i) and/or doxorubicin (A) or 
camptothecin (B), then cell proliferation was measured after four mitotic cycles (7 days). The percentage of 
viable cells was normalized to DMSO-treated cells. Each drug was used at a maximal concentration of 
2xIC50 for sensitive cell lines (5 µM maximum for resistant cells), followed by two-fold serial dilutions. The 
nature of drug interaction between EPZ015938 and doxorubicin (A) or camptothecin (B) was assessed 
using the Loewe model on the Combenefit software. The synergy matrix (upper panel) and isobologram 
(bottom panel) for each cell line are shown. Isobolograms represent the IC50 of doxorubicin (A) or 
camptothecin (B) (X-axis) obtained at various EPZ015938 concentrations (Y-axis). CI were calculated at 
the different EPZ015938 concentrations used and are shown on the isobolograms. Data are representative 
of at least three independent experiments. 
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PRMT5 inhibition synergizes with inhibitors targeting HER family members 

to impair the proliferation of TNBC cells 

As more than half of TNBC tumours overexpress EGFR and approximately a third of 

TNBC are classified as HER2-low breast cancers, we tested the combination between 

EPZ015938 and FDA-approved inhibitors that target different HER family members 

(EGFR/HER1, HER2, and HER4). We performed the analyses in the same four TNBC 

cell lines used for the combination with chemotherapies. Among them, MDA-MB-468 and 

BT20 express high levels of EGFR (Figure S4). MDA-MB-453 expresses AR as well as 

higher levels of HER2 (with no HER2 amplification) compared to other TNBC cell lines 

[606] (Figure S4) and could be considered as a HER2-low breast cancer cell line. 

Erlotinib synergized with EPZ015938 in the two EGFR-high expressing cell lines, BT20 

and MDA-MB-468, to impair their proliferation (Figure 4A). BT20 cells were the most 

responsive to the combination with synergistic scores reaching 36 (Figure 4A). This 

combination was additive in MDA-MB-453 cells (Figure 4A) and varied between additivity 

or weak antagonism in MDA-MB-231 cells (Figure S2). The erlotinib/EPZ015938 

combination also significantly decreased the ability of BT20 and MDA-MB-468 cells to 

form colonies by 62.2% ± 3.7% and 69.4% ± 13.4%, respectively (Figure 4B-C), 

compared to an 8.7% ± 0.2% (BT20) and 25.1% ± 6.7% (MDA-MB-468) reduction caused 

by erlotinib treatment alone and a 49.9% ± 3.2% (BT20) and 40.5% ± 9.7% (MDA-MB-

468) reduction by EPZ015938 treatment alone (Figure 4B-C).  
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Figure 4: Effect of PRMT5i/erlotinib combination on the proliferation (A) and colony formation (B, 
C) of TNBC cell lines.  (A) BT20, MDA-MB-453, and MDA-MB-468 cells were seeded in 96-well plates 
and treated with varying concentrations of EPZ015938 (PRMT5i) and/or erlotinib, then cell proliferation was 
measured after four mitotic cycles (7 days). The percentage of viable cells was normalized to DMSO-treated 
cells. Cells were treated with a 5 µM maximal concentration of erlotinib, and EPZ015938 was used at a 
maximal concentration of 2xIC50 for sensitive cell lines (5 µM for resistant cells). Both drugs were then two-
fold serially diluted. The nature of drug interaction between EPZ015938 and erlotinib was assessed using 
the Loewe model on the Combenefit software. The synergy matrix (upper panel) and isobologram (bottom 
panel) for each cell line are shown. Isobolograms represent the IC50 of erlotinib (X-axis) obtained at various 
EPZ015938 concentrations (Y-axis). CI were calculated at the different EPZ015938 concentrations used 
and are shown on the isobolograms. Isobologram for MDA-MB-453 cells (A) was not plotted as erlotinib 
alone did not impair cell viability by more than 20% and is indicated as NA (not applicable). Data are 
representative of at least three independent experiments. (B, C) BT20 (B) and MDA-MB-468 (C) cells were 
seeded at low densities and then treated with DMSO, EPZ015938 (PRMT5i), erlotinib, or a combination 
(combo) of the two inhibitors. Colonies were quantified using ImageJ software. An image for each condition 
is shown and is representative of three independent experiments (left panel). Quantification of colony 
number is expressed as a percentage relative to DMSO-treated cells and represented as mean ± SD of 
three independent experiments (right panel). P values were calculated using a student t-test and presented 
as: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Neratinib synergized with EPZ015938 to impair the proliferation of both MDA-MB-468 and 

BT20 cells (Figure 5) expressing high EGFR levels (Figure S4) and in MDA-MB-453 cells 

(Figure 5) which express HER2 (Figure S4). The highest synergistic scores (> 30) were 

observed at low PRMT5 doses (~ 25-50 nM) in MDA-MB-453 cells (Figure 5). Of note, 

the highest synergistic scores in BT20 cells were obtained at the lowest concentrations 

of both neratinib (120 nM) and PRMT5 inhibitor (150 nM) (Figure 5). Compared to the 

drugs used alone, the neratinib/EPZ015938 combination did not further reduce the colony 

number in BT20 (Figure S5). Although not significant, this combination tended to 

decrease colony formation in MDA-MB-468 cells compared to EPZ015938 alone (Figure 

S5). 

We then tested the combination between EPZ015938 and tucatinib or neratinib on the 

HER2-positive breast cancer cell line HCC1954 and found synergistic interactions 

between EPZ015938 and both inhibitors (Figure 5). The tucatinib/EPZ015938 

combination also yielded a synergistic effect in reducing MDA-MB-453 cell proliferation 

(Figure 5).  

Altogether, our data highlight the potential of targeting PRMT5 in combination with 

inhibitors targeting the HER family members in EGFR-high TNBC, HER2-low breast 

cancer (LAR-TNBC), and HER2-positive breast cancer.  
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Figure 5. Effect of PRMT5/neratinib and PRMT5/tucatinib combinations on the proliferation of TNBC 
and HER2-positive breast cancer cell lines. BT20, MDA-MB-468, MDA-MB-453, and HCC1954 cells 
were seeded in 96-well plates and treated with varying concentrations of EPZ015938 (PRMT5i) and/or 
neratinib or tucatinib as indicated, then cell proliferation was measured after four mitotic cycles (7 days). 
The percentage of viable cells was normalized to DMSO-treated cells. Each drug was used at a maximal 
concentration of 2xIC50 for sensitive cell lines (5 µM maximum for resistant cells), followed by two-fold serial 
dilutions. The nature of drug interaction between EPZ015938 and neratinib or tucatinib was assessed using 
the Loewe model on the Combenefit software. The synergy matrix (upper panel) and isobologram (bottom 
panel) for each cell line are shown. Isobolograms represent the IC50 (BT20, MDA-MB-453, and HCC1954) 
or IC65 (MDA-MB-468) of neratinib or the IC50 of tucatinib (X-axis) obtained at various EPZ015938 
concentrations (Y-axis). CI were calculated at the different EPZ015938 concentrations used and are shown 
on the isobolograms. Data are representative of at least three independent experiments. 
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Discussion 

TNBC is the most aggressive breast cancer subgroup associated with a high relapse rate 

and metastatic potential. Although a few targeted therapies have recently been approved 

for subsets of TNBC patients [78,79,590,591], chemotherapies remain the main treatment 

option for these patients [10,584]. Due to their high expression in several cancer types, 

PRMTs have emerged as attractive therapeutic targets and PRMT inhibitors have been 

developed [115]. More specifically, different PRMT5 inhibitors have been characterized 

and several are currently under evaluation in phase I clinical trials [478]. High levels of 

PRMT5 are associated with poor prognosis in TNBC [429,430,473] and PRMT5 inhibition 

impairs tumour growth in a TNBC PDX model [430] and xenograft models derived from 

TNBC cell lines [422,473]. TNBC patients may therefore benefit from a treatment 

targeting PRMT5. 

As expected, similar to EPZ015666 [430], we found a heterogeneity of response to 

EPZ015938 in breast cancer cell lines (Table S2). Importantly, the cell lines that were 

sensitive to EPZ015938 were also sensitive to EPZ015666, but with a ~10-fold lower IC50 

(Table S2). Among the six TNBC cell lines examined, only the two BL1-TNBC (HCC38 

and MDA-MB-468) and the LAR-TNBC (MDA-MB-453) cell lines were sensitive to both 

EPZ015938 and EPZ015666 (Table S2). To generalize whether BL1- and LAR-TNBC 

subtypes are the most sensitive to PRMT5 inhibition remains to be examined by analysing 

additional TNBC cell lines. Previous studies also found that MDA-MB-468, MDA-MB-453, 

MCF7, and T47D cells were sensitive to EPZ015938, whereas HCC70 (BL2-TNBC), 

MDA-MB-231 (M-TNBC), BT549 (M-TNBC), Hs578T (M-TNBC) and MCF10A cells were 

resistant [236,416]. The heterogeneity of response to EPZ015938 is not restricted to 

breast cancer cell lines but to cell lines of different cancer types [410]. The variable 

sensitivity of breast cancer cell lines to PRMT5 inhibition was also highlighted using 

GSK3203591 (later called GSK591) [287], another PRMT5 inhibitor also optimized from 

EPZ015666 [410]. Understanding the reasons why some cell lines are sensitive and 

others resistant to PRMT5 inhibition would help to identify biomarkers of response, which 

then could aid in stratifying patients who could benefit from a treatment targeting PRMT5.  
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In this study, we assessed in four TNBC cell lines (two sensitive and two resistant to 

EPZ015938) whether there is a benefit of combining EPZ015938 with different 

chemotherapies currently given in the clinic to treat TNBC patients. We observed a 

heterogenous response to the different combinations among the cell lines. Synergy was 

observed with the EPZ015938/doxorubicin combination in BT20 and MDA-MB-453 cells, 

and with the EPZ015938/camptothecin combination in BT20 and MDA-MB-468 cells. Our 

results show that synergy can be observed in the BT20 cell line which is resistant to 

EPZ015938. In contrast, we did not find synergy when the PRMT5 inhibitor was combined 

with paclitaxel. Nevertheless, a previous study has reported a synergistic interaction 

between EPZ015666 and paclitaxel in MDA-MB-231 cells [494].  

The most striking result was observed when EPZ015938 was combined with cisplatin, 

with synergy seen in three out of the four TNBC cell lines. The highest synergy scores 

(>30) were reached in BT20 (resistant to EPZ015938) and in MDA-MB-468 (sensitive to 

EPZ015938) cells, importantly, at low doses of the drugs. Being resistant to PRMT5 

inhibition alone does not predict that a cell line will not respond to the combination 

treatment. Our findings are in agreement with a study reporting that PRMT5 inhibition 

(EPZ015938) sensitizes breast cancer cells to cisplatin, even in BT549 cells that were 

resistant to PRMT5 inhibition alone [236]. Altogether, these results imply that therapeutic 

strategies combining PRMT5 inhibition with cisplatin could be useful for a larger number 

of TNBC patients, regardless of their response to PRMT5 inhibition used as a 

monotherapy. Combining cisplatin and a PRMT5 inhibitor, at low doses, may reduce 

toxicity and achieve better clinical outcomes. Cisplatin also sensitizes TNBC [234] and 

ovarian cancer [303] cells to PRMT1 inhibitors. In the ovarian cancer study, it was shown 

that cisplatin treatment induces DNA-PK-dependent phosphorylation of PRMT1, leading 

to the methylation of histone H4 and the activation of genes involved in the senescence-

associated secretory phenotype (SASP), protecting cells from apoptosis [303]. Whether 

a similar PRMT1-dependent mechanism occurs in cisplatin-treated TNBC cells has not 

yet been reported. Moreover, whether cisplatin induces the expression of SASP genes in 

a PRMT5-dependent manner remains to be explored.  
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Although more than half of the TNBC patients overexpress EGFR, targeting EGFR as 

monotherapy in TNBC patients did not achieve the expected results [105,592]. The 

screening of an FDA-approved drug library permitted us to uncover a synergistic 

interaction between the first described PRMT5 inhibitor (EPZ015666) and erlotinib in 

several TNBC cell lines [430]. Here, to be more clinically relevant, we wanted to confirm 

these results with EPZ015938, a more drug-like PRMT5 inhibitor already being evaluated 

in clinical trials [478]. As expected, we found that EPZ015938 synergizes with erlotinib in 

the two TNBC cell lines expressing high levels of EGFR (MDA-MB-468 and BT20). We 

further show that inhibiting PRMT5 activity sensitizes these two cell lines to erlotinib to 

reduce their ability to form colonies. Next, we wanted to strengthen these findings by 

assessing the combination between EPZ015938 and neratinib, an EGFR/HER2/HER4 

inhibitor. We found that EPZ015938 also acts in synergy with neratinib in BT20 and MDA-

MB-468 cell lines. Importantly, synergy with both neratinib and erlotinib was observed at 

low doses of EPZ015938, avoiding potential undesirable effects. Synergy with EGFR 

inhibitors was observed in BT20 which are resistant to PRMT5 alone. Together, these 

results suggest that combining a PRMT5 inhibitor with erlotinib or neratinib could be 

beneficial for TNBC patients expressing high levels of EGFR and/or having an activated 

EGFR signalling pathway. We also reported that PRMT1 inhibition synergized with 

erlotinib in MDA-MB-468 cells [234]. The molecular mechanisms underlying the 

synergistic interaction between EGFR and PRMT inhibitors remain to be understood. 

Nevertheless, previous studies have reported a relationship between PRMTs and EGFR. 

Indeed, PRMT1 controls the expression of EGFR, and EGFR is methylated by PRMT1 

and PRMT5 affecting downstream signalling pathways [226,228–231,233,234]. PRMT5 

methylates and activates AKT [235,236], a downstream effector of EGFR. Moreover, AKT 

inhibition sensitizes breast cancer cells (luminal and TNBC) to PRMT5 inhibition [236]. 

AKT can be activated by different signalling pathways, not only by EGFR, which could 

explain the synergy observed when combining EGFR and PRMT5 inhibitors. 

The evaluation in a clinical trial of an antibody-drug conjugate (ADC) targeting HER2 

coupled to a topoisomerase I inhibitor (Trastuzumab-deruxtecan) revealed a therapeutic 

benefit not only in HER2-positive but also in HER2-low breast cancers (all breast cancer 

subgroups including TNBC) [36]. This ADC has recently been FDA-approved for HER2-
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low breast cancer patients, independently of the expression of hormone receptors [37]. 

Interestingly, being HER2-low positively correlates with AR expression in TNBC and 

luminal breast cancer [38]. We found that EPZ015938 synergizes with neratinib and 

tucatinib in MDA-MB-453, a LAR-TNBC cell line, and in HCC1954, a HER2-positive 

breast cancer cell line. High synergistic scores were obtained at low doses of the PRMT5 

inhibitor (~10-20 nM) in MDA-MB-453 cells. These results uncover for the first time the 

therapeutic potential of combining PRMT5 and HER2 inhibitors in HER2-low and HER2-

positive breast cancers.  

Combination strategies with PRMT5 inhibition appear to be promising therapeutic 

approaches with high translational impact. Indeed, other laboratories have also shown 

that PRMT5 inhibition sensitizes cancer cells to targeted therapies: anti-PDL1 in lung 

cancer [487], ATR inhibitor in mantle cell lymphoma (MCL) [488], CDK4/6 inhibitors in 

MCL [488] and melanoma [489], EZH2 inhibitor in colorectal cancer [490], type I PRMT 

inhibitors in pancreatic cancer [607] and in acute myeloid leukemia (AML) [127], mTOR 

inhibitor in glioblastoma [491], spliceosome inhibitor in AML [127], TGF-β inhibitor in 

pancreatic cancer [492], ULK1 inhibitor in M-TNBC cell lines [416], and PARP inhibitors 

in ovarian and breast cancer [493]. In addition, PRMT5 inhibition in combination with 

gemcitabine leads to synthetic lethality in pancreatic cancer [608]. 

Conclusion 

Our study highlights the benefit of targeting PRMT5 in combination with some 

chemotherapies and with inhibitors targeting the HER family members. The most 

promising combinations with PRMT5 inhibition were obtained with (i) cisplatin in TNBC 

cells, (ii) EGFR inhibition in EGFR-high TNBC cells, and (iii) HER2 inhibition in HER2-low 

breast cancer (MDA-MB-453) and in HER2-positive breast cancer cells. In future studies, 

we will further evaluate the combination of inhibitors targeting PRMT5 with HER family 

members in additional cell lines, to strengthen our findings. These studies may identify 

EGFR and HER2 as biomarkers of response to these drug combinations, aiding in the 

stratification of patients who will most likely respond to the treatment. To translate these 

in vitro results to preclinical studies, we will assess the therapeutic advantage of the most 
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promising combinations on tumour growth in various TNBC PDX models, chosen based 

on the expression of the appropriate biomarker of response. 
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Supplementary information 

 

Table S1: Doubling time of the breast cell lines, and the assays used to measure 

proliferation  

Cell line Doubling Time 

(hours) 

Treatment duration 

(days) 

Proliferation 

assay 

MCF10A 16 3 MTT 

T47D 43 7 MTT 

MCF7 45 7 MTT 

HCC1954 40 7 MTT 

BT474 40 7 MTT 

HCC38 60 7 WST-1 

MDA-MB-453 55 7 MTT 

MDA-MB-468 45 7 MTT 

BT20 50 7 MTT 

HCC70 50 7 MTT 

MDA-MB-231 25 4 CTG 
 

CTG: CellTiter-Glo luminescent cell viability assay; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide-

based assay; WST-1: water-soluble tetrazolium salt based assay. 
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Table S2: Sensitivity of breast cell lines to EPZ015938 and EPZ015666  

Cell line Classification EPZ015938 IC50 (nM ± 

SD) 

This study 

EPZ015666 IC50 (nM ± 

SD) 

From Ref. [430] 

MCF10A Normal 

epithelial 

722.8 ± 122 42684 ± 14200 

MCF12A Normal 

epithelial 

ND 47078 ± 11200 

T47D Luminal 304 ± 244.8 ND 

MCF7 Luminal 191.5 ± 47 2642 ± 1010 

HCC1954 HER2-positive 54.2 ± 19.4 812 ± 140 

SKBr3 HER2-positive ND 3939 ± 1930  

BT474 HER2-positive 625.5 ± 217.6 ND 

HCC38 TNBC (BL1) 21.9 ± 8.7 2770 ± 1430 

MDA-MB-

453 

TNBC (LAR) 109.4 ± 13.4 985 ± 256 

MDA-MB-

468 

TNBC (BL1) 319.3 ± 226.2 2224 ± 909 

BT20 TNBC 

(unclassified) 

>1000 12316 ± 7800 

HCC70 TNBC (BL2) >1000 29852 ± 5650 

MDA-MB-

231 

TNBC (M) >1000 ND 

MDA-MB-

157 

TNBC (M) ND 33365 ± 1729 

Hs578T TNBC (M) ND 67847 ± 17600 

 

BL1: basal-like 1; BL2: basal-like 2; IC50: half-maximal inhibitory concentration; LAR: luminal androgen receptor; M: 

mesenchymal; ND: not determined; SD: Standard deviation; TNBC: Triple-negative breast cancer. 
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Table S3: IC50 of the inhibitors used in the study 

 IC50 (nM ± SD)  

 BT20 MDA-MB-

231 

MDA-MB-

468 

MDA-MB-

453 

HCC1954 

Neratinib 1502 ± 519 918.3 ± 478 30.9 ± 14 22.6 ± 10 14.2 ± 1.8 

Tucatinib >5000 ND >5000 431.2 ± 162 508.6 ± 61 

Erlotinib 2379 ± 911 >5000 1950 ± 490 >5000 ND 

Cisplatin 155.7 ± 56.5 >5000 133.8 ± 49.5 949.1 ± 340 ND 

Camptothecin 6.2 ± 2.1 53.8 ± 15 7.7 ± 2.9 6.9 ± 0.4 ND 

Paclitaxel 1.39 ± 0.5 5.8 ± 3 5.4 ± 0.4 1.05 ± 0.2 ND 

Doxorubicin 7.08 ± 1.2 0.07 ± 0.03 19.9 ± 6.7 0.04 ± 0.01 ND 
 

IC50: half-maximal inhibitory concentration; ND: not determined; SD: Standard deviation. 

 

 

Supplementary figure 1. PRMT5 expression in breast cell lines. PRMT5 expression was assessed in 
breast cancer cells of the different subtypes (TNBC, luminal, HER2-positive) and normal breast cell lines 
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by western blotting. Actin was used as a loading control. The graphs represent the relative amount of 
PRMT5 normalized to actin. Noteworthy, the levels of actin may vary across the different cell lines. 
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Supplementary figure 2. Effect of the inhibition of PRMT5 in combination with chemotherapies, 
erlotinib and neratinib on MDA-MB-231 cell proliferation. MDA-MB-231 TNBC cells were seeded in 
96-well plates and treated with varying concentrations of EPZ015938 (PRMT5i) and/or cisplatin, 
doxorubicin, camptothecin, paclitaxel, erlotinib, or neratinib, then cell proliferation was measured after 
four mitotic cycles (4 days). Percentage of viable cells was normalized to DMSO or DMSO + H2O (when 
cisplatin was used)-treated cells. Each drug was used at a maximal concentration of 2xIC50 or 5 µM 
maximum when MDA-MB-231 are resistant to the inhibitor, followed by two-fold serial dilutions. The 
nature of drug interaction between EPZ015938 and the different inhibitors was assessed using the 
Loewe model on the Combenefit software. The synergy matrix (upper panel) and isobologram (bottom 
panel) for each combination are shown. The isobolograms represent the IC60 of neratinib, IC70 of 
paclitaxel and camptothecin or IC75 of doxorubicin (X-axis) obtained at various EPZ015938 
concentrations (Y-axis). CI were calculated at the different EPZ015938 concentrations used and are 
shown on the isobolograms. Isobolograms of the combination between EPZ015938 and cisplatin or 
erlotinib could not be plotted as the treatment with cisplatin or erlotinib alone did not impair cell viability 
more than 20% and are indicated as NA (not applicable). Data are representative of at least three 
independent experiments. 

 

0.0 0.5 1.0

0.00

1.75

3.50

[Neratinib] µM

[P
R

M
T

5
i]

 µ
M

0.00 1.25 2.50

0

2

4

[Paclitaxel] nM

[P
R

M
T

5
i]

 µ
M

0.0 12.5 25.0

0

2

4

[Camptothecin] nM

[P
R

M
T

5
i]

 µ
M

0 20 40

0.0

0.5

1.0

[Doxorubicin] nM

[P
R

M
T

5
i]

 µ
M

cisplatin

5000 nM

5000 nM

MDA-MB-231
160 nM

5000 nM

MDA-MB-231

A
n

ta
g

o
n

is
m

  
  
  
  
  
  
  
S

y
n

e
rg

y

150 nM

5000 nM

MDA-MB-231

P
R

M
T

5
i

doxorubicin camptothecin

P
R

M
T

5
i

P
R

M
T

5
i

0

[P
R

M
T

5
i]

 n
M

500

1000

0

doxorubicin IC75 (nM)

0 4020

[P
R

M
T

5
i]

 n
M

2000

4000

0

camptothecin IC70 (nM)

0 2512.5

0

[P
R

M
T

5
i]

 n
M

paclitaxel

10 nM

5000 nM

MDA-MB-231
5000 nM

5000 nM

MDA-MB-231

A
n

ta
g

o
n

is
m

  
  
  
  
  
  
  
S

y
n

e
rg

y

2000 nM

5000 nM

MDA-MB-231

P
R

M
T

5
i

erlotinib neratinib

P
R

M
T

5
i

P
R

M
T

5
i

2000

4000

0

paclitaxel IC70 (nM)

0 2.51.25

[P
R

M
T

5
i]

 n
M

1750

3500

0

neratinib IC65 (nM)

0 1000500

NA

NA

1.1

1.08

1.28

1.260.9

0.92

1.27

1.16

0.72
0.63

0.62

0.97

0.93

0.80.73

0.73

0.81

1.05



178 
 

 

Supplementary figure 3. Effect of the inhibition of PRMT5 in combination with paclitaxel on 
TNBC cell proliferation. BT20, MDA-MB-468, and MDA-MB-453 TNBC cells were seeded in 96-well 
plates and treated with varying concentrations of EPZ015938 (PRMT5i) and/or paclitaxel, then cell 
proliferation was measured after four mitotic cycles (7 days). Percentage of viable cells was normalized 
to DMSO-treated cells. Each drug was used at a maximal concentration of 2xIC50 for sensitive cell lines 
(5 µM maximum for resistant cells), followed by two-fold serial dilutions. The nature of drug interaction 
between EPZ015938 and paclitaxel was assessed using the Loewe model on the Combenefit software. 
The synergy matrix (upper panel) and isobologram (bottom panel) for each cell line are shown. The 
isobolograms represent the IC50 of paclitaxel (X-axis) obtained at various EPZ015938 concentrations 
(Y-axis). CI calculated at the different EPZ015938 concentrations used are shown on the isobolograms. 
CI were calculated at the different EPZ015938 concentrations used and are shown on the isobolograms. 
Data are representative of at least three independent experiments. 

 

 

 

Supplementary figure 4. mRNA expression of the four HER family members in breast cancer cell 
lines. mRNA expression (log2 transformed) of EGFR, HER2, HER3 and HER4 in BT20, MDA-MB-468, 
MDA-MB-231, MDA-MB-453, and HCC1954 cells.   
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Supplementary figure 5. Effect of the inhibition of PRMT5 in combination with neratinib on TNBC 
cell colony formation. BT20 and MDA-MB-468 cells were seeded at low densities then treated with 
DMSO, EPZ015938 (PRMT5i), neratinib, or a combination (combo) of the two inhibitors. Colonies were 
quantified using ImageJ software. An image for each condition is shown and is representative of three 
independent experiments (left panel). Quantification of colony number is expressed as a percentage 
relative to DMSO-treated cells and represented as a mean ± SD of three independent experiments 
(right panel). P values were calculated using student t-test and presented as: *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001, ns: not significant. 
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Abstract 

TNBC is an aggressive tumour known for its high heterogeneity, treatment resistance, 

elevated recurrence rates, and poor prognosis. We previously found that high PRMT5 

mRNA levels are associated with poor prognosis in TNBC.  Moreover, using a specific 

inhibitor targeting PRMT5, we observed reduced viability in TNBC cells and delayed 

tumour growth in a TNBC PDX model. In this study, we aimed to characterize the 

PRMT5 interactome in TNBC through two distinct approaches. First, we conducted 

immunoprecipitation of endogenous PRMT5 or its co-factor MEP50 from TNBC cell 

lysates. This enabled us to identify FUBP1, a protein involved in transcription and pre-

mRNA splicing, as a partner of the PRMT5/MEP50 complex. We additionally 

demonstrated that PRMT5 methylates FUBP1, thereby promoting its binding to the 

FUSE element of the MYC promoter. Second, we employed a proximity labelling 

technique (TurboID) that uncovered numerous potential new interactors of PRMT5, 

primarily implicated in protein transport, cell division, and endocytosis. Among these, 

SDCCAG3 that has established roles in cytokinesis and receptor trafficking emerged 

as a key PRMT5 interactor. Further validation confirmed the interaction between 

PRMT5 and SDCCAG3, both of which we showed to interact with the Wnt pathway 

receptor LRP6. Notably, depleting SDCCAG3 led to decreased expression of specific 

Wnt target genes in the TNBC cell line MDA-MB-468. However, the precise 

involvement of SDCCAG3 and PRMT5 in LRP6 trafficking or regulation has yet to be 

demonstrated. Additional research is necessary to establish a clearer understanding 

of the functional association between PRMT5 and SDCCAG3. 

 

Keywords: TNBC, PRMT5, MEP50, protein-protein interaction, arginine methylation, 

FUBP1, SDCCAG3 

 

 

 

 

 

 



182 
 

Introduction 

Post-translational modifications (PTM) play a significant role in modulating protein 

functions and could contribute to oncogenesis [609]. Among these modifications, 

arginine methylation is a prevalent PTM catalysed by protein arginine 

methyltransferases (PRMT), the expression of which is dysregulated in diverse 

cancers [115]. PRMT5 is the main type II PRMT catalysing symmetric arginine 

dimethylation (SDMA). Operating in tandem with its cofactor MEP50, PRMT5 forms a 

hetero-octameric complex that augments its activity [122]. This PRMT5/MEP50 

complex engages in multiple cellular processes including transcription, pre-mRNA 

splicing, DNA repair, signal transduction, ribosome biogenesis and translation, cell 

proliferation, and the maintenance of stem cells [188]. Demonstrating oncogenic 

properties, PRMT5 exhibits heightened expression in various cancers, notably in 

breast cancer [194,610,611]. High PRMT5 expression is associated with poor 

prognosis in breast cancer patients, and its inhibition or depletion has shown to reduce 

breast cancer cells proliferation, migration, and stemness properties 

[420,422,429,430,468–470]. 

Breast cancer, the leading cause of cancer related mortalities in females worldwide 

[1], is classified into distinct molecular subtypes according to the expression of 

estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth 

receptor (HER2). Luminal breast cancers express ER and PR; HER2-positive tumours 

carry an amplification of the HER2 gene; and triple-negative breast cancers (TNBC) 

do not express ER and PR and have no HER2 gene amplification [10,584]. TNBC is 

the most aggressive subtype of breast cancer and continues to be treated primarily 

with chemotherapies. In previous studies, we reported a correlation between elevated 

PRMT5 mRNA levels and poor prognosis in TNBC [429,430]. Additionally, we 

demonstrated the therapeutic potential of targeting PRMT5 in TNBC, showing that its 

inhibition impaired the growth of some TNBC cell lines and tumour growth in a TNBC 

patient-derived xenograft (PDX) model [430].  

This study aims to better understand the oncogenic functions of the PRMT5/MEP50 

complex in TNBC by characterizing its interactome. Through immunoprecipitation (IP) 

of endogenous MEP50 from the TNBC cell line HCC38 coupled to liquid 

chromatography with tandem mass spectrometry (LC-MS/MS) analysis, we uncovered 

a novel MEP50 partner: the far upstream element binding protein 1 (FUBP1), a 
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transcription factor that activates the oncogene MYC expression [499]. Our findings 

further revealed that PRMT5 methylates FUBP1, enhancing the interaction between 

FUBP1 and the FUSE element located upstream of the MYC promoter. Considering 

the limited efficacy of commercial antibodies in immunoprecipitating PRMT5, we opted 

for TurboID proximity labelling [612] followed by LC-MS/MS analysis to unveil the 

PRMT5 interactome. This approach led to the identification of novel PRMT5 

interactors, enriched in proteins associated with protein transport, cell division, and 

endocytosis, cellular pathways not previously linked to PRMT5. Notably, our study 

identified SDCCAG3, a protein involved in cytokinesis and receptor trafficking, as a 

PRMT5 interactor and confirmed their interaction by conducting co-IP experiments in 

HEK293T cells. Further investigation is necessary to understand the functional 

consequences of the interaction between PRMT5 and SDCCAG3. 
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Materials and Methods 

Cell Culture, transfection, and siRNA treatment 

All cell lines were purchased from the American Type Culture Collection (ATCC, LGC 

Promochem), authenticated by short tandem repeat profiling in 2021, and tested for 

mycoplasma by the MycoAlert Mycoplasma Detection Kit (Lonza Biosciences, 

Durham, NC, USA). MDA-MB-468 cells were cultured in RPMI-1640 GlutaMAX™ 

(LifeTechnologies) supplemented with 10% (vol/vol) foetal bovine serum (FBS, 

LifeTechnologies), 100 U/mL penicillin, and 100 µg/mL streptomycin (P/S, 

LifeTechnologies). HCC38 cells were cultured in RPMI-1640 GlutaMAX™ 

supplemented with 10% (vol/vol) FBS, 100 U/mL P/S, 1.5 g/L sodium bicarbonate 

(LifeTechnologies), 10 mmol/L Hepes (LifeTechnologies), and 1 mmol/L sodium 

pyruvate (LifeTechnologies). HEK293T and Hela cells were cultured in DMEM 

GlutaMAX™ (LifeTechnologies) supplemented with 10% FBS and 1% P/S. All cell 

lines were maintained at 37°C with 5% CO2. For overexpression assays, DNA vectors 

were transfected into cells using Xtremegene-HP (Sigma) according to the 

manufacturer’s instructions. For knock down experiments, 20 nM siRNA were 

transfected into cells using INTERFERin (Polyplus, 101000016) following the 

manufacturer’s guidelines.  

Human samples and transcriptome microarray 

The Curie cohort has been previously described [234,429,430]. Transcriptome 

microarray (U133 Plus 2.0 Affymetrix chips, Thermo Fisher Scientific, Waltham, MA, 

USA) was performed on TNBC (n = 41), HER2 (n = 30), luminal A (n = 29), luminal B 

(n = 30), and normal breast tissue from plastic surgery (n = 11) as previously described 

[234,429,430]. Experiments were conducted in accordance with Bioethics Law No. 

2004–800 and the Ethics Charter from the French National Institute of Cancer (INCa), 

and after approval from the ethics committee of our Institution. The RNA-SeqV2 Level 

3 data (Jan 2015) were downloaded from the publicly available TCGA breast invasive 

carcinoma (TCGA-BRCA) cohort (http://cancergenome.nih.gov/) [33] and integrated 

into a platform in knowledge data integration (KDI) at Institut Curie (https://bioinfo-

portal.curie.fr). TCGA-BRCA included TNBC (n = 106), HER2 (n = 36), luminal A (n = 

415), and luminal B (n = 118). The TCGA database includes 113 referenced normal 

breast tissue samples.  
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Immunoprecipitation 

All immunoprecipitations were performed at 4°C. Cells were washed once with cold 

1X PBS and scraped with IP lysis buffer (50 mM Tris-HCl pH 7.4, 100 mM NaCl, 1 mM 

EDTA, 1 mM EGTA, and freshly supplemented with 0.1% NP-40, 1mM DTT, 10% 

glycerol, and protease inhibitor cocktail). Cells were lysed by rotation (40 rpm) for 30 

minutes then centrifuged at maximum speed for 15 minutes to remove cell debris. 

Total proteins were then quantified using the Pierce™ BCA Protein Assay Kit 

(Thermofisher, 23227), and the lysates were diluted to obtain a final amount of 1mg 

proteins per IP reaction. 2 µg antibodies (Table S1) were added per IP reaction, and 

the samples were then incubated with rotation (40 rpm) for two hours or overnight in 

the cold room. 20µl protein G agarose beads (Thermofisher, 20399) were added per 

IP and incubated with rotation (40 rpm) for 1 hour in the cold room. The beads were 

then washed three times and proteins were eluted using laemmli 1X sample buffer 

and analysed by immunoblotting. For IP of ectopic proteins, HEK293T cells were 

harvested 48 hours following transfection, and proteins were immunoprecipitated as 

before. 

Immunoblotting 

Cells were lysed in laemmli 1X (50 mM Tris pH=6.8, 2% SDS, 5% glycerol, 2mM DTT, 

2.5 mM EDTA, 2.5mM EGTA and freshly supplemented with 4 mM Sodium 

Orthovanadate, 20 mM Sodium Fluoride and protease inhibitor cocktail). Protein 

concentration was determined using the Pierce™ BCA Protein Assay Kit 

(Thermofisher, 23227) then 10µg proteins were loaded on 4–15% Mini-PROTEAN® 

TGX™ precast gels (Biorad) and transferred to Trans-Blot Turbo 0.2 µm nitrocellulose 

membrane (Biorad). Membranes were blocked using 5% BSA in 1X TBS and 0.1% 

Tween-20 (TBST) for 1 hour at room temperature then incubated with the appropriate 

primary antibody (Table S1) at 4°C overnight. Membranes were washed three times 

5 minutes each, followed by incubation with the secondary antibody for 1 hour at room 

temperature. Membranes were washed three times then revealed using the 

SuperSignal West Pico PLUS Chemiluminescent Substrate (ThermoFisher, 34580) 

and imaged using the ChemiDoc MP system (Biorad). 
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Plasmids 

pcDNA 3.1-Flag-PRMT5 and pcDNA 3.1-Flag-PRMT4 were synthesized by 

GENEWIZ. pcDNA 3.1 Flag-PRMT3 (Plasmid #164695) and pcDNA 3.1-Flag-PRMT6 

(Plasmid #164697) were purchased from Addgene. pcDNA 3.1-V5-PRMT5 was a gift 

from Dr Muriel Le Romancer, Centre de Recherche en Cancérologie de Lyon. pcDNA 

3.1-Flag-FUBP1 was a kind gift from Dr Marie-Bérengère Troadec, Institut de 

Génétique et Développement de Rennes. pFastBac-Flag-PRMT5 and pFastBac-His-

MEP50 were received from Dr Karl Syson, AstraZeneca, Cambridge. pcDNA-GFP-

SDCCAG3 was a kind gift from Dr Kai S Erdmann, University of Sheffield. pcDNA 3.1-

Flag-TurboID-PRMT5 was generated by inserting TurboID sequence in pcDNA 3.1-

Flag-PRMT5, and pcDNA 3.1-Flag-PRMT1 was generated by replacing PRMT5 by 

PRMT1 in the pcDNA 3.1-Flag-PRMT5 vector using NEBuilder HiFi DNA Assembly 

Cloning Kit (New England BioLabs, E5520). pcDNA 3.1-Flag-TurboID-PRMT5 was 

mutated using the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent, 

210518) to insert a stop codon after TurboID to translate only Flag-TurboID for use as 

a negative control in biotin pulldown experiments. pcDNA 3.1-Flag-FUBP1 

R359,361,363K (FUBP1 3K) was generated by mutating the coding sequence of 

R359, R361, and R363 to substitute with lysine residues in pcDNA 3.1-Flag-FUBP1 

using the QuikChange Lightning Site-Directed Mutagenesis Kit. FUBP1 KH1-4 and 

FUBP1 KH3-4 were PCR amplified either from wild type or mutated pcDNA 3.1-Flag-

FUBP1 and inserted into pET28 b+ plasmid by HindIII and XhoI digestion to generate 

pET28 His-FUBP1 KH1-KH4, pET28 His-FUBP1 KH1-KH4 3K, pET28 His-FUBP1 

KH3-KH4, and pET28 His-FUBP1 KH3-KH4 3K for protein purification. pcDNA 3.1 

LRP6-Flag was generated using Gibson assembly. All plasmids, whether received, 

purchased, or cloned, were verified by sequencing with Eurofins genomics, France. 

Cloning and mutagenesis primers are listed in Table S2.  

Recombinant protein expression and purification 

FUBP1 KH domains (wild type and mutated) were transformed in BL21(DE3) 

competent E. coli (New England BioLabs, C2527I). Transformed BL21 bacteria were 

induced with 0.5 mM IPTG for 14 hours at 20°C then harvested by centrifugation at 

2000 rpm for 30 minutes at 4°C. All purification steps were done at 4°C. Cells were 

resuspended in lysis buffer (50 mM Tris pH 8, 1% Triton, 500mM NaCl, 5% glycerol, 

10 mM imidazole, 1 µg/ml Leupeptin, 1 µg/ml Aprotinin, 1 mM PMSF, and protease 
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inhibitor cocktail) and incubated for 30 minutes at 4°C then further lysed by sonication. 

Crude lysates were centrifuged for 30 minutes at 4°C and the supernatant was 

collected and transferred to a new tube. His tagged proteins were purified using Nickel 

beads (Ni-NTA Agarose, Qiagen, 30210) and eluted using 50 mM Tris pH 8, 150 mM 

NaCl and 300 mM imidazole. Purified proteins were dialysed using dialysis cassette 

(Thermofisher) in 20 mM Tris pH 8, 150 mM NaCl, 10% glycerol, and 1 mM DTT 

overnight then quantified using Nanodrop. 

The human PRMT5/MEP50 complex was produced using the Bac-to-Bac Baculovirus 

expression system (ThermoFisher). pFastBac-Flag-PRMT5 and pFastBac-His-

MEP50 were transformed into DH10Bac E.Coli to generate recombinant bacmids. 

Bacmids containing the gene of interest were then purified and transfected into Sf9 

insect cells to generate a virus for each clone. Flag-PRMT5 and His-MEP50 were co-

expressed by infecting Hi5 insect cells with the two baculoviruses using a 1:2 

(PRMT5:MEP50) virus ratio. Cells were then harvested and resuspended in lysis 

buffer (50 mM Tris pH 8, 10 % glycerol, 500 mM NaCL, 10 mM MGCl2, 0.5 mM TCEP, 

Benzonase + PIC). The PRMT5:MEP50 complex was purified using Ni-NTA beads. 

The immobilized-metal affinity chromatography (IMAC) elution fractions were loaded 

on the superdex 200 16/600 column equilibrated in a buffer containing 20 mM Hepes 

pH 8, 5 % glycerol, 150 mM NaCL, 0,5 mM TCEP. The fractions were stored at -80°C.  

In vitro methylation assay  

1-2 µg of recombinant FUBP1 domains were incubated with purified PRMT5/MEP50 

complex (1:20 molar ratio) and 0.5 µCi SAM[3H] (PerkinElmer) in buffer containing 50 

mM Tris pH 7.4, 100 mM NaCl, and 1 mM DTT at 30°C for 1 hour. The reaction was 

then stopped with laemmli 4X sample buffer (Biorad) and incubating the mixtures at 

95°C for 5 minutes, then resolved by SDS-PAGE and transferred to PVDF membrane. 

The membrane was first stained with Coomassie then revealed by autoradiography 

after 48 hours.  

Flow Induced Dispersion Analysis (FIDA) 

FIDA experiments were done using a Fida 1 machine (Fida Biosystems ApS, 

Copenhagen, Denmark), that employs LED detection with excitation wavelength of 

480 nm. Standard capillaries (75 µm inner diameter) were coated with high sensitivity 

(HS) coating reagent (Fida Biosystems ApS, Copenhagen, Denmark) before use to 
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decrease protein adherence to the capillaries. The indicator, Alexa 488 labelled FUSE 

(5’ ATGTATATTCCCTCGGGATTTTTTATTTTGTGTTATTCCACGGCATG 3’) 

(Eurofins genomics, France), was used at 10 nM fixed concentration. The analytes, 

FUBP1 KH1-4 and FUBP1 KH1-4 3K, were used at a maximum concentration of 2µM 

then 2-fold serially diluted with the assay buffer (PBS, 0.05% Tween 20). The indicator 

was mixed with the analyte and incubated for 10 minutes at 37°C to allow the domains 

binding to DNA before proceeding to the Fida measurements. First, the column was 

washed and equilibrated with assay buffer. Then, the analyte sample was injected into 

the capillary, followed by the indicator sample. In the final step, the indicator was 

mobilized to the detector with the analyte. Tylograms are recorded at the final step. All 

samples are measured in triplicates, and the experiments were performed in three 

independent replicates. The analysis was done at 25°C, and the obtained data 

(tylograms) were analysed using FIDA software version 2.34 (Fida Biosystems ApS, 

Copenhagen, Denmark) to calculate the hydrodynamic radius (Rh) of the indicator at 

different analyte concentrations.  

Chromatin immunoprecipitation (ChIP) 

MDA-MB-468 cells were treated with 1 µM EPZ015938 (PRMT5 inhibitor; 

MedChemExpress, HY-101563) or DMSO for 48 hours. ChIP was then performed 

using the simple ChIP plus enzymatic chromatin IP Kit (9004, Cell signalling 

Technology, Danvers, MA, USA), according to the manufacturer’s protocol. Briefly, 5-

10 × 106 cells from each condition were crosslinked with 1% PFA for 10 minutes, then 

glycine was added for 5 minutes followed by two washes with cold 1X PBS. Cells were 

then scraped with cold 1X PBS freshly supplemented with protease inhibitor cocktail 

(from the kit). The chromatin was digested using micrococcal nuclease (provided by 

the kit) followed by sonication to obtain chromatin fragments of 100-900 bp. Chromatin 

was immunoprecipitated using anti-FUBP1 (Table S1) or anti-IgG (provided by the kit) 

antibodies overnight, then protein G agarose beads (provided by the kit) were added 

to pull down the chromatin/antibody complex. After several washing steps, the DNA-

protein cross links were reversed by proteinase K and the DNA was purified using spin 

columns provided with the kit. Lastly, qPCR was performed using the SimpleChIP® 

Universal qPCR Master Mix (Cell signalling technologies, #88989) on the FUSE region 

of the MYC promoter. The primers used were MYC -1.5 kb F: 5’ 
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CCCACACATGATTTGTTTGC 3’ and MYC -1.5 kb R: 5’ 

TTTTTCATGCCGTGGAATAAC 3’ obtained from a previous study [535].  

Immunofluorescence 

Hela cells were cultured on glass coverslips and transfected with the indicated DNA. 

48 hours after transfection, cells were fixed with 4% PFA for 15 minutes at room 

temperature, then permeabilized in PBS 0.1% Triton X-100 for 5 minutes at room 

temperature. After three washing steps, the coverslips were blocked using PBS 1% 

BSA for 30 minutes at room temperature. The primary antibodies (Table S1) were 

then added either for 1 hour at room temperature or for overnight at 4°C. After three 

washes, the coverslips were incubated with the appropriate secondary antibody for 1 

hour at room temperature, followed by three washing steps and then with 0.1 µg/ml 

Dapi incubation for 5 minutes at room temperature. Three washing steps were 

performed before mounting the coverslips with Mowiol 4-88 (Sigma-Aldrich) solution. 

Images were acquired using an Upright Epifluorescence widefield microscope (Zeiss) 

at 40X (NA=1.3) or 63X (NA =1.4) and a CoolSnap HQ2 camera. 

Biotin assays and biotin pulldown 

Flag-TurboID-PRMT5 and Flag-TurboID were first checked for their activity and 

expression. HEK293T cells were transfected with either DNA construct, then treated 

48 after transfection with either 50µM or 500µM biotin (Thermofisher, B20656) for 10 

or 30 minutes. After the indicated time, cells were placed on ice and washed three 

times with cold 1X PBS to stop the biotinylation reaction. Cells were then scraped with 

laemmli 1X and proteins were analysed by western blotting as previously mentioned. 

Anti-Flag (Table S1) was used to check the recombinant proteins’ expression and 

streptavidin-HRP (Thermofisher) was used to reveal the total biotinylated proteins.  

For biotin pulldown experiments, HEK293T cells were treated as mentioned above, 

then were scraped using RIPA buffer (25 mM Tris pH 7.4, 0.1% SDS, 0.5% DOC, 1% 

NP-40, 150 Mm NaCl) and lysed by rotation (40 rpm) for 30 minutes at 4°C. Total 

proteins were quantified using Pierce™ BCA Protein Assay Kit (Thermofisher, 23227) 

Before proceeding with the protein pulldown, WB analysis was done to check for the 

recombinant proteins expression and activity. 1 mg proteins were used per pulldown. 

40 µl of chemically modified (see below for the modification method) streptavidin 

sepharose beads (Sigma, GE17-5113-01) were added to the samples and incubated 
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overnight at 4°C. The beads were then washed twice with RIPA buffer, once with KCl, 

then twice with RIPA buffer. Beads were then resuspended with 1 ml RIPA buffer by 

gentle tapping, and 100 µl were removed for WB analysis. The remaining 900 µl, for 

mass spectrometry analysis, were washed three times with 5M urea in 200 mM 

ammonium bicarbonate, then five times with 25mM ammonium bicarbonate to remove 

urea. Lastly, the beads were resuspended in 100 µl ammonium bicarbonate and 

analysed by mass spectrometry.  

Chemical modification of the streptavidin beads 

Streptavidin sepharose beads (Sigma, GE17-5113-01) were chemically modified to 

prevent the digestion of streptavidin by trypsin during mass spectrometry analysis. The 

protocol is adapted from [613]. Streptavidin beads were first centrifuged to remove the 

storage buffer then washed with PBS 0.1% Tween 20 (PBST). The beads were then 

resuspended in CHD solution (120 mg cyclohexanedione dissolved in 14 ml PBST pH 

13) and incubated for 4 hours with rotation (40 rpm) at room temperature. Then, the 

beads were washed once with PBST and resuspended in PFA 4% in PBST followed 

by adding 0.2 M sodium cyanoborohydride in PBST. The beads were incubated for 2 

hours at room temperature with rotation (40 rpm) then washed once with 0.1M Tris pH 

7.5 and once with PBST. Lastly, the beads were resuspended in PBST and stored at 

4°C for several months.  

Mass-spectrometry 

For mass-spectrometry (MS) analysis, beads were washed three times with 25 mM 

ammonium bicarbonate, then resuspended with 100 µl of 25 mM ammonium 

bicarbonate and digested with 0.2 μg of trypsine/LysC (Promega) for 1 hour at 37°C. 

Samples were then loaded into custom-made C18 StageTips packed by stacking one 

AttractSPE disk (Affinisep) and 2 mg of beads (Cartridge Waters) into a 200-μl 

micropipette tip for desalting. Peptides were eluted using a ratio of 40:60 MeCN:H2O 

+ 0.1% formic acid and vacuum-concentrated to dryness. Peptides were reconstituted 

in injection buffer (2:98 MeCN:H2O + 0.3% trifluoroacetic acid) before liquid 

chromatography tandem MS (LC-MS/MS) analysis. 

Online chromatography was performed with an RSLCnano system (Ultimate 3000, 

Thermo Scientific) coupled to an Orbitrap Exploris 480 mass spectrometer (Thermo 

Scientific). Peptides were trapped on a C18 column (75 μm inner diameter × 2 cm; 
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nanoViper Acclaim PepMapTM 100, Thermo Scientific) with buffer A (2/98 

CH3CN/H2O in 0.1% formic acid) at a flow rate of 3.0 μL/min over 4 min. Separation 

was performed on a 50 cm x 75 μm C18 column (nanoViper Acclaim PepMapTM 

RSLC, 2 μm, 100Å, Thermo Scientific) regulated to a temperature of 40°C with a linear 

gradient of 3% to 29% buffer B (100% CH3CN in 0.1% formic acid) at a flow rate of 

300 nL/min over 91 min. Full scans MS were performed in the ultrahigh-field Orbitrap 

mass analyzer in ranges m/z 375–1500 with a resolution of 120 000 at m/z 200. 

Data processing of LC-MS/MS 

For protein identification, the data were searched against the Homo sapiens 

(UP000005640) UniProt database using SequestHT Proteome Discoverer (version 

2.4). Enzyme specificity was set to trypsin and a maximum of two missed cleavage 

sites were allowed. Maximum allowed mass deviation was set to 10 ppm for 

monoisotopic precursor ions and 0.02 Da for MS/MS peaks. The resulting files were 

further processed using myProMS v3.9.3 (https://github.com/bioinfo-pf-

curie/myproms) [614]. The maximum false discovery rate (FDR) calculation was set to 

1% at the peptide level (Percolator or QVALITY algorithm). Label-free quantification 

was performed using peptide extracted ion chromatograms (XICs) computed with 

MassChroQ v.2.2.21. For protein quantification, XICs from proteotypic peptides 

shared between compared conditions (TopN matching) with missed cleavages were 

used. Experiments that were not performed in replicates were analysed manually. For 

the experiments performed in biological replicates, median and scale normalization at 

peptide level were applied on the total signal to correct the XICs for each biological 

replicate (n=3 for MEP50 IP, and n=5 for FUBP1 IP). To estimate the significance of 

the change in protein abundance, a linear model (adjusted on peptides and biological 

replicates) was performed, and p-values were adjusted using the Benjamini-Hochberg 

FDR procedure. Proteins with at least three total peptides in all three independent 

replicates, a 2-fold (MEP50 IP) or 1.5-fold (FUBP1 IP) enrichment, and an adjusted p-

value ≤ 0.05 were considered significantly enriched in sample comparisons. Unique 

proteins were considered with at least three total peptides in all three replicates. 

Real time qPCR for Wnt target genes 

MDA-MB-468 cells were transfected with siRNA then serum starved overnight and 

stimulated with 100 ng/mL Wnt3a conditioned media for 6 hours. RNA was then 
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extracted using the RNeasy Mini Kit (74106, Qiagen, Hilden, Germany) according to 

the manufacturer’s protocol. Reverse transcription and qPCR were done in a single 

reaction using the QuantiTect SYBR Green RT-PCR Kit (204245, Qiagen), according 

to the manufacturer’s protocol. The acquisition was made using a QuantStudio™ 12K 

Flex Real-Time PCR System (Applied Biosystems, Waltham, MA, USA). 

Statistical Analysis 

GraphPad Prism 8.4.3 was used for statistical analysis. Data are presented as mean 

± standard deviation (SD) and p-values were calculated using the Student t-test or one 

way ANOVA. P<0.05 was considered statistically significant. 
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Results 

MEP50 interactome identified FUBP1 as a MEP50 partner 

To identify PRMT5 partners in TNBC, PRMT5 was attempted to be 

immunoprecipitated from the TNBC cell line HCC38. However, efficient IP of PRMT5 

was unsuccessful, and only few PRMT5 partners were retrieved (Table S3). These 

data were generated before my arrival in the lab, and at that time none of the 

commercially available anti-PRMT5 antibodies could efficiently IP PRMT5. 

As MEP50 is a main PRMT5 partner that forms a stable complex with it, and since its 

IP poses no problems, we focused our investigations on the MEP50 interactome. We 

performed IP of MEP50 in 3 replicates using the antibody #A301-561A (Table S1), 

referred to as Ab1, from the TNBC cell line HCC38 and identified the potential partners 

by LC-MS/MS (Table S4). Proteins with a ≥ 2-fold enrichment in the MEP50 IP 

compared to the IgG, having at least 3 total peptides in the three independent 

replicates, and an adjusted p-value ≤ 0.05 were considered significantly enriched in 

the MEP50 IP (Table S4). Proteins that had 0 peptides in all IgG replicates, referred 

to as distinct or unique proteins, were considered enriched when having at least 3 total 

peptides in the three replicates. PRMT5 was retrieved as one of the top MEP50 

interactors (Figure 1A; Table S4) and we identified known PRMT5/MEP50 partners 

(Figure 1A-B; Figure 2; Table S4), validating our approach. Gene ontology (GO) 

analysis performed on the proteins enriched in MEP50 IP revealed an enrichment of 

RNA binding and ribosomal proteins involved in translation, RNA processing, and 

ribosomal biogenesis (Figure 1B; Figure 2). Among the unique MEP50 partners, the 

top identified protein was FUBP1 (Figure 1A; left panel), a ssDNA/RNA binding 

protein that is involved in transcription and RNA processing [499]. To validate the 

specificity of this finding, we repeated the LC-MS/MS experiment in HCC38 cell line 

using Ab1 and an additional anti-MEP50 antibody, #A301-562A (referred to as Ab2), 

that binds to the C-terminal domain of MEP50, unlike Ab1 that binds to its N-terminal 

domain (Figure 1C). We found 42 common proteins (Figure 1C; Table S5) retrieved 

with the two antibodies, including PRMT5, MEP50, and known PRMT5 interactors like 

some methylosome components (Figure 1D; Table S5). Interestingly, we retrieved 

again FUBP1 as a top hit among the MEP50 partners, with 0 peptides retrieved in the 

IgG condition (Figure 1D; left panel). FUBP1 belongs to the FUBP family that 

includes FUBP2 and FUBP3, which we also retrieved in the MEP50 interactome 
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(Figure 1A,D; Figure 2; Table S4 and S5), implying that there could be a functional 

association between the FUBP family members and the PRMT5/MEP50 complex. We 

performed a functional interaction analysis using the STRING database on both 

MEP50 IP experiments, and found that the MEP50 interactors, including FUBP1, 

FUBP2, and FUBP3, are mostly present in spliceosomal complexes (Figure 2A,B). 

Interestingly, FUBP1, FUBP2, and FUBP3 were all present in the same functional 

clusters as PRMT5 and MEP50, the spliceosome (Figure 2A,B). In addition to the 

methylosome and spliceosome complexes, MEP50 partners were also clustered in 

translational and cell cycle regulator complexes (Figure 2A,B). 

Given that FUBP1 emerged as a prominent MEP50 interactor in both experiments 

employing two distinct anti-MEP50 antibodies, and considering its involvement in 

processes regulated by PRMT5, we opted to further investigate the relation between 

FUBP1 and the PRMT5/MEP50 complex within the context of TNBC. 
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Figure 1: The characterization of the MEP50 interactome identifies FUBP1 as a top partner. 
MEP50 was immunoprecipitated from the TNBC cell line HCC38 using either Ab1 in 3 replicates (A-B) 
or Ab1 and Ab2 in 1 replicate (C-D). (A). Volcano plot (right panel) of proteins enriched with 
immunoprecipitated MEP50 compared to the IgG control identified by LC-MS/MS. The graph represents 
-log10(p-value) (y-axis) versus the enrichment ratio in MEP50 IP versus IgG (log2(ratio); x-axis). The left 
panel represents uniquely identified proteins (0 peptides in IgG), where the y-axis indicates the number 
of peptides in MEP50 IP per 100 amino acids. Each dot represents a protein. (B). Biological processes 
of the identified MEP50 partners. Gene ontology analysis was performed using myProMS software 
developed at Institute Curie (https://github.com/bioinfo-pf-curie/myproms). (C). A scheme (upper panel) 
showing the binding regions of the two anti-MEP50 antibodies on MEP50. Venn diagram (lower panel) 
showing the number of common proteins identified with both MEP50 antibodies IP. (D) The MEP50 
interactome was represented by plotting the ratio of peptide number obtained in MEP50 IP versus IgG 
(right panel; y-axis) or the peptide number retrieved in MEP50 IP for unique proteins (left panel; y-axis) 
of the proteins retrieved with Ab1 (in red) and Ab2 (in blue) with respect to the molecular weight (KDa) 
(x-axis). Each dot represents a protein.  
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Figure 2: Functional interactions among the identified MEP50 partners. Functional associations 
among the 45 partners identified through MEP50 IP in 3 replicates (A) or the 42 partners identified in 
common between MEP50 IP using Ab1 and Ab2 (B) were assessed using the STRING database 
(http://string-db.org/). Each node represents a protein, and the lines connecting two nodes represent 
an association between two proteins.  

 

A 

B 
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FUBP1 is overexpressed in breast cancer compared to normal breast 

tissues 

To test if FUBP1 levels are dysregulated in breast cancer, we examined the 

expression of FUBP1 across diverse breast cancer cells belonging to the different 

breast cancer subtypes and two normal breast cell lines. We found a differential 

expression of FUBP1 protein among these cell lines (Figure 3A), however, the level 

of FUBP1 expression did not appear to correlate with specific breast cancer subtypes 

(Figure 3A). Subsequently, we examined the mRNA expression of FUBP1 within our 

Curie cohort [234,429,430] and found that FUBP1 is overexpressed in breast tumours, 

with the exception of the luminal B subtype, in comparison to normal breast tissue 

(Figure 3B; right panel). In addition, FUBP1 is overexpressed in TNBC when 

compared to the other three breast cancer subtypes (Figure 3B; right panel). In order 

to validate these findings, we examined FUBP1 mRNA expression in the publicly 

available TCGA cohort (Figure 3B; left panel). Similarly, we noticed an overexpression 

of FUBP1 in breast cancer compared to normal breast tissue (Figure 3B), however, 

unlike the Curie cohort, no variation in FUBP1 mRNA levels was observed among the 

various breast cancer subtypes (Figure 3B; left panel).  
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Figure 3: FUBP1 is overexpressed in breast cancer. (A). Evaluation of FUBP1 protein expression 
across a range of breast cancer and normal breast cell lines by western blotting. GAPDH was used as 
a loading control. (B). The mRNA levels of FUBP1 were evaluated in TNBC (red), HER2-positive (blue), 
luminal B (LumB; green), and luminal A (LumA; orange) breast cancers, as well as in healthy breast 
tissue (grey) within both the Curie cohort (right panel) and the TCGA cohort (left panel). The graphs 
indicate the respective sample numbers for each breast cancer subtype and for normal breast tissue in 
both cohorts. The RNA quantifications were logarithmically transformed (log2) and are presented as 
scatter plots, where each coloured closed circle corresponds to one sample. The mean RNA expression 
is represented by a black line. Statistical analysis was conducted using one-way ANOVA, yielding the 
following significance indicators: “ns” denotes not significant; *p < 0.05; **p<0.01; ***p < 0.001; ****p < 
0.0001. 

 

To assess whether FUBP1 is required for breast cancer cell proliferation, we depleted 

FUBP1 using two distinct siRNA in MDA-MB-468 TNBC cells, which express high 

levels of FUBP1 (Figure 3A), and then monitored cell proliferation at various time 

points (Figure 4). From 120 hours post-transfection with the siRNA, we observed a 

significant decline in the proliferation of MDA-MB-468 cells upon FUBP1 depletion, 

indicating that FUBP1 plays a role in maintaining their viability.  
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Figure 4: FUBP1 depletion impairs the proliferation of MDA-MB-468 TNBC cells. MDA-MB-468 
cells were transfected with control siRNA (siCtrl) or two distinct siRNA targeting FUBP1 (FUBP1_1 and 
FUBP1_2). Subsequently, cell proliferation was assessed using the MTT assay at time points of 72-, 
96-, 120-, and 144-hours post-transfection. FUBP1 depletion was confirmed by western blotting and 
actin was used as a loading control.  

 

PRMT5 is a component of the FUBP1 interactome  

To ascertain the interaction between FUBP1 and the PRMT5/MEP50 complex, we 

immunoprecipitated endogenous FUBP1 in five biological replicates from MDA-MB-

468 cells, followed by LC-MS/MS analysis (Figure 5A). As we employed 5 biological 

replicates for this experiment, we considered proteins having ≥ 1.5-fold enrichment in 

the FUBP1 IP compared to the IgG, with at least 3 total peptides in three independent 

replicates, and an adjusted p-value ≤ 0.05, to be significantly enriched in the FUBP1 

IP (Figure 5A; Table S6). Potential FUBP1 partners included the other FUBP family 

members FUBP2 and FUBP3, components of the spliceosome, and translation and 

splicing factors (Table S6).  While FUBP1 emerged as a prominent partner of MEP50 

in HCC38 cells (Figure 1A, C), MEP50 was not significantly enriched in FUBP1 IP in 

MDA-MB-468 cells (Figure 5C). Nevertheless, PRMT5 as well as PRMT1 were 

identified within the FUBP1 interactome with an enrichment ratio of 1.59 and 3.56 

respectively (Figure 5C; Table S6).  

Upon conducting GO analysis on the FUBP1 interactome, we found a significant 
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involved in RNA processing and translation (Figure 5B). This enrichment pattern 

mirrors that of the MEP50 interactome (Figure 1B) and the previously described 

PRMT5 methylome [106,127,132,133,147]. Consistent with our findings, the FUBP1 

partners retrieved in HEK293T cells were involved in RNA processing, and included 

PRMT1, PRMT5, MEP50, and CHTOP (PRMT1 and PRMT5 partners) [528]. 

 

  

 

 

Figure 5: Both PRMT5 and PRMT1 are detected in the FUBP1 interactome. Endogenous FUBP1 
was immunoprecipitated from MDA-MB-468 cells, followed by LC-MS/MS analysis (five biological 
replicates) (A). Volcano plot of proteins enriched in the five replicates of immunoprecipitated FUBP1 
compared to the IgG control identified by LC-MS/MS. The graph represents -log10(p-value) (y-axis) 
versus the enrichment ratio in FUBP1 IP compared to IgG (log2(ratio); x-axis). On the right is the plot of 
the number of peptides per 100 amino acids of unique proteins present in FUBP1 IP and not in the IgG. 
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Each protein is presented as a dot. (B). GO enrichment analysis was performed with the significantly 
enriched FUBP1 partners using the myProMS software developed at Institute Curie 
(https://github.com/bioinfo-pf-curie/myproms).  The upper panel illustrates the molecular functions, 
while the lower panel presents the biological processes. (C) Table showing the ratio, adjusted p-value, 
and the number of retrieved peptides in FUBP1 or IgG replicates of the indicated proteins. NA: not 
applicable.  

FUBP1 is symmetrically dimethylated by PRMT5 

FUBP1 has four KH domains which are accountable for binding to ssDNA and RNA, 

and three nuclear localization signals (Figure 6A). Several comprehensive proteomic 

analyses have provided evidence of FUBP1 undergoing mono- and di-methylation, 

predominantly on three arginine residues located between KH3 and KH4, which are 

close to one of the FUBP1 NLS: R359, R361, and R363 [106,128,134,141–

144,146,377,411,527] (Figure 6A). These three arginine residues fall within a PRMT5 

methylation motif (Figure 6A). We next examined whether PRMT5 was responsible 

for the methylation occurring at these specific sites in FUBP1. For this purpose, we 

purified two fragments of FUBP1, comprising the KH1-KH4 (KH1 to KH4) and the KH3-

KH4 domains. Both fragments were subjected to mutation, where lysine replaced 

arginine on the three potential arginine methylation sites (FUBP1 3K). Through in vitro 

methylation assays, we found that FUBP1 is a substrate for PRMT5 in vitro, and that 

R359, R361, and R363 represent the primary PRMT5 methylation sites within the 

FUBP1 central nucleic acid binding domain (KH1-KH4) (Figure 6B).  

To examine whether endogenous FUBP1 is indeed methylated by PRMT5 in TNBC 

cells, FUBP1 was immunoprecipitated from MDA-MB-468 cells preincubated or not 

with a specific PRMT5 inhibitor (EPZ015938) for 48 hours (Figure 6C). Western-blot 

analysis using a pan-SDMA antibody revealed that immunoprecipitated FUBP1 was 

symmetrically dimethylated in MDA-MB-468 cells, and its methylation was reduced 

upon PRMT5 inhibition (Figure 6C). Altogether, these data show that FUBP1 is 

symmetrically dimethylated by PRMT5 in cells, and mainly on R359, R361, and R363 

in vitro. 
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Figure 6: PRMT5 symmetrically dimethylates FUBP1. (A). Illustration depicting FUBP1 full length, 
KH1-KH4 and KH3-KH4 domains wild type and triple lysine mutants (3K). FUBP1 three potential 
methylation sites (in red) and their corresponding mutations to lysine (in yellow), positioned between 
FUBP1’s KH3 and KH4 domains are shown. FUBP1 NLSs are shown in grey, dashed boxes. (B). 
PRMT5 methylates FUBP1 central domain (KH1-KH4) on R359, R361, and R363. The wild-type (wt) or 
triple lysine mutants (3K) of KH1-KH4 and KH3-KH4 domains were incubated with recombinant 
PRMT5/MEP50 in the presence of radioactive S-adenosyl methionine (3H-SAM) for 1 hour at 30°C. The 
samples were then loaded onto SDS-PAGE and transferred onto a PVDF membrane. Coomassie 
staining (upper panel) confirmed the presence of all recombinant proteins, and the autoradiography 
results are presented (lower panel). Histone H4, a known PRMT5 substrate, was employed as a control 
for in vitro methylation. The images originate from a single experiment, representative of a minimum of 
three independent experiments (C). PRMT5 symmetrically dimethylates FUBP1 in MDA-MB-468 cells. 
Cells were treated with 1µM PRMT5 inhibitor (EPZ015938; EPZ) or DMSO for 48 hours, followed by IP 
of FUBP1. Western blot was performed using an antibody targeting pan-symmetric dimethylation 
(SDMA). FUBP1 was probed to confirm the efficacy of the IP and to serve as a loading control. Western 
blot images were obtained from a single experiment representative of three independent experiments. 
The bands corresponding to methylated FUBP1 (meFUBP1) and total FUBP1 were quantified across 
these three independent experiments, and the average ratio of meFUBP1/FUBP1 was plotted as a bar 
graph (left panel). The p-value was determined using a Student’s t-test; **p<0.01. 

 

The methylation of FUBP1 does not affect its localization 

Due to the presence of three NLSs, FUBP1 is primarily located in the nucleus. 

Considering that the methylation sites of FUBP1 are situated near one of its NLS 

(Figure 6A), we investigated whether FUBP1 methylation influences its subcellular 

localization. We introduced exogenous expression of Flag-tagged FUBP1 wild type 

(FUBP1 wt) or a triple lysine mutant (FUBP1 3K) in Hela cells, followed by 

immunofluorescence staining using anti-Flag antibody. We found that both FUBP1 wt 

and FUBP1 3K localize to the nucleus (Figure 7), thus excluding the possibility that 
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arginine methylation of FUBP1 regulates its subcellular localization, in the 

experimental conditions used. 

 

Figure 7: Arginine methylation of FUBP1 does not regulate its subcellular localization. Hela cells 
were transfected with an empty vector (EV), Flag-FUBP1 wild type (wt) or a triple lysine mutant (3K). 
48 hours post-transfection, the cells were fixed with PFA and stained for Dapi (blue), Flag (red), and 
actin (green). Images were acquired using an Apotome microscope at 40X magnification and are 
representative of three independent experiments.  

 

FUBP1 methylation enhances its binding to the FUSE element 

Next, we aimed to investigate the functional implication of FUBP1 methylation by 

PRMT5. Since the methylation sites reside within the nucleic acid binding domain of 

FUBP1, we questioned whether this methylation influences its interaction with ssDNA, 

potentially affecting its transcriptional activity. The FUSE element is a well 

characterized FUBP1 binding site, located approximately 1.5 Kb upstream of the MYC 

promoter. A previous study delineated the binding of individual KH domains of FUBP1 

to the FUSE sequence and concluded that all four domains are necessary for robust 

and efficient binding [543]. To assess the impact of FUBP1 methylation on its 

interaction with FUSE, we employed flow-Induced dispersion analysis (FIDA) to 

assess the binding between FUSE with FUBP1 KH1-KH4 wt or with FUBP1 KH1-KH4 

3K (Figure 8A). FIDA is based on measuring the change in the hydrodynamic radius 

(size) of a ligand (FUSE in this case) as it interacts with a target protein (FUBP1 KH1-

KH4 wild type or triple lysine mutant) [615]. The binding curves indicated that FUBP1 
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KH1-KH4 wt exhibits a more robust binding to FUSE compared to FUBP1 KH1-KH4 

3K (Figure 8A). This is enforced by a smaller dissociation constant (Kd) for FUSE and 

FUBP1 KH1-KH4 wt (Kd = 9.47 nM ± 2.82 nM) compared to FUSE and FUBP1 KH1-

KH4 3K (Kd= 93.45 nM ± 26.23 nM). In order to validate the modulation of 

FUBP1/FUSE interaction in vivo, we evaluated the enrichment of FUBP1 at the MYC 

promoter (FUSE element) following PRMT5 inhibition (Figure 8B) and observed a 

reduction in FUBP1 recruitment to the MYC promoter in cells treated with the PRMT5 

inhibitor (Figure 8B). These data suggest that FUBP1 symmetric dimethylation by 

PRMT5 enhances the interaction between FUBP1 and the FUSE element.  

 

Figure 8: The arginine methylation of FUBP1 enhances its interaction with the FUSE element. 
(A). Binding curves of the association between FUSE with FUBP1 KH1-4 wt (blue; right panel) or with 
FUBP1 KH1-KH4 3K (red; left panel). The curves represent the complex hydrodynamic radius (nm; y-
axis) plotted against the log10 transformed concentration (µM; x-axis) of analyte (FUBP1 KH1-KH4 wt 
or 3K), that were obtained through Fida at 25°C with pre-incubated samples. The data are 
representative of three separate experiments, each of them involving the measurement of technical 
triplicates. (B). MDA-MB-468 cells were treated with DMSO (black bar) or 1 µM PRMT5 inhibitor 
(EPZ015938; EPZ; blue bar) for 48 hours, followed by ChIP using anti-FUBP1 antibodies or IgG as a 
control. The FUSE element upstream the MYC promoter was then amplified by qPCR. The mean of 
three independent experiments ± SD is represented. Student t-test was used to determine p-values and 
are represented as * p < 0.05; ** p < 0.01.  

 

Investigating the PRMT5 interactome by TurboID proximity labelling 

As previously mentioned, the conventional IP method was not successful in 

determining the PRMT5 interactome, therefore, we opted to unravel it through biotin 

proximity labelling using TurboID. This technique involves the fusion of PRMT5 with 

TurboID, a biotin ligase that can add biotin molecules onto proteins in the vicinity of 

PRMT5 (biotinylation radius up to 35 nm [616]) (Figure 9A). As the biotinylation 

reaction catalysed by TurboID is fast (occurring within 10 minutes; [612]), this 

approach has the potential to capture transient protein-protein interactions (Figure 

9A), unlike the classical IP method. The protein in close proximity to PRMT5-TurboID, 

representing a potential PRMT5 partner, will be biotinylated then captured using 
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streptavidin conjugated beads, and can be further identified by LC-MS/MS analysis 

(Figure 9A). We first generated Flag-TurboID-PRMT5 and a negative control, Flag-

TurboID, then verified their expression and their ability to biotinylate proteins in 

HEK293T cells (Figure 9B). After transfection, cells were incubated with 50 µM or 500 

µM biotin for 10 (Figure 9B) or 30 (data not shown) minutes. We found that TurboID 

was functional under the examined conditions. Notably, Flag-TurboID-PRMT5 

exhibited a slightly higher activity when cells were exposed to 500 µM biotin in 

comparison to 50 µM (Figure 9B). Moreover, it is noteworthy that TurboID was able 

to biotinylate proteins even in the absence of external biotin supplementation (Figure 

9B; middle panel lane 2). To determine the localization of the Flag-TurboID-PRMT5 

and Flag-TurboID proteins, we expressed them in Hela cells then performed 

immunofluorescence staining using anti-Flag antibodies and found that both proteins 

localized primarily to the cytoplasm (Figure 9C). 

Next, we attempted to optimize the partners pulldown protocol. We first conducted a 

pulldown experiment using 500 µM exogenous biotin and allowing the biotinylation 

reaction to proceed for 30 minutes. While we successfully identified both established 

and potential novel PRMT5 partners (data not shown), we encountered a notable issue 

involving a high number of non-specific biotinylated peptides, as approximately 800 

proteins were identified to be enriched in the Flag-TurboID control. This could be due 

to an extended reaction time and/or elevated concentration of biotin employed, or due 

to an increased expression of TurboID alone compared to TurboID-PRMT5. In 

addition, we faced another technical challenge that is the presence of large peaks 

corresponding to streptavidin in the LC-MS/MS spectra, that result from the tryptic 

digestion of the streptavidin coupled to the beads used during the pulldown 

experiments (Figure 9D). The presence of these peaks in the MS spectra may mask 

the identification of potential PRMT5 partners, hence we decided to follow a protocol 

to chemically modify the beads to render streptavidin resistant to the digestion by 

trypsin (Figure 9D; [613]). The chemical modification is based on lysine dimethylation 

and arginine condensation, that create bulk groups on the lysine and arginine residues 

of streptavidin preventing trypsin from digesting them (Figure 9D) [613]. After treating 

the streptavidin-conjugated beads, we tested them by performing a biotin pulldown 

experiment followed by LC-MS/MS and found that the saturated streptavidin peaks 

were absent in the chromatograms (Figure 9D). 
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Figure 9: TurboID proximity labelling method setup. (A). Illustration outlining the experimental 
workflow. (B). Forty-eight hours post-transfection with Flag-TurboID-PRMT5 or Flag-TurboID, 
HEK293T cells were treated with 50 µM or 500 µM biotin for 10 minutes at 37°C. Western blotting was 
used to assess the fusion protein expression using an anti-Flag antibody, and the total biotinylated 
proteins utilizing an HRP-conjugated streptavidin. GAPDH was used as a loading control. (C). Hela 
cells were transfected with Flag-TurboID or Flag-TurboID-PRMT5. 48 hours post-transfection, the cells 
were fixed with PFA and stained for Dapi (blue), Flag (red), and actin (green). Images were acquired 
using an Apotome microscope at 40X magnification. (D). Chemical modification of streptavidin 
sepharose beads prevents tryptic digestion of streptavidin. The streptavidin-conjugated beads were 
chemically modified on lysine and arginine residues by dimethylation and condensation respectively 
(right panel), which prevents streptavidin proteolysis by trypsin. Chromatograms (left panel) of the LS-
MS/MS   acquired from pulldown of biotinylated proteins using wild type streptavidin sepharose beads 
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(upper panel) or the chemically modified ones (lower panel). Black arrows are used to mark the 
streptavidin peak. 

 

Next, we performed a proximity ligation assay to identify PRMT5 partners. HEK293T 

cells were transfected with Flag-TurboID or Flag-TurboID-PRMT5. Forty-eight hours 

post-transfection, cells were either not treated, or treated with 50 µM biotin for 2 or 10 

minutes. The biotinylated proteins were then pulled-down with the trypsin-resistant 

streptavidin beads and identified using LC-MS/MS analysis (Table S7). We 

considered proteins with a ratio of peptide number in TurboID-PRMT5 versus TurboID 

greater than 2 as enriched in TurboID-PRMT5 pulldown. Unique proteins (0 peptides 

in TurboID) were considered enriched when having a peptide number of ≥ 2 in the 

TurboID-PRMT5 pulldown. Even without adding biotin to the medium, we retrieved 

128 proteins enriched in the TurboID-PRMT5 sample, meaning that TurboID-PRMT5 

fusion protein is active without biotin supplementation, consistent with what we 

previously observed (Figure 9B).  Upon adding 50 µM biotin, the number of identified 

proteins increased to 279 (2 minutes biotin treatment) and 203 (10 minutes biotin 

treatment), meaning that a reaction time of just 2 minutes is sufficient for partners 

identification using TurboID (Table S7). Among the potential PRMT5 interactors, 

several are known PRMT5 partners including components of the methylosome like 

MEP50, RIOK1, and COPRS, validating the efficiency of the TurboID approach. By 

conducting a GO analysis on PRMT5 potential partners using the Database for 

Annotation, Visualization and Integrated Discovery (DAVID; https://david.ncifcrf.gov/), 

we observed a significant enrichment of proteins involved in intracellular protein 

transport and localization to the plasma membrane, of the proteins identified after 2 

minutes biotin treatment (Figure 10A), while those enriched after 10 minutes 

treatment were involved in processes of cilium assembly, endocytosis, and cell 

division (Figure 10A). All these processes were not previously described to be 

regulated by PRMT5. By comparing the enriched partners retrieved in the three 

conditions tested, we found 60 proteins in common between 2 and 10 minutes 

treatment (Figure 10C,D; Table S8), and 10 proteins in common between all three 

tested conditions (Figure 10C; Table 1). The 60 proteins common between the 2 and 

10 minutes biotinylation time points included PRMT5, MEP50, and RIOK1 (Figure 

10D). Among the most enriched proteins shared between these conditions, which had 

not been previously validated as partners of PRMT5, were serologically defined colon 
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cancer antigen-3 (SDCCAG3), HERC1, and tubulin beta 8 (TUBB8) (Figure 10D). 

SDCCAG3 and HERC1 were found to be common across all three conditions tested 

(Table 1). STRING analysis of the 60 proteins common to both the 2- and 10-minutes 

biotin pulldown did not reveal network clusters, apart from the methylosome, among 

the retrieved PRMT5 interactors (Figure 11). However, upon individual analysis of the 

proteins retrieved at each time point, we found that the PRMT5 potential interactors 

identified at 2 minutes of biotinylation time were associated with proteasomal 

complexes, desmosome junctions, and a number of them were mitochondrial 

components (Figure S1).  On the other hand, the proteins identified after 10 minutes 

of biotin treatment were found to be part of network clusters related to centrosome 

cycle, and included components associated to the ER membrane and intracellular 

transport (Figure S2). 
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Figure 10: Identifying PRMT5 interactome by TurboID proximity labelling. HEK293T cells were 
transfected with pcDNA3.1-Flag-TurboID or pcDNA3.1-Flag-TurboID-PRMT5. 48 hours later, cells were 
either not treated, or treated with 50 µM biotin for 2 or 10 minutes. Cells were then lysed and biotinylated 
proteins were pulled down using trypsin-resistant streptavidin-conjugated beads and identified by LC-
MS/MS. (A, B). GO analysis by DAVID (https://david.ncifcrf.gov/) of the top 10 biological processes 
(BP) of the proteins retrieved after 2 minutes (A) and 10 minutes (B) biotin treatment. (C). Venn diagram 
showing the retrieved proteins common to the three conditions used for TurboID proximity labelling of 
PRMT5 neighbouring proteins. (D). Presentation of the PRMT5 neighbours identified through TurboID 
proximity labelling, common to the 2 (blue) and 10 (green) minutes biotin labelling time, presented as 
the peptide number ratio retrieved in Flag-TurboID-PRMT5 versus Flag-TurboID (y-axis) with respect 
to the molecular weight (x-axis; KDa) (right panel). Unique proteins are presented as the peptide 
number in Flag-TurboID-PRMT5 pulldown as it is not possible to calculate a ratio (0 peptides in 
TurboID). Each protein is depicted as a circle.  

 

0 50 100 150 200

0

10

20

30

40

500 600

PRMT5 partners

MW

P
e
p

ti
d

e
 r

a
ti

o

10 minutes

(203)

2 minutes

(279)

Nontreated

(128)

137 18350

10

366

76

A

C

B

0 1 2 3 4

cell division

centrosome duplication

unsaturated fatty acid biosynthetic process

protein stabilization

alpha-linolenic acid metabolic process

endocytic recycling

Golgi organization

histone H4-R3 methylation

protein folding

cilium assembly

BP_TurboID 50µM 10 mins

-log10(p-value)

BP TurboID 10 minutes

Cilium assembly

Protein folding

H4R3 methylation

Golgi organization

Endocytic recycling

Alpha-linolenic acid metabolic process

Protein stabilization

Unsaturated fatty acid biosynthetic process

Centrosome duplication

Cell division

-log10 (p-value)

0 1 2 3 4
0 2 4 6 8

spliceosomal snRNP assembly

protein localization to plasma membrane

cytoplasmic microtubule organization

protein folding

histone H4-R3 methylation

inner mitochondrial membrane organization

protein transport

cristae formation

ubiquitin-dependent ERAD pathway

intracellular protein transport

BP_TurboID 50µM 2 mins

-log10(p-value)

BP TurboID 2 minutes

Intracellular protein transport

Ubiquitin-dependent ERAD pathway

Cristae formation

Protein transport

Inner mitochondrial membrane organization

H4R3 methylation

Protein folding

Cytoplasmic microtubule organization

Protein localization to plasma membrane

Spliceosomal snRNP assembly

-log10 (p-value)

0 2 4 6 8

0 50 100 150 200

0

5

10

15

PRMT5 unique partners

MW

P
e
p

ti
d

e
 r

a
ti

o

D
PRMT5 partners

Molecular weight (KDa)

P
e

p
ti

d
e

 r
a

ti
o

40

30

20

10

0

0 50 100 150 200 600

PRMT5 unique partners

Molecular weight (KDa)

0

0 50 100 150 200

P
e

p
ti

d
e

 n
u

m
b

e
r

15

10

5

HERC1

PRMT5

TUBB8

MEP50 SDCCAG3

RIOK1

SDCCAG3

2 minutes 

10 minutes 



210 
 

 

Figure 11: Functional interactions among the 60 PRMT5 neighbouring proteins identified with 
TurboID during 2- and 10-minutes biotin treatment. Functional associations were determined using 
the STRING database (http://string-db.org/). Each node represents a protein, and the lines represent 
an association between two proteins.  

 

Table 1: Proteins common to the three conditions used in the TurboID proximity labelling 
method 

Protein TurboID TurboID-PRMT5 

NT 2 minutes 10 minutes NT 2 minutes 10 minutes 

PRMT5 0 6 5 88 113 105 

MEP50 0 0 0 9 12 11 

RIOK1 4 12 16 61 72 72 

COPRS 0 1 1 3 4 4 

HERC1 0 1 2 22 40 44 

SDCCAG3 0 0 2 2 11 13 

PPP5C 0 1 0 3 3 3 

RAB6B 0 0 0 6 5 4 

CCDC43 0 2 2 2 5 6 

PFKP 0 0 0 4 4 3 

NT: nontreated.  
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SDCCAG3 is a novel PRMT5 interactor 

Among the novel potential PRMT5 partners, the protein SDCCAG3 emerged as a 

robust and prominent candidate in all three conditions tested (Figure 10D; Table 1). 

Additionally, we consistently found SDCCAG3 as a potential PRMT5 partner 

throughout our optimization experiments, when evaluating various biotin 

concentrations (such as 500 µM), and durations of biotinylation reactions (30 minutes) 

(data not shown). SDCCAG3, also referred to as endosome associated trafficking 

regulator 1 (ENTR1), is a relatively understudied protein that plays roles in various 

cellular processes such as cytokinesis [617], ciliogenesis [618], receptor endocytosis, 

and protein trafficking [619–621]. Given the consistent presence of SDCCAG3 as a 

neighbouring protein to PRMT5, along with its involvement in PRMT5-dependent 

enriched biological pathways (Figure 10A, B), we chose to dig deeper into the 

relationship between PRMT5 and SDCCAG3. 

We first examined the mRNA expression level of SDCCAG3 in the Curie and TCGA 

cohorts (Figure 12) to investigate whether SDCCAG3 is dysregulated in breast 

cancer. In the Curie cohort, SDCCAG3 mRNA level was not significantly differential 

between the different breast cancer subtypes and the normal breast tissue (Figure 

12). On the contrary, SDCCAG3 mRNA expression was significantly higher in the 

different breast cancer tumours compared to the normal tissue in the TCGA cohort 

(Figure 12) 

 

Figure 12: SDCCAG3 mRNA expression level in breast tumours and normal breast tissue. 
SCDDAG3 mRNA levels were analysed in TNBC (red), HER2-positive (blue), luminal B (LumB; green), 
and luminal A (LumA; orange) breast cancers and in healthy breast tissue (grey) in the curie (right 
panel) and TCGA (left panel) cohorts. The respective sample numbers for each breast cancer subtype 
and for normal breast tissue are indicated on the graphs in both cohorts. The RNA quantifications were 
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logarithmically transformed (log2) and are presented as scatter plots, where each coloured closed circle 
corresponds to one sample. The mean RNA expression is represented by a black line. Statistical 
analysis was conducted using one-way ANOVA, yielding the following significance indicators: “ns” 
denotes not significant; *p < 0.05; **p<0.01; ***p < 0.001; ****p < 0.0001. 

 

Next, to examine whether SDCCAG3 interacted with PRMT5, we transfected 

HEK293T cells with Flag-PRMT5 and GFP-SDCCAG3 followed by co-IP experiments. 

Immunoprecipitating Flag-PRMT5 using an anti-Flag antibody revealed the presence 

of GFP-SDCCAG3 in complex with Flag-PRMT5 (Figure 13A). Similarly, Flag-PRMT5 

was detected in the GFP-SDCCAG3 IP (Figure 13B), validating that the two proteins 

precipitate together. Due to the absence antibodies capable to IP endogenous 

SDCCAG3, it was not possible to investigate the interaction between endogenous 

PRMT5 and SDCCAG3 by co-IP. 

 

 

 

Figure 13: PRMT5 and SDCCAG3 form a complex. HEK293T cells were transfected with pcDNA 3.1-
Flag-PRMT5 and/or with pcDNA 3.1-GFP-SDCCAG3 for 48 hours. Flag-PRMT5 was 
immunoprecipitated (A) using anti-Flag antibody and subsequent immunoblotting was performed first 
using anti-GFP (to visualize GFP-SDCCAG3), then using an anti-Flag antibody (to verify Flag-PRMT5 
was indeed immunoprecipitated). Reciprocally, GFP-SDCCAG3 was immunoprecipitated using an anti-
GFP antibody (B), followed by immunoblotting with anti-Flag and anti-GFP antibodies. Input samples 
consisted of 1% of total protein lysate. Images are representative of at least three independent 
experiments. 

 

SDCCAG3 potentially functions as a regulator of the Wnt pathway in 

TNBC 

As the Wnt signalling pathway is activated in TNBC and promotes its progression 

[102], our group previously investigated the modulation of the Wnt pathway within the 

context of TNBC [622,623]. Notably, our recent findings have revealed that PRMT1 

positively regulates the Wnt pathway in MDA-MB-468 cells [234]. Among the 

numerous IP experiments followed by LC-MS/MS analysis performed in the laboratory, 
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SDCCAG3 was identified only when using an anti-LRP6 antibody (Figure 14A). This 

result suggested that SDCCAG3 may interact with the Wnt pathway receptor LRP6. 

First, we validated the interaction between LRP6 and SDCCAG3 by co-IP of 

ectopically expressed LRP6-Flag and GFP-SDCCAG3 in HEK293T cells (Figure 

14B). IP of LRP6-Flag captured GFP-SDCCAG3, and conversely, IP of GFP-

SDCCAG3 pulled down LRP6-Flag (Figure 14B). Since SDCCAG3 interacts with 

LRP6 (Figure 14B) and PRMT5 (Figure 13), we explored the potential interaction 

between PRMT5 and LRP6 (Figure 14C). Although not completely convincing, IP of 

PRMT5-GFP seemed to pulldown LRP6-Flag in HEK293T cells (Figure 14B).  

Since SDCCAG3 has been reported to participate in the endocytosis of TNF and Fas 

receptors [620,621], we hypothesized that SDCCAG3 could control LRP6 trafficking, 

thereby impacting the Wnt pathway. To investigate the potential impact of SDCCAG3 

on the Wnt pathway, we evaluated the expression of Wnt target genes through qPCR 

analysis following SDCCAG3 depletion in MDA-MB-468 cells (Figure 14D). We 

examined the expression of Wnt target genes that had been previously reported by 

our laboratory to be upregulated upon Wnt3a activation in MDA-MB-468 cells [623]. 

We found that SDCCAG3 depletion caused a decrease in the expression of APCDD1 

and DDIT4L, but not NKD1 and Axin2, compared to the siRNA control condition 

(Figure 14D). LRP6 depletion was used as a positive control for the assay (Figure 

14D). Intriguingly, we made an unexpected observation: when LRP6 was depleted, 

SDCCAG3 expression was also decreased, suggesting that the expression of 

SDCCAG3 itself could be regulated by the Wnt pathway.  
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Figure 14: SDCCAG3 interacts with LRP6 and regulates the Wnt pathway. (A). Table including the 
number of LRP6 and SDCCAG3 peptides retrieved from LRP6 or IgG IP followed by LC-MS/MS. (B, 
C). Co-IP assays were conducted to explore the interactions between LRP6 and SDCCAG3 (B) or 
PRMT5 (C) in HEK293T cells. HEK293T cells were transfected with vectors encoding LRP6-Flag along 
with GFP-SDCCAG3 (B) or GFP-PRMT5 (C). IP was performed using anti-Flag or anti-GFP antibodies 
as indicated in the figure. Western blotting analysis was then performed using anti-Flag and anti-GFP 
antibodies. Input samples constituting 1% of the total protein lysate were loaded as controls. Images 
are representative of at least three independent experiments. (D). Impact of SDCCAG3 depletion on 
the expression of Wnt target genes in MDA-MB-468 cells. Cells were transfected with control siRNA 
(Ctrl), or with siRNA targeting SDCCAG3 or LRP6. After 48 hours, the cells were exposed to Wnt3a-
conditioned media for 6h. qPCR was employed to determine the mRNA expression levels of the Wnt 
target genes, as well as SDCCAG3 and LRP6 as controls. The quantification is presented as a fold 
change relative to the control (siRNA control with Wnt3a), and the values are expressed as the mean ± 
SD originating from three independent experiments. Statistical analysis was conducted employing the 
Student t-test, with significance levels (p-values) presented as *p < 0.05, **p < 0.01, ***p < 0.001, and 
p>0.05 marked as ns (not significant).  
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Among different PRMTs, SDCCAG3 interacts preferentially with PRMT5 

We tested whether SDCCAG3 could interact with other PRMT members, given the 

common occurrence of proteins interacting with or being methylated by various 

PRMTs. Through co-IP experiments, we found that SDCCAG3 interacts with PRMT5, 

PRMT1, PRMT3, and weakly with PRMT6, while no association was observed with 

PRMT4 (Figure 15A,B). However, it is important to note that Flag-PRMT5 is less 

expressed compared to the other Flag-PRMTs (lanes 4 and 7 in comparison to lanes 

2, 3, 5, and 6 in the input samples). This reduced expression level of Flag-PRMT5 

could potentially be attributed to a difficulty to ectopically express PRMT5 in cells, 

especially since it is always present in protein complexes. Another contributing factor 

might be the exclusive expression of PRMT5 without MEP50, as these two proteins 

mutually stabilize each other's expression levels. Altogether, these data suggest that 

SDCCAG3 interacts preferentially with PRMT5 among the tested PRMT members.  
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Figure 15: Among different PRMTs, SDCCAG3 interacts preferentially with PRMT5. HEK293T 
cells were transfected with pcDNA 3.1-Flag-PRMT and/or pcDNA 3.1-GFP-SDCCAG3 for 48 hours. 
GFP-SDCCAG3 was then immunoprecipitated using anti-GFP antibodies, followed by immunoblotting 
of the membranes with first anti-GFP then anti-Flag antibodies. Flag-PRMT5 was used as a positive 
control for the interaction between SDCCAG3 and a PRMT. Input samples constituting 1% of the total 
protein lysate were loaded as controls. Images are representative of three independent experiments. 
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identified the co-immunoprecipitated proteins by LC-MS/MS analysis (Figure 16B). 

We considered proteins with a ratio of peptide number retrieved in PRMT5 IP versus 

IgG >2 as enriched in PRMT5 IP (Table S8). Our analysis identified 82 proteins as 

potential PRMT5 interactors (Table S8), which included known PRMT5 partners like 

RIOK1 and MEP50 (Figure 16B; Table S8). The partners we retrieved were 

significantly enriched in proteins involved in actin organization, cell division, and RNA 

related processes such as pre-mRNA splicing and spliceosomal assembly (Figure 

16C). Interestingly, the identified PRMT5 interactome includes network clusters of 

Golgi to ER transport, adherens junction, and Striatin family members (Figure 17), 

which are different than those identified for the MEP50 interactome, and PRMT5 

partners identified by TurboID. One of the top novel potential PRMT5 partners was the 

DBIRD complex subunit, deleted in breast cancer 1 (DBC-1) also termed KIAA1967 

(Figure 16B). The DBIRD complex is involved in the splicing regulation of exons 

present in AT-rich regions [624]. The interaction between endogenous PRMT5 and 

DBC-1 was confirmed by IP in MDA-MB-468 cells (Figure 16D). Remarkably, DBC-1 

was found to be enriched in the PRMT5 IP sample compared to the input samples, 

similar to what is expected for MEP50 (Figure 16D). Interestingly, DBC-1 is also 

present in the interactome of FUBP1 (Table S6) but not in the MEP50 interactome 

(Table 4 and 5). Our data therefore (i) validated the success in efficiently 

immunoprecipitating endogenous PRMT5 for proteomic analysis, and (ii) identified 

DBC-1 as a novel PRMT5 partner.  
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Figure 16: Unveiling the PRMT5 interactome via endogenous PRMT5 IP in TNBC. (A). Assessment 
of different PRMT5 antibodies for their ability to IP endogenous PRMT5. Endogenous PRMT5 was 
immunoprecipitated from MDA-MB-468 cells using four different anti-PRMT5 antibodies: Ab1 
(Thermofisher #PA5-78323), Ab2 (CST #79998), Ab3 (Bethyl #A300-849A), and Ab4 (Jocelyn Coté). 
Immunoprecipitated samples were subsequently probed through Western blot analysis utilizing an anti-
PRMT5 antibody (sc-376937; Table S1).   Input samples constituting 1% of the total protein lysate were 
loaded as controls. (B). Representation of the PRMT5 interacting partners:  peptide ratio versus 
molecular weight (KDa), or peptide number versus molecular weight (KDa) for unique PRMT5 partners 
(0 peptides in IgG). Each identified PRMT5 partner is visualized as an individual circle. (C) Analysis of 
Biological processes associated with the identified PRMT5 partners. GO analysis was performed using 
DAVID database (https://david.ncifcrf.gov/). (D) PRMT5 interacts with DBC-1. PRMT5 was 
immunoprecipitated using Ab1 from MDA-MB-468 cells and western blotting was performed using anti-
DBC-1 antibodies. To validate the effectiveness of the IP, the presence of PRMT5 and its cofactor 
MEP50 was analysed. Input samples constituting 1% of the total protein lysate were loaded as controls. 
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Figure 17: Functional interactions among the 82 partners identified in PRMT5 IP. Functional 
associations were determined using the STRING database (http://string-db.org/). Each node represents 
a protein, and the lines connecting the nodes represent an association between the two proteins.  
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Discussion 

PRMT5 is responsible of most of the arginine symmetric dimethylation marks in cells. 

Over the years, PRMT5 has been extensively studied in cancer development and 

progression, and evidence continues to emerge confirming its roles as an oncogenic 

driver.  

In the breast, malignant tissues display higher levels of both PRMT5 mRNA and 

protein compared to their normal counterparts, a factor correlated with poor prognosis. 

The oncogenic role of PRMT5 in breast cancer is further supported by the decrease 

in cancer cells’ growth, migration, and stemness upon PRMT5 depletion or inhibition 

[420,422,429,430,468–470]. Interestingly, the localization of PRMT5/MEP50 complex 

appears important and linked to cancer progression: high nuclear PRMT5/MEP50 

expression associates with better prognosis in prostate, ovarian, and breast cancers 

[374,383,425–427,429,430,471,625]. Therefore, PRMT5 stands as an appealing 

therapeutic target, and small molecules targeting PRMT5 have been developed. 

Several PRMT5 inhibitors are undergoing evaluation in clinical trials [478], marking 

PRMT5 as the most studied PRMT in the clinical settings. Our laboratory has 

previously reported a link between high PRMT5 mRNA expression levels and 

unfavourable prognosis in TNBC patients, the most aggressive breast cancer subtype, 

and specifically within the mesenchymal TNBC subtype [429,430]. At the protein level, 

we did not detect any significant difference in the expression of PRMT5 between 

normal and cancerous breast tissue. Instead, we observed variations in the 

intracellular localization of PRMT5 and MEP50 between cancer and healthy tissue. 

Both PRMT5 and MEP50 showed lower nuclear localization in TNBC compared to 

breast tumours of other subgroups and to normal breast tissue [429,430]. Accordingly, 

symmetrically dimethylation of Histone H4 on arginine 3 (H4R3me2s), a modification 

dependent on PRMT5, is predominantly observed in normal breast tissues and luminal 

A breast cancers [429]. Moreover, we found that inhibiting PRMT5 led to apoptosis in 

TNBC cell lines, reduced their stemness properties, and delayed tumour growth in a 

TNBC-derived PDX mice model [430]. We also found that combining a PRMT5 

inhibitor with specific chemotherapies or EGFR/HER2 inhibitors yielded a synergistic 

effect in inhibiting the proliferation of TNBC cells [626]. Therefore, our findings support 

the idea that PRMT5 represents a promising therapeutic target for TNBC.  
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Subsequently, we opted to delve deeper into the molecular mechanisms governed by 

PRMT5 in TNBC cells.  

The PRMT5/MEP50 interactome 

To understand the molecular functions of PRMT5, we aimed to decipher the PRMT5 

interactome in TNBC, and uncover potential PRMT5 partners that might contribute to 

its roles in TNBC oncogenesis. Although the PRMT5 methylome has been 

characterized in various models [127,132,133,147,410], little effort has been 

dedicated to unravelling the complete repertoire of PRMT5 partners. This could be 

due to the difficulty of immunoprecipitating PRMT5, as it is primarily located at the core 

of the octameric complex it forms with MEP50 [122]. In contrast, MEP50, which is 

present at the periphery of the PRMT5/MEP50 complex, can be efficiently 

immunoprecipitated. The MEP50 interactome in breast cancer cells has been 

previously reported [412]. In our study, we characterized the PRMT5 interactome by 

immunoprecipitating endogenous PRMT5 or MEP50 and by proximity labelling using 

TurboID-PRMT5, followed by LC-MS/MS. 

The immunoprecipitation of MEP50 coupled with LC-MS/MS revealed a significant 

enrichment of RNA binding proteins among MEP50 partners, involved in biological 

processes related to translation and RNA processing. Employing a similar approach 

and the same anti-MEP50 antibody (Ab1; #A301-561A), Rengasamy et al. 

characterized both nuclear and cytoplasmic MEP50 partners in MDA-MB-231 cells 

following subcellular fractionation [412]. Surprisingly, most MEP50 partners were 

detected across both the nuclear and cytoplasmic compartments [412]. Consistent 

with our findings, the MEP50 interactome identified by Rengasamy et al. was enriched 

in proteins involved in RNA processing and pre-mRNA splicing. Seventeen proteins, 

mainly involved in RNA-related processes, were found in common between the two 

studies and are listed below (Figure 18).  
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Figure 18: MEP50 partners commonly identified in our study and Rengasamy et al. [412]. A Venn 
diagram (right panel) illustrates the number of shared proteins among our study (MEP50 3 replicates; 
45 proteins) and Rengasamy et al.’s work [412] (97 nuclear partners and 90 cytoplasmic partners). The 
17 proteins found in common across all three sets are listed. Analysis of Biological processes (left panel) 
associated with the identified common partners. GO analysis was performed using DAVID database 
(https://david.ncifcrf.gov/). 
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involved in processes related to RNA binding, ribosomes, actin binding, GTPase 

activity, and cadherins [411]. When we compared the partners we identified in our LC-

MS/MS experiment (Table S8) with those retrieved by Dansu et al. [411], we found 

only 20 proteins in common between both studies, that are involved in RNA-related 

processes, mitosis, and actin cytoskeleton (Figure 19).  

 

Figure 19: PRMT5 potential interactors retrieved in common between our study and Dansu et al. 
[411]. Venn diagram (right panel) showing the number of common proteins retrieved between our study 
(PRMT5 IP; 82 proteins) and Dansu et al. [411] (1196 proteins). The 20 common proteins between the 
two sets are listed. Analysis of Biological processes (left panel) associated with the identified common 
partners. GO analysis was performed using DAVID database (https://david.ncifcrf.gov/). 
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investigation of the PRMT5 interactome through the immunoprecipitation of 

endogenous PRMT5 (our study and [411]), potential PRMT5 interactors were found to 

be involved not only in RNA-related processes, but also in activities related to actin 

and cytoskeleton organization, cadherin binding, and cell division. This suggests that 

PRMT5 may engage with other proteins, potentially outside the context of the 

PRMT5/MEP50 complex, to regulate additional cellular processes.  

 

Figure 20: Venn diagram illustrating the number of common proteins between PRMT5 and 
MEP50 immunoprecipitations identified in our study.  
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employed to reveal the interactome of all nine PRMTs in HEK293T cells [130]. By 

comparing their study (BioID) and ours (TurboID), only 21 proteins were found in 

common (Figure 21A), including PRMT5 and MEP50, and are involved in 

spliceosomal assembly and mRNA splicing (Figure 21A). Although TurboID and BioID 

employ the same concept of proximity labelling, the biotinylation rate is highly different 

between both (10 minutes for TurboID compared to 16 hours for BioID), that could 

explain the low number of common partners identified between our study and Wei et 

al. Compared to the partners we identified by immunoprecipitating PRMT5, we found 

15 proteins in common with those retrieved in the BioID study (Figure 21B), mainly 

functioning in spliceosomal assembly, pre-mRNA splicing, transcription, and cell 

adhesion (Figure 21B). 

 

Figure 21: PRMT5 potential interactors retrieved in common between our study and Wei et al. 
[130]. (A). Venn diagram (right panel) illustrating the number of common proteins between our study 
(TurboID, 2 minutes and 10 minutes; 279 and 203 proteins, respectively) and Wei et al. (BioID; 823 
proteins) [130]. The 21 common proteins across all three sets are listed. Analysis of Biological 
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processes (left panel) associated with the identified common partners. GO analysis was performed 
using DAVID database (https://david.ncifcrf.gov/). (B). Venn diagram (right panel) showing the number 
of common proteins retrieved between our study (PRMT5 IP; 82 proteins) and Wei et al.’s study (BioID; 
823 proteins) [130]. The 15 common proteins between the two sets are listed. Analysis of Biological 
processes (left panel) associated with the identified common partners. GO analysis was performed 
using DAVID database (https://david.ncifcrf.gov/). 

 

Between the proteins identified through endogenous PRMT5 immunoprecipitation and 

TurboID, only 5 proteins were found in common (Figure 22), which included PRMT5, 

MEP50, and RIOK1. The other two common proteins were intercellular adhesion 

molecule 1 (ICAM1) and Rho GTPase-activating protein 29 (ARHGAP29). The 

substantial difference in the retrieved PRMT5 partners using the two methods could 

be attributed to several factors. Firstly, it may stem from the concept of the techniques 

themselves. Immunoprecipitation typically captures stable protein-protein interactions 

and may not be suitable for detecting transient interactions. In contrast, proximity 

labelling with TurboID has the capacity to pulldown transiently interacting proteins due 

to its rapid labelling kinetics. A second possible factor could be related to 

conformational changes caused by fusing TurboID to the N-terminus of PRMT5 or by 

the antibody binding to the central domain of PRMT5, which could interfere with 

protein-protein interactions. Another possibility would be the transient transfection of 

TurboID-PRMT5, leading to its expression in levels distinct to the endogenous protein 

that could affect partners identification. Indeed, it was shown that the endogenous 

tagging of TurboID to the AP-1 complex subunit identified interactors of the complex 

that simple overexpression of the enzyme could not [627]. Additionally, the choice of 

the cell lines used for each technique could have played a role. Since the TurboID 

method was not previously employed in the laboratory, we first optimized the protocol 

using HEK293T cells that are easy to transfect. Conversely, a TNBC cell line, MDA-

MB-468, was chosen for partner identification using endogenous PRMT5 

immunoprecipitation. Finally, false positives retrieved by the TurboID method might 

have contributed to the differences between the two approaches. With TurboID, a 

protein that is not a genuine PRMT5 interactor, but happens to be within the 

biotinylation radius of TurboID-PRMT5 (more than 35 nm [616]), will be biotinylated 

and captured, leading to potential false positive identification.  

 



227 
 

 

Figure 22: Venn diagram illustrating the overlapped proteins identified through PRMT5 
endogenous immunoprecipitation (IP) and the TurboID method identified in our study.  

 

Functional analysis of PRMT5/MEP50 interaction with novel partners 
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analyses of the arginine methylome revealed that FUBP1 can be mono- and di-

methylated on arginine located at positions R359, R361, and R363 [106,128,134,141–

144,146,377,411,527]. These post-translational modifications lie within a “GRG” motif, 

which PRMT5 prefers, between the third and fourth KH domains of FUBP1. 

Interestingly, FUBP2 and FUBP3 are also predicted to be mono- and di-methylated on 

three arginines located in the same position as in FUBP1, between KH3 and KH4 

5

0
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domains [106,128,134,141–144,146,377,411,527]. This suggests that methylation of 

arginine residues between the KH3 and KH4 domains may regulate the functions of 

FUBP members. We first showed that PRMT5 symmetrically di-methylates FUBP1 in 

MDA-MB-468 cells, and confirmed that the three predicted arginine residues, R359, 

R361, and R363, are the main methylation sites within FUBP1 central domain in vitro. 

In accordance with our observations, FUBP1 was identified in proteomic analysis 

specifically identifying the PRMT5 methylome as a potential PRMT5 substrate 

[133,147], and Gerhart et al. have shown a decrease in the methylation of a small 

peptide derived from FUBP1 (aa 349-369) which includes the three potential 

methylation sites upon the inhibition of PRMT5 [410]. A recent study showed that 

FUBP1 and its close family member FUBP3 are symmetrically di-methylated in 

HT1080 fibrosarcoma cell lines and this methylation decreases upon the addition of 

MTA, previously reported to inhibit PRMT5 activity [525]. However, the study did not 

ascertain the specific methylation sites on FUBP1, nor did it validate PRMT5 as the 

enzyme responsible for its methylation. The same study revealed that adding MTA 

decreased the transcription of GFP using a reporter plasmid containing the FUSE 

element [525]. However, the authors did not provide evidence that the transcriptional 

regulation of the reporter plasmid is FUBP dependent, nor did they demonstrate a 

direct link between the decrease in GFP transcription and a decrease in FUBPs 

methylation levels [525]. However, this observation suggests that the methylation of 

FUBPs could participate to their transcriptional activity. Using FIDA, we found that the 

central DNA binding domain of FUBP1 exhibits reduced binding efficiency to FUSE 

when the arginine residues at positions R359, R361, and R363 are substituted with 

lysine, reflected by an increased dissociation constant between the triple lysine mutant 

domain and FUSE. While our findings do not establish that FUBP1 methylation directly 

enhances its binding to FUSE, they do demonstrate the involvement of these three 

arginine residues in the association between FUBP1 and FUSE, as modifications to 

these residues lead to a weakening of the interaction. Using ChIP-qPCR, we 

confirmed that symmetric dimethylation of FUBP1 enhances its interaction with FUSE. 

Notably, upon inhibiting PRMT5 with doses resulting in a reduction in FUBP1 SDMA 

levels (Figure 5C), we observed a decrease in FUBP1 enrichment on the FUSE 

element in MDA-MB-468 cells. When we investigated the expression of FUBP1 in 

TNBC, we found that its mRNA levels are elevated in TNBC tumour samples 

compared to normal breast tissue, and its depletion using siRNA reduces the 
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proliferation of MDA-MB-468 cells. Similar to our findings, a study reported that FUBP1 

protein levels are higher in breast cancer tissue compared to the normal breast, and 

FUBP1 knockdown in the TNBC cell line MDA-MB-231 reduces proliferation and 

colony formation, downregulates the expression of matrix metalloproteinase 2 thus 

decreasing migration, and increases the sensitivity of MDA-MB-231 cells to cisplatin 

treatment [583]. We have recently reported a synergistic interaction between PRMT5 

inhibition and cisplatin in TNBC cell lines [626], especially in MDA-MB-468 cells that 

overexpress FUBP1.  

In MDA-MB-231 cells, Rengasamy et al. identified the splicing regulator ZNF326 as a 

main MEP50 partner and showed it is a PRMT5 substrate [412]. ZNF326 is part of the 

DBIRD complex which regulates the splicing of AT-rich exons and consists of ZNF326 

and the protein DBC-1 [624]. Although we did not identify ZNF326 in our PRMT5 

interactome, we retrieved DBC-1 as a main PRMT5 partner and validated the 

interaction in MDA-MB-468 cells (Figure 16). An investigation into protein-protein 

interaction network among spliceosomal proteins using yeast two-hybrid system also 

found that PRMT5, and not MEP50, associates with DBC-1 [628]. DBC-1 was not 

found when searching for MEP50 partners (our study and [412]).  

Using the TurboID method, we identified SDCCAG3 (also known as ENTR1) as a 

novel PRMT5 partner. This finding was consistently observed across different 

experimental setups, underscoring the strength of this association. SDCCAG3 was 

also identified as a potential PRMT5 partner using the BioID method in two different 

studies (Figure 21; [130,629]). Importantly, they also reported that SDCCAG3 

specifically interacted with PRMT5, and not with the other PRMTs [130,629]. The later 

study identified 8 potential PRMT5 partners that were in common with our TurboID 

analysis (CCDC43, COPRS, HERC1, PRMT5, RIOK1, RNASEH2A, SDCCAG3, 

WDR77) [629]. While BioID and TurboID approaches consistently identified 

SDCCAG3 as a robust PRMT5 interactor of PRMT5 (our study and [130,629]), we did 

not detect SDCCAG3 following immunoprecipitation of PRMT5 or MEP50. 

Nevertheless, co-immunoprecipitation experiments confirmed that SDCCAG3 

associates with PRMT5, and more efficiently with PRMT5 compared to other PRMTs.  

Remarkably, among numerous immunoprecipitation experiments coupled to MS 

analysis, SDCCAG3 was additionally found as a potential LRP6 partner. LRP6 is a 
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receptor of the Wnt/β-catenin signalling pathway that is activated in TNBC and 

correlates with poor clinical outcomes, by regulating key processes like migration, 

proliferation, chemoresistance, and sustaining BCSCs [102,622,623]. Frizzled 

receptors and LRP5/6 were shown to be deregulated in TNBC, and to play key roles 

in TNBC proliferation, metastasis, stemness, and chemoresistance [102]. LGK974 is 

a small molecule that inhibits Wnt signalling and is being clinically evaluated for TNBC 

treatment (NCT01351103). We confirmed by co-IP the interaction between LRP6 and 

both SDCCAG3 and PRMT5 in HEK293T cells. Our experiments also demonstrated 

that depleting SDCCAG3 from MDA-MB-468 cells resulted in the decreased 

expression of certain Wnt target genes, suggesting that SDCCAG3 has the capacity 

to activate the Wnt pathway. Interestingly, in bone marrow mesenchymal stem cells 

(BMSCs), the expression levels of LRP5, LRP6, Wnt5a, Wnt5b, and β-catenin 

positively correlated with the expression of SDCCAG3 [630]. PRMT5 also regulates 

the Wnt pathway through diverse mechanisms. PRMT5 activates the Wnt/β-catenin 

pathway in hematopoietic, liver, laryngeal, and breast cancer [631–635], by silencing 

the expression of different pathway inhibitors like DVL3, Axin2, WIF1, DKK1, and 

DKK3 [631,632,635]. In laryngeal carcinoma, PRMT5 activates the Wnt pathway 

promoting laryngeal cancer cells proliferation and migration, and lymphatic metastasis 

in vivo [634]. Through COPRS, PRMT5 and β-catenin are recruited to the promoter of 

Dlk-1 inhibiting its transcription and regulating adipogenesis [395]. It is therefore 

conceivable that the PRMT5/SDCCAG3 interaction could modulate Wnt pathway 

activation, albeit the precise mechanism behind this effect remains to be explored.  
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Supplementary data 

 

Figure S1: Functional interactions among the PRMT5 neighbouring proteins identified with 

TurboID-PRMT5 for 2 minutes biotinylation. Functional associations were determined using the 

STRING database (http://string-db.org/). Each node represents a protein, and the lines connecting the 

nodes represent an association between the two proteins. 
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Figure S2: Functional interactions among the PRMT5 neighbouring proteins identified with 

TurboID-PRMT5 for 10 minutes biotinylation. Functional associations were determined using the 

STRING database (http://string-db.org/). Each node represents a protein, and the lines connecting the 

nodes represent an association between the two proteins. 

 

Table S1: List of antibodies used in the study 

IF: immunofluorescence; IP: immunoprecipitation; MS: mass spectrometry; WB: western blot. 

 

 

Target Supplier Reference Application 

PRMT5 Thermofisher PA5-78323 IP, MS 

PRMT5 Santa-Cruz Biotechnology sc-376937 WB 

PRMT5 Sigma- Aldrich 07-405 WB 

SDMA Cell Signaling Technology 13222 WB 

MEP50 Bethyl A301-561A IP, MS 

MEP50 Bethyl A301-562A IP, MS 

FUBP1 Abcam ab181111 IP, MS, ChIP 

FUBP1 Novus Biologicals NBP2-59448 WB 

Flag Sigma-Aldrich F3165 IP, WB, IF 

GFP Institut Curie A-P-R#06 IP, WB 

LRP6 Cell Signaling Technology 2560 IP, MS, WB 

GAPDH Cell Signaling Technology 2118 WB 

Actin Sigma- Aldrich A5441 WB 



233 
 

Table S2: List of DNA oligos used in the study 

Oligo Target Sequence (5’ - 3’) Application 

pcDNA3,1 (+)_R pcDNA AAGCTTAAGTTTAAACGCTAGCCA Cloning 

Flag_pcDNA3,1 
(+)_F 

pcDNA GATTACAAGGACGACGACGATAAGTGACTCGAGTCTAGAGG
GCCCGTT 

Cloning 

pcDNA3,1_LRP6
_F 

LRP6 TGGCTAGCGTTTAAACTTAAGCTTATGGGGGCCGTCCTGAG
G 

Cloning 

Flag_LRP6_R LRP6 AACGGGCCCTCTAGACTCGAGTCACTTATCGTCGTCGTCCTT
GTAATC  

Cloning 

KH1 HindIII F FUBP1 GCGCAAGCTTGGAACACAGTTACCACCGATG Cloning 

KH3 HindIII F FUBP1 GCGCAAGCTTTTCAGAGAAGTTCGGAATGAGTATG Cloning 

KH4 XhoI R FUBP1 GCGCCTCGAGTTACCCTAAAGGATTTACTGGGCC Cloning 

TurboID F TurboID TTCATGGACTACAAAGACGATGACGACAAGGCTAGCAAAGAC
AATACTGTGCC 

Cloning 

TurboID R TurboID CCCACCAGCACCCCCGACCGCCATCGCCGCCTCGAGCTTTT
CGGCAGACCGCAGAC 

Cloning 

Flag-PRMT5 F pcDNA Flag-
PRMT5 

CTCGAGGCGGCGATGGCGGTCGGGGG Cloning 

Flag-PRMT5 R pcDNA Flag-
PRMT5 

CTTGTCGTCATCGTCTTTGTAG Cloning 

pcDNA-Flag-
PRMT5 F 

pcDNA Flag-
PRMT5 

CTAGAGGGCCCGTTTAAACC Cloning 

pcDNA-Flag-
PRMT5 R 

pcDNA Flag-
PRMT5 

CTTGTCGTCATCGTCTTTG Cloning 

PRMT1 F PRMT1 CATGGACTACAAAGACGATGACGACAAGATGGCGGCAGCCG
AGGCC  

Cloning 

PRMT1 R PRMT1 GATCAGCGGGTTTAAACGGGCCCTCTAGATCAGCGCATCCG
GTAGTCGG 

Cloning 

FUBP1 F FUBP1 GTGGACCTGGACCTGGTGGTAAAGGAAAAGGTAAAGGTCAA
GGCAACTG 

Mutagenesis 

FUBP1 R FUBP1 CAGTTGCCTTGACCTTTACCTTTTCCTTTACCACCAGGTCCA
GGTCC 

Mutagenesis 

TurboID-PRMT5 
F 

TurboID-
PRMT5 

GCCGAAAAGCTCGAATAGGCGATGGCGGTC  Mutagenesis 

TurboID-PRMT5 
R 

TurboID-
PRMT5 

GACCGCCATCGCCTATTCGAGCTTTTCGGC Mutagenesis 

 

Table S3: List of proteins retrieved from PRMT5 MS using antibody #ab109451 

 Protein ID Gene  Enrichment ratio  p-value  MW (KDa) 

A0FGR8 ESYT2 2.98 1.48 × 10-11 102.4 

O14744 PRMT5 24.69 1.42 × 10-05 72.7 

O60869 EDF1 3.38 1.00 × 10-03 16.4 

P62314 SNRPD1 2.92 1.20 × 10-03 13.3 

P62316 SNRPD2 2.40 4.83 × 10-03 13.5 

Q9NYU2 UGGT1 6.74 5.22 × 10-03 177.2 

P22314 UBA1 3.08 1.00 × 10-02 117.8 
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Table S4: List of proteins retrieved from MEP50 MS (in 3 replicates) 

Protein ID Gene Ratio Adj. p-value MW (kDa) Peptide number per 
100 aa 

O00423 EML1 NA NA 89.90 3.93 

P63162 SNRPN NA NA 24.60 3.75 

Q8WXE0 CASKIN2 NA NA 126.80 0.75 

Q96AE4 FUBP1 NA NA 67.60 8.54 

Q96CU9 FOXRED1 NA NA 53.80 3.70 

Q9NQ92 COPRS NA NA 20.10 5.98 

P54105 CLNS1A 796.19 5.09 × 10-06 26.20  

O14744 PRMT5 583.94 1.54 × 10-44 72.70  

Q9BQA1 WDR77 290.55 7.25 × 10-21 36.70  

P62314 SNRPD1 111.41 4.24 × 10-19 13.30  

P62318 SNRPD3 104.38 1.12 × 10-09 13.90  

P62316 SNRPD2 61.19 7.77 × 10-20 13.50  

Q9BRS2 RIOK1 45.20 6.86 × 10-37 65.60  

Q9BST9 RTKN 21.26 5.42 × 10-16 62.70  

O95071 UBR5 15.83 1.53 × 10-133 309.40  

O95163 ELP1 11.76 5.72 × 10-49 150.30  

O00267 SUPT5H 10.11 1.60 × 10-11 121.00  

Q7L099 RUFY3 9.31 9.34 × 10-07 53.00  

Q9H4M7 PLEKHA4 9.30 5.59 × 10-10 85.40  

Q99832 CCT7 8.56 3.27 × 10-51 59.40  

Q9UQ35 SRRM2 7.79 1.36 × 10-62 299.60  

Q9NYV4 CDK12 6.23 1.03 × 10-14 164.20  

Q16204 CCDC6 5.69 4.58 × 10-43 53.30  

P55795 HNRNPH2 5.53 2.70 × 10-17 49.30  

P46013 MKI67 5.31 2.17 × 10-19 358.70  

P31943 HNRNPH1 5.09 6.90 × 10-36 49.20  

O15164 TRIM24 5.03 1.56 × 10-10 116.80  

O60841 EIF5B 4.93 5.67 × 10-80 138.80  

O60573 EIF4E2 4.76 1.93 × 10-11 28.40  

Q92945 KHSRP 4.54 1.68 × 10-29 73.10  

O00401 WASL 4.21 1.65 × 10-03 54.80  

Q86TB9 PATL1 3.85 1.30 × 10-11 86.90  

Q8NC51 SERBP1 3.83 3.03 × 10-40 45.00  

Q6Y7W6 GIGYF2 3.78 8.09 × 10-15 150.10  

Q5BKZ1 ZNF326 3.77 3.92 × 10-14 65.70  

Q8TBC3 SHKBP1 3.42 1.23 × 10-11 76.30  

Q9H0K1 SIK2 3.35 2.73 × 10-04 103.90  

P49454 CENPF 3.30 1.56 × 10-02 367.80  

P52701 MSH6 2.71 3.52 × 10-18 152.80  

Q9Y597 KCTD3 2.62 4.89 × 10-05 89.00  

P02768 ALB 2.37 1.23 × 10-04 69.40  

Q04637 EIF4G1 2.21 6.49 × 10-69 175.50  

Q8IY67 RAVER1 2.10 5.35 × 10-04 63.90  

O94906 PRPF6 2.08 8.44 × 10-17 106.90  

O95985 TOP3B 2.06 3.83 × 10-05 96.70  
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Table S5: List of common proteins retrieved from MEP50 IP using Ab1 and Ab2 

Protein ID Protein # Peptide 
in IgG 

# Peptide 
in MEP50 
IP Ab1 

Ratio IP 
MEP50 
Ab1/IgG  

# Peptide 
in MEP50 
IP Ab2 

Ratio IP 
MEP50 
Ab2/IgG  

MW (KDa) 

Q08AD1 CAMSAP2 - 3 NA 3 NA 168.1 

P48643 CCT5 - 7 NA 8 NA 59.7 

Q9NQ92 COPRS - 4 NA 4 NA 20.1 

Q96AE4 FUBP1 - 18 NA 18 NA 67.6 

Q6Y7W6 GIGYF2 - 6 NA 8 NA 150.1 

Q96KK5 H2AC12 - 4 NA 4 NA 13.9 

P02042 HBD - 6 NA 6 NA 16.1 

P55795 HNRNPH2 - 17 NA 17 NA 49.3 

P31942 HNRNPH3 - 4 NA 5 NA 36.9 

Q6PKG0 LARP1 - 10 NA 4 NA 123.5 

Q9Y4Z0 LSM4 - 5 NA 5 NA 15.3 

P26038 MSN - 7 NA 3 NA 67.8 

P13674 P4HA1 - 4 NA 30 NA 61.0 

Q86TB9 PATL1 - 6 NA 4 NA 86.9 

O14744 PRMT5 - 84 NA 74 NA 72.7 

Q9BRS2 RIOK1 - 42 NA 37 NA 65.6 

O15027 SEC16A - 18 NA 12 NA 233.5 

P62316 SNRPD2 - 15 NA 16 NA 13.5 

P63162 SNRPN - 22 NA 21 NA 24.6 

O00267 SUPT5H - 16 NA 19 NA 121.0 

Q9BQA1 WDR77 - 30 NA 29 NA 36.7 

Q04917 YWHAH - 4 NA 3 NA 28.2 

Q9UPT8 ZC3H4 - 3 NA 3 NA 140.3 

Q5BKZ1 ZNF326 - 4 NA 8 NA 65.7 

P14678 SNRPB 1 25 25.00 24 24.00 24.6 

O94906 PRPF6 1 24 24.00 10 10.00 106.9 

P54105 CLNS1A 1 18 18.00 16 16.00 26.2 

P62318 SNRPD3 1 14 14.00 14 14.00 13.9 

P31943 HNRNPH1 4 33 8.25 29 7.25 49.2 

P78371 CCT2 1 8 8.00 4 4.00 57.5 

Q99832 CCT7 3 24 8.00 22 7.33 59.4 

Q96I24 FUBP3 1 8 8.00 7 7.00 61.6 

Q13435 SF3B2 2 16 8.00 5 2.50 100.2 

P62314 SNRPD1 1 8 8.00 7 7.00 13.3 

P38159 RBMX 1 6 6.00 3 3.00 42.3 

Q8WUP2 FBLIM1 1 4 4.00 5 5.00 40.7 

Q92945 KHSRP 3 12 4.00 8 2.67 73.1 

P62304 SNRPE 1 4 4.00 3 3.00 10.8 

O95633 FSTL3 1 3 3.00 4 4.00 27.7 

Q13547 HDAC1 1 3 3.00 3 3.00 55.1 

Q14739 LBR 1 3 3.00 3 3.00 70.7 

P50990 CCT8 3 8 2.67 9 3.00 59.6 

NA: not applicable 
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Table S6: List of proteins retrieved from FUBP1 IP (in 5 replicates) 

Gene Ratio Adj. p-value MW (KDa) Peptide number per 
100 aa 

ANXA11 NA NA 54.40 14.46 

ARID1A NA NA 242.00 0.7 

C17orf85 NA NA 70.60 2.58 

CDC5L NA NA 92.30 1.87 

CHERP NA NA 103.70 4.15 

DDX42 NA NA 103.00 2.88 

EFTUD2 NA NA 109.40 1.85 

ETV3 NA NA 57.00 2.93 

FIP1L1 NA NA 66.50 4.38 

GPATCH2 NA NA 58.90 3.79 

GPBP1 NA NA 53.30 6.77 

IFIT1 NA NA 55.40 3.14 

LSM1 NA NA 15.20 10.53 

MBNL3 NA NA 38.50 9.6 

MRPL4 NA NA 34.90 9.32 

MRPL51 NA NA 15.10 13.28 

MRPS26 NA NA 24.20 9.76 

MSI1 NA NA 39.10 5.25 

MST1R NA NA 152.20 1.29 

N4BP2 NA NA 198.80 0.68 

NFIX NA NA 55.10 3.19 

NGRN NA NA 32.40 6.19 

NKRF NA NA 77.70 1.74 

NYNRIN NA NA 208.40 2.69 

PARP12 NA NA 79.10 12.7 

PLK1 NA NA 68.30 3.48 

PRRC2B NA NA 243.00 1.08 

PTCD1 NA NA 78.90 6.14 

R3HDM2 NA NA 107.00 2.15 

RBFOX2 NA NA 41.40 6.15 

RBM17 NA NA 45.00 5.49 

RBMS2 NA NA 44.00 8.35 

SF3A1 NA NA 88.90 3.66 

SMARCAL1 NA NA 105.90 2.1 

SNRNP40 NA NA 39.30 3.36 

SNRPA1 NA NA 28.40 6.27 

SREK1 NA NA 59.40 3.54 

SUPV3L1 NA NA 88.00 1.65 

TCAF1 NA NA 102.10 1.85 

TNRC6C NA NA 176.00 1.83 

TOP3B NA NA 96.70 2.67 

TRA2A NA NA 32.70 7.09 

TRA2B NA NA 33.70 18.4 

WDR33 NA NA 145.90 1.27 

YLPM1 NA NA 241.60 0.56 

ZC3H11A NA NA 89.10 1.85 

ZCCHC3 NA NA 43.50 6.7 

FUBP1 240.72 3.07 × 10-134 67.60  

ZNF185 152.50 3.03 × 10-53 73.50  
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DAZAP1 63.53 1.72 × 10-29 43.40  

ELAVL1 55.97 1.19 × 10-48 36.10  

RALY 45.28 5.98 × 10-11 32.50  

IGF2BP3 40.27 1.49 × 10-88 63.70  

KHSRP 33.35 1.84 × 10-46 73.10  

FAM120A 29.83 4.98 × 10-77 121.90  

STAU2 29.12 2.98 × 10-32 62.60  

HNRNPC 28.33 3.41 × 10-19 33.70  

PABPC1 27.99 2.06 × 10-40 70.70  

RBMS1 26.86 7.27 × 10-08 44.50  

FUBP3 26.69 5.53 × 10-35 61.60  

LARP1 24.93 9.98 × 10-114 123.50  

YBX2 23.83 1.70 × 10-13 38.50  

HNRNPA2B1 23.60 1.39 × 10-128 37.40  

HNRNPDL 23.49 3.28 × 10-37 46.40  

FMR1 23.41 6.19 × 10-34 71.20  

KHDRBS1 22.44 8.02 × 10-41 48.20  

HNRNPR 21.86 2.19 × 10-40 70.90  

CELF1 20.39 5.26 × 10-13 52.10  

MOV10 20.22 1.71 × 10-38 113.70  

QKI 19.35 1.41 × 10-07 37.70  

HNRNPUL1 18.55 1.86 × 10-39 95.70  

PABPC4 18.46 3.91 × 10-59 70.80  

FXR1 18.43 8.67 × 10-12 69.70  

NUFIP2 18.01 2.69 × 10-41 76.10  

MSI2 16.77 1.36 × 10-08 35.20  

FXR2 16.08 3.59 × 10-07 74.20  

UPF1 14.82 6.37 × 10-92 124.30  

EIF4ENIF1 14.73 1.25 × 10-11 108.20  

PCBP2 13.02 6.66 × 10-20 38.60  

KPNA2 12.53 6.79 × 10-21 57.90  

TIAL1 12.51 1.13 × 10-05 41.60  

IGF2BP2 11.75 4.64 × 10-12 66.10  

HNRNPA0 11.69 3.55 × 10-35 30.80  

ESRP1 11.50 1.59 × 10-18 75.60  

DHX36 11.36 1.57 × 10-33 114.80  

SF1 11.34 3.71 × 10-34 68.30  

ILF3 11.33 4.74 × 10-106 95.30  

CSDA 11.27 2.74 × 10-37 40.10  

HNRNPK 10.81 2.20 × 10-58 51.00  

HNRNPL 10.81 2.85 × 10-31 64.10  

PURA 10.58 1.06 × 10-07 34.90  

PRRC2C 9.74 2.95 × 10-42 316.90  

TARDBP 9.67 2.32 × 10-06 44.70  

EWSR1 9.60 5.55 × 10-29 68.50  

THRAP3 9.57 2.80 × 10-07 108.70  

HECA 9.49 8.38 × 10-17 58.80  

HNRNPA3 9.27 3.77 × 10-17 39.60  

HNRNPH1 9.16 6.71 × 10-21 49.20  

HNRNPUL2 8.99 6.07 × 10-10 85.10  

ILF2 8.96 9.44 × 10-53 43.10  

RTCB 8.92 1.67 × 10-57 55.20  
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NCBP1 8.88 1.99 × 10-07 91.80  

HNRNPA1 8.76 1.17 × 10-34 38.70  

CPSF7 8.60 5.42 × 10-07 52.10  

PTBP1 8.50 7.73 × 10-70 57.20  

SFPQ 8.39 4.25 × 10-36 76.10  

HNRNPF 8.34 1.64 × 10-39 45.70  

PUF60 8.31 9.04 × 10-08 59.90  

MBNL1 7.65 2.67 × 10-09 41.80  

YBX1 7.60 2.06 × 10-35 35.90  

EIF4G1 7.45 3.46 × 10-87 175.50  

LRPPRC 7.43 5.33 × 10-59 157.90  

SYNCRIP 7.34 1.57 × 10-83 69.60  

GEMIN5 7.30 1.73 × 10-19 168.60  

DDX6 7.28 1.03 × 10-54 54.40  

LARP4B 7.21 4.73 × 10-13 80.60  

DDX1 7.19 1.46 × 10-50 82.40  

SRSF7 7.14 4.45 × 10-10 27.40  

EIF4E 7.12 2.59 × 10-19 25.10  

ATXN2 7.07 5.66 × 10-08 140.30  

PATL1 7.01 9.16 × 10-39 86.90  

MATR3 6.93 1.98 × 10-08 94.60  

RBM47 6.92 3.90 × 10-03 64.10  

U2AF1 6.65 3.79 × 10-10 27.90  

EIF3H 6.39 1.46 × 10-24 39.90  

RAVER1 6.29 2.11 × 10-22 63.90  

STAU1 6.27 4.74 × 10-106 63.20  

PTBP3 6.26 7.94 × 10-10 59.70  

DHX30 6.11 5.54 × 10-14 133.90  

HNRNPAB 6.01 2.64 × 10-25 36.20  

PUM2 5.99 1.28 × 10-03 114.20  

HNRNPH2 5.93 1.19 × 10-06 49.30  

SRSF11 5.84 1.13 × 10-06 53.50  

PLOD1 5.73 2.62 × 10-19 83.60  

HNRNPM 5.68 2.98 × 10-45 77.50  

GNAO1 5.56 3.27 × 10-03 40.10  

DDX17 5.55 3.36 × 10-30 80.30  

EIF4A3 5.46 8.51 × 10-04 46.90  

ADAR 5.41 1.58 × 10-06 136.10  

C14orf166 5.41 3.27 × 10-08 28.10  

SLIRP 5.33 4.14 × 10-09 12.30  

PRRC2A 5.27 2.07 × 10-10 228.90  

YTHDF1 5.26 4.56 × 10-18 60.90  

USP10 5.23 2.27 × 10-17 87.10  

MRPL3 5.17 1.49 × 10-07 38.60  

DHX15 5.15 2.42 × 10-15 90.90  

MID1IP1 5.14 1.25 × 10-46 20.20  

YTHDF2 5.14 3.88 × 10-42 62.30  

G3BP1 5.04 9.36 × 10-68 52.20  

PRKRA 4.98 4.58 × 10-20 34.40  

NONO 4.97 2.11 × 10-46 54.20  

CSDE1 4.95 1.23 × 10-32 88.90  

SEC31A 4.92 1.17 × 10-22 133.00  
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UNK 4.88 1.77 × 10-29 88.10  

STRAP 4.84 1.59 × 10-14 38.40  

ATXN2L 4.83 8.63 × 10-14 113.40  

DHX9 4.79 4.79 × 10-42 141.00  

FAM120C 4.75 1.02 × 10-08 120.60  

KIF1C 4.66 1.54 × 10-03 122.90  

EIF3F 4.66 9.00 × 10-18 37.60  

NELFE 4.61 1.03 × 10-06 43.20  

HMMR 4.57 3.38 × 10-17 84.10  

RBM14 4.47 9.86 × 10-08 69.50  

UPF2 4.47 5.83 × 10-22 147.80  

EIF3G 4.42 1.36 × 10-11 35.60  

EIF3I 4.32 1.66 × 10-21 36.50  

HNRNPH3 4.21 2.63 × 10-17 36.90  

U2AF2 4.17 1.29 × 10-03 53.50  

G3BP2 4.04 8.48 × 10-18 54.10  

EIF3D 4.03 4.77 × 10-35 64.00  

EDC4 4.00 2.51 × 10-08 151.70  

XRN2 4.00 5.63 × 10-05 108.60  

NUDT21 3.96 3.93 × 10-04 26.20  

DDX5 3.94 6.62 × 10-30 69.10  

GRSF1 3.94 1.09 × 10-23 53.10  

ALYREF 3.92 2.11 × 10-17 26.90  

LSM14A 3.91 6.52 × 10-17 50.50  

LSM14B 3.84 4.09 × 10-05 42.10  

TFAM 3.76 1.07 × 10-25 29.10  

RC3H1 3.71 3.05 × 10-03 125.70  

CC2D1A 3.67 7.89 × 10-18 104.10  

UPF3B 3.65 6.03 × 10-14 57.80  

EIF3L 3.65 5.69 × 10-15 66.70  

SRSF3 3.63 8.06 × 10-10 19.30  

CMTR1 3.61 1.43 × 10-04 95.30  

FUS 3.60 1.97 × 10-08 53.40  

CPSF6 3.60 8.19 × 10-08 59.20  

PRMT1 3.56 2.88 × 10-12 42.50  

PHF6 3.54 2.12 × 10-03 41.30  

HNRNPD 3.51 3.20 × 10-43 38.40  

HNRNPU 3.50 1.18 × 10-57 90.60  

LARP4 3.49 2.86 × 10-03 80.60  

SEC13 3.33 8.43 × 10-04 35.50  

ANKHD1 3.28 1.41 × 10-14 269.50  

FAM98A 3.27 1.06 × 10-03 55.30  

MRPS17 3.20 1.47 × 10-08 14.50  

ZNF593 3.18 2.21 × 10-05 15.20  

HNRNPLL 3.16 4.16 × 10-03 60.10  

CIRBP 3.12 1.44 × 10-04 18.60  

KIAA1967 3.10 1.67 × 10-06 102.90  

PKP3 3.10 7.11 × 10-21 87.10  

AGO2 3.08 5.57 × 10-05 97.20  

PURB 3.08 9.05 × 10-06 33.20  

KIAA1522 3.07 6.39 × 10-04 107.10  

RBM39 3.06 3.53 × 10-09 59.40  



240 
 

YWHAG 3.05 1.60 × 10-04 28.30  

EIF3A 3.04 2.46 × 10-29 166.60  

MKRN2 3.04 9.31 × 10-05 46.90  

CAPRIN1 3.01 1.07 × 10-27 78.40  

MEX3D 2.99 2.26 × 10-02 64.90  

MARK2 2.98 3.25 × 10-15 87.90  

ZC3HAV1 2.98 4.77 × 10-35 101.40  

PPFIA1 2.97 3.99 × 10-35 135.80  

SRP68 2.93 2.70 × 10-02 70.70  

POP7 2.93 1.14 × 10-03 15.70  

ITIH2 2.91 4.34 × 10-02 106.50  

DHX29 2.88 8.95 × 10-07 155.20  

KRT4 2.83 1.67 × 10-02 57.30  

UBAP2L 2.82 2.54 × 10-19 114.50  

SRPK1 2.78 5.70 × 10-07 74.30  

SF3B2 2.75 1.24 × 10-38 100.20  

FAM111B 2.74 5.08 × 10-08 84.70  

PABPN1 2.74 2.62 × 10-02 32.70  

VAPA 2.71 6.96 × 10-05 27.90  

TRIM25 2.67 7.59 × 10-41 71.00  

SRSF5 2.65 9.80 × 10-04 31.30  

DDX3X 2.65 1.52 × 10-07 73.20  

PTBP2 2.56 4.00 × 10-05 57.50  

PEG10 2.51 1.12 × 10-10 80.20  

EIF2AK2 2.43 1.71 × 10-25 62.10  

PUM1 2.43 2.00 × 10-02 126.50  

CDC20 2.41 3.94 × 10-08 54.70  

EIF3B 2.40 1.77 × 10-05 92.50  

RNMT 2.37 4.32 × 10-03 54.80  

MRPL14 2.34 1.74 × 10-04 15.90  

BAIAP2 2.25 7.94 × 10-08 60.90  

TRIM56 2.24 1.65 × 10-06 81.50  

FBL 2.24 6.86 × 10-10 33.80  

EIF4A1 2.24 9.42 × 10-04 46.20  

YTHDF3 2.21 7.28 × 10-09 63.90  

EIF4G2 2.20 6.87 × 10-07 102.40  

GNB2L1 2.19 1.74 × 10-09 35.10  

MAP7D1 2.18 6.95 × 10-04 92.80  

LTV1 2.18 2.80 × 10-18 54.90  

RPS10 2.17 1.06 × 10-06 18.90  

RDX 2.15 4.56 × 10-08 68.60  

SNRPD3 2.15 2.21 × 10-05 13.90  

TYK2 2.14 4.47 × 10-07 133.70  

EIF3E 2.12 2.08 × 10-07 52.20  

PNO1 2.10 4.06 × 10-03 27.90  

LLGL2 2.10 2.95 × 10-04 113.40  

NEMF 2.07 3.45 × 10-08 123.00  

EIF2A 2.06 4.03 × 10-22 65.00  

PPFIBP2 2.01 1.63 × 10-04 98.50  

DHX57 2.01 3.09 × 10-02 155.60  

WIBG 1.99 5.85 × 10-15 22.70  

RPL22L1 1.98 1.65 × 10-06 14.60  
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GTPBP1 1.98 1.48 × 10-10 72.50  

SPAG5 1.97 2.94 × 10-02 134.40  

HLTF 1.94 8.00 × 10-05 113.90  

SOGA2 1.89 1.80 × 10-14 209.50  

AP2A1 1.87 6.71 × 10-04 107.50  

NAV1 1.87 4.46 × 10-12 202.50  

OTUD4 1.86 2.94 × 10-02 124.00  

SFRP1 1.85 2.21 × 10-05 35.40  

REEP4 1.84 6.81 × 10-04 29.40  

TSR1 1.80 5.59 × 10-10 91.80  

FAM83D 1.79 1.14 × 10-05 64.40  

ASCC3 1.79 2.06 × 10-12 251.50  

POLDIP3 1.76 1.90 × 10-03 46.10  

RPS17 1.75 2.13 × 10-11 15.60  

RPL22 1.74 2.95 × 10-05 14.80  

MAP7 1.73 9.08 × 10-16 84.10  

H1-5 1.72 1.22 × 10-04 22.60  

YTHDC2 1.71 5.23 × 10-03 160.20  

CSNK1A1 1.70 3.45 × 10-03 38.90  

BYSL 1.69 1.40 × 10-06 49.60  

RC3H2 1.69 3.11 × 10-03 131.70  

RASAL2 1.68 3.16 × 10-04 128.60  

XRCC5 1.68 2.02 × 10-27 82.70  

AP2M1 1.68 2.93 × 10-09 49.70  

MYO9B 1.68 4.03 × 10-05 243.40  

RPS7 1.66 3.89 × 10-07 22.10  

MAP7D3 1.66 2.27 × 10-04 98.40  

DNAJC9 1.60 1.05 × 10-07 29.90  

IQGAP3 1.60 2.28 × 10-02 184.70  

PRMT5 1.59 2.33 × 10-02 72.70  

NSUN2 1.59 2.79 × 10-05 86.50  

SRP14 1.57 8.34 × 10-03 14.60  

RPS21 1.56 3.08 × 10-02 9.10  

XRCC6 1.56 1.82 × 10-17 69.80  

CCDC124 1.52 5.20 × 10-03 25.80  

MSN 1.52 1.54 × 10-08 67.80  

 

Table S7: List of proteins retrieved after biotin pulldown (proximity labelling by TurboID) 

no treatment 50 µM biotin, 2 minutes 50 µM biotin, 10 minutes 

Protein 
ID 

Protein Enrichment 
ratio 

Protein 
ID 

Protein Enrichment 
ratio 

Protein 
ID 

Protein Enrichment 
ratio 

O14744 PRMT5 NA P68032 ACTC1 NA Q3ZCM7 TUBB8 NA 

Q15751 HERC1 NA Q05639 EEF1A2 NA Q9BQA1 WDR77 NA 

Q9BQE3 TUBA1C NA Q3ZCM7 TUBB8 NA P13637 ATP1A3 NA 

P68032 ACTC1 NA Q9BQA1 WDR77 NA Q5T2N8 ATAD3C NA 

Q05639 EEF1A2 NA Q96C92 SDCCAG3 NA Q12840 KIF5A NA 

Q9BQA1 WDR77 NA Q5T2N8 ATAD3C NA P11908 PRPS2 NA 

P62987 UBA52 NA Q12979 ABR NA P35626 GRK3 NA 

P42357 HAL NA O94905 ERLIN2 NA Q92526 CCT6B NA 

P06899 H2BC11 NA Q12792 TWF1 NA O60814 H2BC12 NA 

Q9NRW1 RAB6B NA P11908 PRPS2 NA Q92925 SMARCD2 NA 
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P58107 EPPK1 NA Q504Q3 PAN2 NA Q93045 STMN2 NA 

P52789 HK2 NA Q58FF8 HSP90AB2
P 

NA Q96RG2 PASK NA 

Q01813 PFKP NA O43251 RBFOX2 NA P30533 LRPAP1 NA 

P11166 SLC2A1 NA P49674 CSNK1E NA P17612 PRKACA NA 

P28070 PSMB4 NA P50502 ST13 NA P30101 PDIA3 NA 

P25786 PSMA1 NA Q9NRW1 RAB6B NA Q8WUD1 RAB2B NA 

Q92997 DVL3 NA Q13162 PRDX4 NA O15111 CHUK NA 

Q9Y6A5 TACC3 NA Q9H9S3 SEC61A2 NA P51157 RAB28 NA 

Q93052 LPP NA Q9UQM7 CAMK2A NA Q9NRW1 RAB6B NA 

Q9NQ92 COPRS NA Q53FV1 ORMDL2 NA Q8NBS9 TXNDC5 NA 

O00767 SCD NA Q10567 AP1B1 NA O94887 FARP2 NA 

Q5TFE4 NT5DC1 NA P52789 HK2 NA O94972 TRIM37 NA 

Q96F07 CYFIP2 NA P22694 PRKACB NA P25490 YY1 NA 

O00186 STXBP3 NA P31946 YWHAB NA Q15057 ACAP2 NA 

Q9UBV8 PEF1 NA Q01813 PFKP NA Q9P0S3 ORMDL1 NA 

P60763 RAC3 NA P05109 S100A8 NA Q01814 ATP2B2 NA 

P53041 PPP5C NA P07339 CTSD NA Q13126 MTAP NA 

Q96MG8 PCMTD1 NA Q9Y2Z2 MTO1 NA Q6PML9 SLC30A9 NA 

Q9UHQ1 NARF NA Q8WUD1 RAB2B NA Q96IJ6 GMPPA NA 

Q08426 EHHADH NA Q5HYI8 RABL3 NA Q14165 MLEC NA 

Q13243 SRSF5 NA Q99943 AGPAT1 NA Q9BY32 ITPA NA 

Q9H853 TUBA4B NA P28074 PSMB5 NA Q9NYP7 ELOVL5 NA 

Q05397 PTK2 NA P06753 TPM3 NA P08579 SNRPB2 NA 

Q9Y5Z9 UBIAD1 NA O00303 EIF3F NA Q9P0I2 EMC3 NA 

P09132 SRP19 NA Q8IYB1 MB21D2 NA P53041 PPP5C NA 

Q9C0F1 CEP44 NA Q9BW62 KATNAL1 NA Q01813 PFKP NA 

Q9Y2T2 AP3M1 NA Q7LG56 RRM2B NA Q14CS0 UBXN2B NA 

O95674 CDS2 NA O14640 DVL1 NA Q9UHQ1 NARF NA 

Q9H3N1 TMX1 NA Q6ZVX7 NCCRP1 NA Q9P0L2 MARK1 NA 

Q96EK5 KIFBP NA Q9Y6I3 EPN1 NA O75351 VPS4B NA 

O75348 ATP6V1G
1 

NA Q9UBQ0 VPS29 NA O94988 FAM13A NA 

Q96MW1 CCDC43 NA P98194 ATP2C1 NA Q12816 TRO NA 

Q9BWH6 RPAP1 NA Q5BJH7 YIF1B NA Q9H0V9 LMAN2L NA 

Q9UFF9 CNOT8 NA Q5T9S5 CCDC18 NA Q765P7 MTSS1L NA 

Q6R327 RICTOR NA Q9P0L2 MARK1 NA Q8TBZ3 WDR20 NA 

Q8WU79 SMAP2 NA O75845 SC5D NA Q969J3 LOH12CR
1 

NA 

O95336 PGLS NA P43307 SSR1 NA Q9UNH6 SNX7 NA 

P50570 DNM2 NA O75477 ERLIN1 NA O15021 MAST4 NA 

Q9BV44 THUMPD3 NA P62837 UBE2D2 NA Q0P6D6 CCDC15 NA 

Q9UH65 SWAP70 NA P61927 RPL37 NA Q8WXA3 RUFY2 NA 

Q8TDJ6 DMXL2 NA P56537 EIF6 NA Q9BRV8 SIKE1 NA 

P08579 SNRPB2 NA Q9NZ72 STMN3 NA Q9NZN3 EHD3 NA 

P20337 RAB3B NA Q86U90 YRDC NA Q15751 HERC1 22.00 

Q99808 SLC29A1 NA Q9BQT8 SLC25A21 NA O14744 PRMT5 21.00 

O14772 FPGT NA Q9GZR5 ELOVL4 NA Q02224 CENPE 9.00 

Q06609 RAD51 NA O00221 NFKBIE NA Q9NZJ4 SACS 8.00 

Q9P2S5 WRAP73 NA P00966 ASS1 NA Q9GZN8 C20orf27 7.00 

Q8NI77 KIF18A NA P20337 RAB3B NA Q9Y6K9 IKBKG 7.00 

Q96BR5 SELRC1 NA P35237 SERPINB6 NA Q9ULL1 PLEKHG1 7.00 

Q9BV38 WDR18 NA Q99808 SLC29A1 NA Q96C92 SDCCAG3 6.50 

Q3SY69 ALDH1L2 NA Q9GZT4 SRR NA Q9NPF4 OSGEP 6.00 
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P00390 GSR NA Q14192 FHL2 NA Q15005 SPCS2 6.00 

Q9NQX3 GPHN NA Q7Z7H5 TMED4 NA P54709 ATP1B3 5.00 

Q9UBW7 ZMYM2 NA Q96EK9 KTI12 NA Q9NQ88 TIGAR 5.00 

Q96C92 SDCCAG3 NA Q9HBI1 PARVB NA Q96QD9 FYTTD1 5.00 

Q14562 DHX8 NA Q9NYU2 UGGT1 NA Q9P2R7 SUCLA2 5.00 

Q15599 SLC9A3R
2 

NA Q06609 RAD51 NA P83369 LSM11 5.00 

Q92536 SLC7A6 NA O00186 STXBP3 NA Q8TAT6 NPLOC4 5.00 

Q9UBQ0 VPS29 NA Q9UBV8 PEF1 NA Q9UPV0 CEP164 5.00 

Q9H6K4 OPA3 NA Q99798 ACO2 NA Q7Z3E5 ARMC9 5.00 

O75683 SURF6 NA Q96NL6 SCLT1 NA Q9H892 TTC12 5.00 

Q96SZ5 ADO NA Q15468 STIL NA Q9BRS2 RIOK1 4.50 

Q9BQP7 MGME1 NA Q9Y6E0 STK24 NA P56945 BCAR1 4.50 

O75845 SC5D NA O43639 NCK2 NA P62314 SNRPD1 4.00 

Q96Q11 TRNT1 NA Q8NBS9 TXNDC5 NA Q8WVJ2 NUDCD2 4.00 

O75874 IDH1 NA O15083 ERC2 NA Q96F24 NRBF2 4.00 

P50995 ANXA11 NA Q96MG8 PCMTD1 NA Q6YHU6 THADA 4.00 

Q9Y2V2 CARHSP1 NA Q15599 SLC9A3R2 NA P48047 ATP5PO 4.00 

Q9Y3E2 BOLA1 NA Q8IVD9 NUDCD3 NA O00116 AGPS 4.00 

P29218 IMPA1 NA Q8IWQ3 BRSK2 NA O00170 AIP 4.00 

P50452 SERPINB8 NA Q92536 SLC7A6 NA P33527 ABCC1 4.00 

Q00534 CDK6 NA Q9Y6M1 IGF2BP2 NA Q9GZT9 EGLN1 4.00 

Q6P582 MZT2A NA Q13011 ECH1 NA O95864 FADS2 4.00 

Q9P031 CCDC59 NA Q14139 UBE4A NA Q9BU23 LMF2 4.00 

Q9BRS2 RIOK1 15.25 Q5W0V3 FAM160B1 NA Q9C0F1 CEP44 4.00 

Q13867 BLMH 11.00 Q5XKP0 QIL1 NA Q9NQ92 COPRS 4.00 

Q01469 FABP5 7.00 Q9BUN8 DERL1 NA Q13191 CBLB 4.00 

Q9HD45 TM9SF3 5.00 Q9H6K4 OPA3 NA P00390 GSR 4.00 

Q969N2 PIGT 5.00 Q9UBI1 COMMD3 NA Q8NA72 POC5 4.00 

Q96QA5 GSDMA 5.00 Q9Y4Z0 LSM4 NA Q07617 SPAG1 4.00 

Q5D862 FLG2 4.50 P01111 NRAS NA Q0IIM8 TBC1D8B 4.00 

Q13835 PKP1 4.50 P52209 PGD NA Q8N2Y8 RUSC2 4.00 

P04040 CAT 4.33 Q6Y1H2 HACD2 NA O14777 NDC80 4.00 

O14828 SCAMP3 4.00 Q8TED1 GPX8 NA Q52LW3 ARHGAP2
9 

4.00 

Q9NUL7 DDX28 4.00 Q9NP97 DYNLRB1 NA Q9NR46 SH3GLB2 4.00 

O75947 ATP5PD 4.00 Q9Y3C8 UFC1 NA Q5T9S5 CCDC18 4.00 

Q8IV63 VRK3 4.00 O14777 NDC80 NA Q5T7B8 KIF24 4.00 

Q9BTE3 MCMBP 4.00 Q52LW3 ARHGAP2
9 

NA Q99536 VAT1 4.00 

O15127 SCAMP2 4.00 Q9NR46 SH3GLB2 NA Q05655 PRKCD 3.50 

Q99614 TTC1 4.00 Q8TD31 CCHCR1 NA O15067 PFAS 3.50 

Q9Y2Z2 MTO1 4.00 Q9ULL1 PLEKHG1 NA P62841 RPS15 3.50 

Q9H2U2 PPA2 4.00 O75351 VPS4B NA Q8IWS0 PHF6 3.50 

P0CG12 CHTF8 4.00 P53677 AP3M2 NA Q8WXW3 PIBF1 3.50 

P22735 TGM1 4.00 Q12816 TRO NA O43314 PPIP5K2 3.50 

O43583 DENR 3.50 Q9H0V9 LMAN2L NA Q15468 STIL 3.50 

P08621 SNRNP70 3.00 O96005 CLPTM1 NA Q99541 PLIN2 3.50 

P61758 VBP1 3.00 P06241 FYN NA Q8IVM0 CCDC50 3.33 

Q15813 TBCE 3.00 P20674 COX5A NA Q9NR12 PDLIM7 3.00 

P10155 RO60 3.00 P61009 SPCS3 NA Q96A73 KIAA1191 3.00 

Q63ZY3 KANK2 3.00 Q92575 UBXN4 NA Q9NP64 ZCCHC17 3.00 

Q8TC12 RDH11 3.00 Q969L4 LSM10 NA O60427 FADS1 3.00 

P09661 SNRPA1 2.75 Q96Q11 TRNT1 NA P53597 SUCLG1 3.00 
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P55786 NPEPPS 2.75 Q9BPW8 NIPSNAP1 NA Q86TP1 PRUNE 3.00 

Q9NRK6 ABCB10 2.67 O94925 GLS NA Q9BSH4 TACO1 3.00 

Q96P63 SERPINB1
2 

2.50 P30046 DDT NA O94905 ERLIN2 3.00 

Q99816 TSG101 2.50 Q32P41 TRMT5 NA Q96MW1 CCDC43 3.00 

Q86TP1 PRUNE 2.50 Q6NT16 SLC18B1 NA O14531 DPYSL4 3.00 

P23258 TUBG1 2.50 Q7Z3C6 ATG9A NA Q6ZWJ1 STXBP4 3.00 

Q6UB35 MTHFD1L 2.50 Q9BSH5 HDHD3 NA Q9H223 EHD4 3.00 

Q8ND56 LSM14A 2.50 Q9NRD5 PICK1 NA O43164 PJA2 3.00 

P23526 AHCY 2.50 Q9Y512 SAMM50 NA O00483 NDUFA4 3.00 

O76003 GLRX3 2.50 Q9Y672 ALG6 NA Q8NCA5 FAM98A 3.00 

P19367 HK1 2.50 A6NHQ2 FBLL1 NA P61803 DAD1 3.00 

Q8WVV4 POF1B 2.50 P06702 S100A9 NA Q9UHJ6 SHPK 3.00 

Q86YZ3 HRNR 2.38 P20336 RAB3A NA Q9UM13 ANAPC10 3.00 

Q02413 DSG1 2.27 P67775 PPP2CA NA Q13541 EIF4EBP1 3.00 

Q15031 LARS2 2.14 Q86SX6 GLRX5 NA Q9BV57 ADI1 3.00 

P07355 ANXA2 2.11 Q96EY8 MMAB NA Q9NP79 VTA1 3.00 

      Q15751 HERC1 40.00 P49458 SRP9 3.00 

      O14744 PRMT5 18.83 O75746 SLC25A12 3.00 

      O95864 FADS2 7.00 O95299 NDUFA10 3.00 

      P20930 FLG 7.00 Q7RTV0 PHF5A 3.00 

      O95336 PGLS 7.00 O43826 SLC37A4 3.00 

      Q9H1K0 RBSN 7.00 Q7Z4H3 HDDC2 3.00 

      Q9BRS2 RIOK1 6.00 Q9Y3T9 NOC2L 3.00 

      Q9P0J0 NDUFA13 6.00 Q15070 OXA1L 3.00 

      Q6PI48 DARS2 6.00 O00231 PSMD11 3.00 

      Q9Y679 AUP1 5.00 P46734 MAP2K3 3.00 

      O14735 CDIPT 5.00 P36507 MAP2K2 3.00 

      Q8TB61 SLC35B2 5.00 Q13686 ALKBH1 3.00 

      P18754 RCC1 5.00 Q9Y6G5 COMMD1
0 

3.00 

      Q9BU23 LMF2 5.00 Q8TB61 SLC35B2 3.00 

      Q9UHQ9 CYB5R1 5.00 O00221 NFKBIE 3.00 

      Q14574 DSC3 5.00 O75348 ATP6V1G
1 

3.00 

      P14621 ACYP2 5.00 Q9BT22 ALG1 3.00 

      O14531 DPYSL4 5.00 O95997 PTTG1 3.00 

      Q96HU1 SGSM3 5.00 Q8IU60 DCP2 3.00 

      Q5T9A4 ATAD3B 4.60 Q9Y484 WDR45 3.00 

      Q99614 TTC1 4.00 Q13772 NCOA4 3.00 

      Q5D862 FLG2 4.00 Q15121 PEA15 3.00 

      Q9NX63 CHCHD3 4.00 Q68CZ2 TNS3 3.00 

      P37108 SRP14 4.00 Q9BSL1 UBAC1 3.00 

      O75832 PSMD10 4.00 Q9NW68 BSDC1 3.00 

      P49419 ALDH7A1 4.00 Q8IWQ3 BRSK2 3.00 

      Q9NZW5 MPP6 4.00 O15040 TECPR2 3.00 

      Q96B26 EXOSC8 4.00 Q2M1Z3 ARHGAP3
1 

3.00 

      Q9BSH4 TACO1 4.00 Q2M3G4 SHROOM
1 

3.00 

      Q6YN16 HSDL2 4.00 Q5THJ4 VPS13D 3.00 

      Q96EK5 KIFBP 4.00 Q96RY7 IFT140 3.00 

      Q8TC12 RDH11 4.00 Q9H7X7 IFT22 3.00 

      P30153 PPP2R1A 4.00 P98194 ATP2C1 3.00 

      Q9NQ92 COPRS 4.00 O43251 RBFOX2 3.00 

      O75792 RNASEH2
A 

4.00 O00418 EEF2K 3.00 
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      P49840 GSK3A 4.00 O14924 RGS12 3.00 

      P58546 MTPN 4.00 Q8N573 OXR1 3.00 

      Q9C0D2 KIAA1731 4.00 Q9HCJ0 TNRC6C 2.75 

      Q8NEB9 PIK3C3 4.00 Q15645 TRIP13 2.67 

      Q14244 MAP7 3.50 O75792 RNASEH2
A 

2.67 

      Q08554 DSC1 3.50 Q12792 TWF1 2.67 

      Q16891 IMMT 3.33 Q05084 ICA1 2.67 

      Q9NP61 ARFGAP3 3.33 P50502 ST13 2.67 

      Q02413 DSG1 3.00 Q5T9A4 ATAD3B 2.57 

      Q9NVI7 ATAD3A 3.00 Q9NVI7 ATAD3A 2.50 

      P46459 NSF 3.00 Q5VWZ2 LYPLAL1 2.50 

      P24666 ACP1 3.00 Q9H773 DCTPP1 2.50 

      Q96J01 THOC3 3.00 Q9BVK6 TMED9 2.50 

      Q15717 ELAVL1 3.00 Q9NXU5 ARL15 2.50 

      P23526 AHCY 3.00 P37108 SRP14 2.50 

      Q92643 PIGK 3.00 Q00537 CDK17 2.50 

      Q9NPF4 OSGEP 3.00 P61019 RAB2A 2.50 

      Q8N1B4 VPS52 3.00 P49006 MARCKSL
1 

2.50 

      O75439 PMPCB 3.00 P57076 C21orf59 2.50 

      O15067 PFAS 3.00 P49757 NUMB 2.50 

      P10636 MAPT 3.00 A7KAX9 ARHGAP3
2 

2.50 

      Q99569 PKP4 3.00 Q9H0K1 SIK2 2.50 

      P62841 RPS15 3.00 P31946 YWHAB 2.50 

      Q58A45 PAN3 3.00 Q5XPI4 RNF123 2.50 

      P50395 GDI2 3.00 Q504Q3 PAN2 2.33 

      O95299 NDUFA10 3.00 Q96RP9 GFM1 2.33 

      P51570 GALK1 3.00 Q9BW92 TARS2 2.33 

      Q7RTV0 PHF5A 3.00 Q9NWS0 PIH1D1 2.33 

      Q92747 ARPC1A 3.00 Q8IYB1 MB21D2 2.33 

      Q9UI12 ATP6V1H 3.00 Q8WYL5 SSH1 2.33 

      O00232 PSMD12 3.00 P00374 DHFR 2.29 

      Q6UX53 METTL7B 3.00 Q9Y2Z0 SUGT1 2.29 

      P61513 RPL37A 3.00 Q16527 CSRP2 2.25 

      Q9NWZ8 GEMIN8 3.00 P54277 PMS1 2.25 

      Q9NX61 TMEM161A 3.00 Q8TD31 CCHCR1 2.25 

      O43396 TXNL1 3.00 Q9Y230 RUVBL2 2.22 

      P27105 STOM 3.00 Q96LB3 IFT74 2.20 

      Q9BTE1 DCTN5 3.00 P13797 PLS3 2.17 

      O75608 LYPLA1 3.00 O95801 TTC4 2.17 

      Q5T749 KPRP 3.00 Q8TEP8 CEP192 2.14 

      Q9GZM5 YIPF3 3.00       

      Q9UHR4 BAIAP2L1 3.00       

      Q8NCX0 CCDC150 3.00       

      P28070 PSMB4 3.00       

      Q8NFQ8 TOR1AIP2 3.00       

      Q14657 LAGE3 3.00       

      P22570 FDXR 3.00       

      P31751 AKT2 3.00       

      Q9BY32 ITPA 3.00       

      Q8N4Q0 ZADH2 3.00       

      Q9NYP7 ELOVL5 3.00       



246 
 

      Q15008 PSMD6 3.00       

      P83369 LSM11 3.00       

      Q96BR5 SELRC1 3.00       

      P51668 UBE2D1 3.00       

      Q96AA3 RFT1 3.00       

      P26639 TARS1 3.00       

      P53041 PPP5C 3.00       

      Q9Y6Q2 STON1 3.00       

      O95219 SNX4 3.00       

      O43164 PJA2 3.00       

      Q05084 ICA1 3.00       

      Q9Y2I8 WDR37 3.00       

      P51157 RAB28 3.00       

      Q13835 PKP1 3.00       

      Q13564 NAE1 3.00       

      P09012 SNRPA 2.67       

      Q13867 BLMH 2.67       

      Q9UPU7 TBC1D2B 2.67       

      Q6P2H3 CEP85 2.54       

      P08621 SNRNP70 2.50       

      Q9BYJ9 YTHDF1 2.50       

      P00846 MT-ATP6 2.50       

      Q9BUB7 TMEM70 2.50       

      P51153 RAB13 2.50       

      Q9BVK6 TMED9 2.50       

      Q9NPA3 MID1IP1 2.50       

      O14925 TIMM23 2.50       

      O95070 YIF1A 2.50       

      O76003 GLRX3 2.50       

      Q9H7S9 ZNF703 2.50       

      Q96CN7 ISOC1 2.50       

      Q9P2R7 SUCLA2 2.50       

      P04899 GNAI2 2.50       

      Q9ULV4 CORO1C 2.50       

      Q96MW1 CCDC43 2.50       

      Q5VU43 PDE4DIP 2.50       

      Q9NXC5 MIOS 2.50       

      Q8WU79 SMAP2 2.50       

      P53365 ARFIP2 2.50       

      Q13451 FKBP5 2.50       

      Q8WVK7 SKA2 2.50       

      Q96MX6 WDR92 2.50       

      Q96FJ2 DYNLL2 2.50       

      P14923 JUP 2.45       

      Q63ZY3 KANK2 2.40       

      Q9Y2Z0 SUGT1 2.40       

      P35080 PFN2 2.33       

      Q6UWP7 LCLAT1 2.33       

      O00165 HAX1 2.33       

      P10155 RO60 2.33       

      P23258 TUBG1 2.33       

      Q6UB35 MTHFD1L 2.33       
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      P35606 COPB2 2.33       

      Q9UH65 SWAP70 2.33       

      Q96BY7 ATG2B 2.31       

      P53004 BLVRA 2.29       

      P07355 ANXA2 2.29       

      Q9HA64 FN3KRP 2.25       

      Q3ZCQ8 TIMM50 2.25       

      P07384 CAPN1 2.25       

      Q15738 NSDHL 2.25       

      O95801 TTC4 2.25       

      Q9UJS0 SLC25A13 2.20       

      Q9NUQ3 TXLNG 2.20       

      P08195 SLC3A2 2.14       

NA: not applicable 

 

Table S8: List of proteins common between 2 minutes and 10 minutes treatment 

    50 µM biotin, 2 minutes 50 µM biotin, 10 minutes 
 

Protein ID Protein Enrichment ratio Peptide 
number* 

Enrichment ratio Peptide 
number* 

MW 
(KDa) 

Q52LW3 ARHGAP29 NA 2 4.00   142.1 

Q9NVI7 ATAD3A 3.00   2.50   71.4 

Q5T9A4 ATAD3B 4.60   2.57   72.6 

Q5T2N8 ATAD3C NA 11 NA 7 46.4 

P98194 ATP2C1 NA 3 3.00   100.6 

Q8IWQ3 BRSK2 NA 2 3.00   81.6 

Q5T9S5 CCDC18 NA 3 4.00   169 

Q96MW1 CCDC43 2.50   3.00   25.2 

Q8TD31 CCHCR1 NA 2 2.25   88.7 

Q9NQ92 COPRS 4.00   4.00   20.1 

O14531 DPYSL4 5.00   3.00   61.9 

Q9NYP7 ELOVL5 3.00   NA 3 35.3 

O94905 ERLIN2 NA 8 3.00   37.8 

O95864 FADS2 7.00   4.00   52.3 

Q15751 HERC1 40.00   22.00   532.2 

Q05084 ICA1 3.00   2.67   54.6 

Q9BY32 ITPA 3.00   NA 3 21.4 

Q9H0V9 LMAN2L NA 2 NA 3 39.7 

Q9BU23 LMF2 5.00   4.00   79.7 

P83369 LSM11 3.00   5.00   39.5 

Q9P0L2 MARK1 NA 3 NA 3 89 

Q8IYB1 MB21D2 NA 3 2.33   55.8 

O14777 NDC80 NA 2 4.00   73.9 

O95299 NDUFA10 3.00   3.00   40.8 

O00221 NFKBIE NA 2 3.00   52.9 

Q9NPF4 OSGEP 3.00   6.00   36.4 

Q504Q3 PAN2 NA 7 2.33   135.4 

O15067 PFAS 3.00   3.50   144.7 

Q01813 PFKP NA 4 NA 3 85.6 

Q7RTV0 PHF5A 3.00   3.00   12.4 

O43164 PJA2 3.00   3.00   78.2 

Q9ULL1 PLEKHG1 NA 2 7.00   155.4 
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P53041 PPP5C 3.00   NA 3 56.9 

O14744 PRMT5 18.83   21.00   72.7 

P11908 PRPS2 NA 7 NA 6 34.8 

P51157 RAB28 3.00   NA 4 24.8 

Q8WUD1 RAB2B NA 3 NA 4 24.2 

Q9NRW1 RAB6B NA 5 NA 4 23.5 

O43251 RBFOX2 NA 6 3.00   41.4 

Q9BRS2 RIOK1 6.00   4.50   65.6 

O75792 RNASEH2
A 

4.00   2.67   33.4 

P62841 RPS15 3.00   3.50   17 

Q96C92 SDCCAG3 NA 11 6.50   48 

Q9NR46 SH3GLB2 NA 2 4.00   44 

Q8TB61 SLC35B2 5.00   3.00   47.5 

P37108 SRP14 4.00   2.50   14.6 

P50502 ST13 NA 5 2.67   41.3 

Q15468 STIL NA 2 3.50   143 

Q9P2R7 SUCLA2 2.50   5.00   50.3 

Q9Y2Z0 SUGT1 2.40   2.29   41 

Q9BSH4 TACO1 4.00   3.00   32.5 

Q9BVK6 TMED9 2.50   2.50   27.3 

Q12816 TRO NA 2 NA 3 143.7 

O95801 TTC4 2.25   2.17   44.7 

Q3ZCM7 TUBB8 NA 13 NA 14 49.8 

Q12792 TWF1 NA 7 2.67   40.3 

Q8NBS9 TXNDC5 NA 2 NA 4 47.6 

O75351 VPS4B NA 2 NA 3 49.3 

Q9BQA1 WDR77 NA 12 NA 11 36.7 

P31946 YWHAB NA 4 2.50   28.1 

*: Peptide number was indicated instead of the ratio for proteins that had 0 peptides in the control condition (TurboID only); NA: 

not applicable 

 

Table S9: List of proteins retrieved with PRMT5 LC-MS/MS using antibody #PA5-78323 

Protein ID Gene MW Ratio (PRMT5 IP/IgG) Peptide number 

O43707 ACTN4 104.9 NA 10 

Q4VCS5 AMOT 118.1 NA 11 

Q9UPS8 ANKRD26 196.4 NA 9 

Q12774 ARHGEF5 176.8 NA 3 

L0R819 ASDURF 11.2 NA 3 

Q676U5 ATG16L1 68.3 NA 3 

Q9BUH6 C9orf142 21.6 NA 5 

P54105 CLNS1A 26.2 NA 3 

Q9P2B4 CTTNBP2NL 70.2 NA 9 

Q8NEL9 DDHD1 100.4 NA 19 

O60762 DPM1 29.6 NA 3 

O43524 FOXO3 71.3 NA 10 

P16402 H1-3 22.3 NA 10 

P58876 H2BC5 13.9 NA 9 

Q05084 ICA1 54.6 NA 3 

P05362 ICAM1 57.8 NA 15 

Q5VZK9 LRRC16A 151.6 NA 3 

Q14566 MCM6 92.9 NA 3 
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P02795 MT2A 6 NA 3 

Q5SYE7 NHSL1 170.7 NA 4 

Q14980 NUMA1 238.3 NA 3 

P43034 PAFAH1B1 46.6 NA 19 

P68402 PAFAH1B2 25.6 NA 4 

P05165 PCCA 80.1 NA 3 

Q9BUL8 PDCD10 24.7 NA 3 

O95263 PDE8B 99 NA 17 

Q92508 PIEZO1 286.8 NA 23 

Q13523 PRPF4B 117 NA 12 

P55036 PSMD4 40.7 NA 7 

O95758 PTBP3 59.7 NA 3 

O75154 RAB11FIP3 82.4 NA 8 

Q5EBL4 RILPL1 47.1 NA 6 

Q9BRS2 RIOK1 65.6 NA 31 

Q5W0B1 RNF219 81.1 NA 21 

Q9H6T3 RPAP3 75.7 NA 7 

P29353 SHC1 62.8 NA 10 

Q92581 SLC9A6 74.2 NA 6 

O95347 SMC2 135.7 NA 3 

Q9Y6E0 STK24 49.3 NA 7 

Q5VSL9 STRIP1 95.6 NA 3 

Q13033 STRN3 87.2 NA 16 

Q9NRL3 STRN4 80.6 NA 9 

P53999 SUB1 14.4 NA 5 

Q9BYX2 TBC1D2 105.4 NA 4 

P04183 TK1 25.5 NA 6 

Q16890 TPD52L1 22.4 NA 3 

Q9NY65 TUBA8 50.1 NA 10 

P04350 TUBB4A 49.6 NA 20 

O94763 URI1 59.8 NA 4 

Q9BQA1 WDR77 36.7 NA 9 

Q96MX6 WDR92 39.7 NA 5 

O14744 PRMT5 72.7 25   

O43815 STRN 86.1 23   

Q52LW3 ARHGAP29 142.1 22   

Q8N163 KIAA1967 102.9 15   

Q9BVG8 KIFC3 92.8 14   

Q9P289 MST4 46.5 7   

O75717 WDHD1 126 7   

Q07021 C1QBP 31.4 6   

P27824 CANX 67.6 5   

Q14203 DCTN1 141.7 5   

Q9Y2W1 THRAP3 108.7 5   

Q9UQB8 BAIAP2 60.9 4   

Q14008 CKAP5 225.5 4   

O60716 CTNND1 108.2 4   

P23284 PPIB 23.7 4   

Q15758 SLC1A5 56.6 4   

P17480 UBTF 89.4 4   

P50552 VASP 39.8 4   

Q5T1J5 CHCHD2P9 15.5 3   
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P21291 CSRP1 20.6 3   

Q92522 H1-10 22.5 3   

Q00341 HDLBP 141.5 3   

Q01130 SRSF2 25.5 3   

Q9UHF7 TRPS1 141.5 3   

Q96CT7 CCDC124 25.8 2.5   

P35222 CTNNB1 85.5 2.5   

O43237 DYNC1LI2 54.1 2.5   

Q8N8S7 ENAH 66.5 2.5   

Q14192 FHL2 32.2 2.5   

P05166 PCCB 58.2 2.5   

Q15293 RCN1 38.9 2.5   

 

*: Peptide number was indicated instead of the ratio for proteins that had 0 peptides in the control condition (TurboID only); NA: 

not applicable 
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Chapter 3: General Conclusions and Future Perspectives 

 

PRMT5 inhibition as a combinatorial treatment strategy in TNBC 

In this study, we explored the advantage of combining the inhibition of PRMT5 with 

several chemotherapies and with inhibitors targeting the HER family members in 

TNBC. We observed a synergistic interaction between the PRMT5 inhibitor 

EPZ015938 and chemotherapies, with the strongest effect observed in the 

EPZ015938/cisplatin combination. The combination of EPZ015938 with EGFR 

inhibitor (erlotinib) and with the EGFR/HER2/HER4 inhibitor (neratinib) yielded 

synergistic advantages when applied on the EGFR-overexpressing TNBC cells MDA-

MB-468 and BT20. In addition, the combinations of EPZ015938 with neratinib or with 

the HER2 inhibitor tucatinib showed high synergism in the HER2-low TNBC cell line, 

MDA-MB-453 and in the HER2-positive cell line HCC1954. Next, it is important to test 

the combination of PRMT5 inhibition with other HER2-targeted therapies (antibodies 

or ADC) on additional HER2-low TNBC and HER2-positive breast cancer cell lines, to 

examine if we can extend our findings. Future experiments that address the efficacy 

of the different combination in vivo will be performed, employing various TNBC PDX 

models. The EPZ015938/cisplatin combination could be tested on PDX models 

derived from patients that developed resistance to chemotherapies to address if this 

combination is effective in overcoming TNBC resistance, a major concern in its 

treatment. Moreover, biomarkers of response could be evaluated for these 

combinations. The EPZ015938/cisplatin combination can be performed on models 

with defects in the DNA damage response pathways, like BRCA1/2 mutations, as 

these tumours were reported to be more sensitive to platinum agents [43]. The 

combination of PRMT5 inhibition with EGFR inhibitors could be tested on PDX models 

with EGFR overexpression, and those with HER2 inhibitors could be employed on 

HER2-low PDX models.  

Another concern for TNBC is its high relapse rates, that could originate from its 

enrichment in BCSCs. The efficiency of combining PRMT5 inhibitors with 

chemotherapies in decreasing the population of BCSCs can be evaluated in vitro by 

performing mammosphere formation assays, or by examining BCSCs markers like 

ALDH1 and CD44 by flowcytometry. In vivo, we can examine if the drug combinations 

could diminish the population of BCSCs by flowcytometry performed on mice cells 
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extracted from the treated tumours. Tumour relapse can also be tested in vivo, to 

examine if the drug combinations could decrease tumour recurrence compared to the 

individual treatments. 

In addition to these translational studies, the molecular effects underlying the different 

combinations could be investigated. DNA damage upon combining PRMT5 inhibition 

with cisplatin can be examined by assessing the DNA damage marker ƔH2AX by WB 

and IF, to test if it is increased upon the combinatorial treatment. Additionally, the effect 

of combinations between PRMT5 inhibitor and the EGFR inhibitors on the EGFR 

pathway could be examined by WB analysis of phosphorylated downstream effectors 

of the signalling pathway like AKT and MAPK. It would also be interesting to test 

whether these combinations impact the trafficking of EGFR, another regulator of its 

activity. Similar experiments can be performed regarding HER2. The activity HER2 

pathway could be evaluated after combining HER2 and PRMT5 inhibitors. In addition, 

it would be interesting to check whether HER2 is a PRMT5 substrate, similar to what 

has been reported for EGFR, and if this contributes to its signalling cascade regulation.  

To identify the downstream effectors/targets of the various combinations, proteomic 

and/or transcriptomic analysis could be performed. In the proteomic analysis, the 

PRMT5 methylome and interactome could be identified by mass-spectrometry, and 

differential PRMT5 partners and/or substrates between the drug combinations and 

individual treatments could be identified. Moreover, RNA-seq analysis upon the 

combinatorial treatment can be employed to identify differentially expressed or 

differentially spliced transcripts, considering the pivotal role of PRMT5 in transcription 

and pre-mRNA splicing regulation.  

Deciphering the PRMT5 interactome 

In this study, our primary goal was to elucidate the interactome of PRMT5 in TNBC 

cells using a combination of immunoprecipitation and proximity labelling approaches. 

Initially, due to the lack of an anti-PRMT5 antibody suitable for PRMT5 

immunoprecipitation, we first characterized the MEP50 interactome by 

immunoprecipitating MEP50 from HCC38 cells, which are BL1 TNBC cells. 

Subsequently, upon validating a PRMT5 antibody for efficient immunoprecipitation, we 

identified the PRMT5 interactome in MDA-MB-468 cells, another BL1 TNBC cell line. 

In future studies, it will be important to replicate these experiments in the same cell 
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lines with a minimum of 3 biological replicates to ensure robust and statistically 

significant data. Additionally, it is advisable to extend this investigation to other TNBC 

cell lines, ideally encompassing different TNBC subtypes to take into consideration the 

heterogeneity of the disease, and to non-cancerous cell lines. A main limitation of the 

classical immunoprecipitation lies in its challenge to detect transient protein-protein 

interactions. Although it may not be the case, PRMT5 is an enzyme which may engage 

in transient interactions with its substrates, as it is observed for kinases.  This is one 

of the reasons why we employed the TurboID proximity labelling method which can be 

valuable in uncovering these dynamic interactions. Choosing HEK293T cells, which 

are easily to transfect, allowed us to establish and optimize the TurboID protocol 

before applying it to TNBC cells. With the method now optimized, it is possible to 

perform a similar procedure to capturing PRMT5 partners in TNBC cell lines. TurboID, 

being a protein of approximately 36 KDa, may potentially interfere with PRMT5-protein 

interactions. To address this issue, future experiments could utilize TurboID fused to 

the C-terminus of PRMT5 (Figure 1A; PRMT5-TurboID, clone generated during my 

thesis) and compare the PRMT5 neighbours obtained in both conditions.  

Given that PRMT5 forms a stable hetero-octameric complex with MEP50, with 4 

PRMT5 monomers situated at the core and 4 MEP50 molecules at the periphery [122], 

it could be insightful to co-transfect both TurboID-PRMT5 and TurboID-MEP50 (or 

PRMT5-TurboID and MEP50-TurboID) to identify the partners of the complex. 

Constructs for TurboID-MEP50 were also generated during my thesis (Figure 1A). 

Lastly, rather than overexpressing the TurboID fusion proteins, an alternative 

approach would be to introduce the TurboID sequence upstream or downstream the 

PRMT5 gene using CRISPR-Cas9 knock-in in a TNBC cell line [627]. This would result 

in the expression of the TurboID-PRMT5 protein at levels comparable to the 

endogenous PRMT5.  
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Figure 1: TurboID constructs schemes. 

 

The dynamic shuttling of PRMT5 between the nucleus and cytoplasm emerges as a 

critical aspect of its role in oncogenesis. As highlighted in the discussion, low levels of 

nuclear PRMT5 and MEP50 are associated with poor prognosis and aggressive 

tumours, such as TNBC. What are the PRMT5 partners both in the cytosol and in the 

nucleus? Among these partners, which ones may be involved in promoting malignant 

transformation? Furthermore, what mechanisms govern the controlled translocation of 

PRMT5 between these cellular compartments? In order to gain comprehensive 

insights, it will be crucial to determine the PRMT5 interactome in both compartments. 

The TurboID technique holds potential for this purpose, achieved through the insertion 

of an NES or NLS (Figure 1B), forcing in theory the expression of PRMT5 in the 

cytoplasm and the nucleus respectively, to capture its partners in both compartments. 

The experiments could be performed in a TNBC cell line and in a non-cancerous 

breast cell line (like MCF10A) for comparative analysis. Constructs encoding TurboID-

NES-PRMT5 and TurboID-NLS-PRMT5 fusion proteins were also generated during 

my thesis (Figure 1B); however, due to time and prioritization constraints, these 

investigations were not further pursued. The initial step in the future would be to 

validate the proper subcellular localization of the fused proteins (Flag-NES-TurboID-

PRMT5, Flag-NLS-TurboID-PRMT5) through IF. Subsequently, partner identification 
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would be carried out in cells expressing Flag-NES-TurboID-PRMT5 or Flag-NLS-

TurboID-PRMT5 (transient transfection or CRISPR/Cas9 knock-in).  Alternatively, 

PRMT5 could be immunoprecipitated following subcellular fractionation, similar to the 

study performed by Rengasamy et al. using MEP50 antibodies [412]. However, they 

detected the same proteins in both the nucleus and cytoplasm and found RIOK1 which 

is a strictly cytoplasmic interactor of the PRMT5/MEP50 complex as a nuclear partner, 

raising questions about the of purity of their nuclear and cytosolic fractions. Thus, 

careful fractionation and validation steps would be essential for reliable results. 

Effect of FUBP1 methylation on its functions 

Among the identified MEP50 interactors, FUBP1 emerged as a top candidate. 

Subsequent studies demonstrated that FUBP1 is a substrate of PRMT5, and that 

symmetric di-methylation plays a pivotal role in regulating its binding to the FUSE 

element. However, this modification did not appear to impact FUBP1's cellular 

localization. Additional work will be required to better understand the functional impact 

of the PRMT5/MEP50-FUBP1 interaction. While our study highlighted that FUBP1 

methylation enhances its interaction with the FUSE element, we have yet to explore 

its impact on other chromatin sequences. This could be addressed by conducting a 

ChIP-seq analysis of FUBP1 in TNBC cells following PRMT5 inhibition, which would 

provide insights into the chromatin regions where FUBP1 exhibits altered binding due 

to its methylation status. This could unravel a broader understanding of how FUBP1's 

methylation contributes to its chromatin interactions and transcriptional functions. 

Furthermore, identifying the RNA molecules that differentially interact with FUBP1 

upon its methylation status represents another avenue of exploration. This could be 

achieved through RNA IP (RIP) followed by sequencing (RIP-seq) in TNBC cells after 

PRMT5 inhibition, which would shed light on how FUBP1's methylation influences its 

interactions with RNA transcripts.  

Given FUBP1's dual roles in regulating both transcription and pre-mRNA splicing, 

coupled with our discovery that its methylation modulates its binding to FUSE, it would 

be interesting to investigate whether FUBP1 methylation influences gene expression 

and alternative splicing events. One approach could involve the stable expression of 

FUBP1 wild-type and a triple lysine mutant (mimicking the methylation-deficient state) 

in a TNBC cell line (both resistant to FUBP1 siRNA). Subsequently, endogenous 

FUBP1 will be depleted using siRNA before the RNA-seq analysis, to uncover 
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differentially expressed and spliced transcripts between cells expressing mutant and 

wild-type FUBP1. This same approach could be applied before performing ChIP-seq 

or RIP-seq, instead of inhibiting PRMT5, to investigate the effects of these three 

arginine residues in regulating FUBP1 interaction with nucleic acids. 

Given our findings that FUBP1 is overexpressed in TNBC compared to normal tissue, 

and its depletion impairs the proliferation of MDA-MB-468 cells, it would be interesting 

to investigate the impact of its methylation on TNBC tumorigenesis. This study would 

involve both in vitro and in vivo experiments. To examine whether the methylation of 

FUBP1 correlates with clinical parameters in breast cancer, antibodies targeting the 

symmetrically dimethylated form of FUBP1 could be generated. Subsequently, 

immunohistochemical staining of normal breast and breast cancer tumours belonging 

to the different subtypes, could be performed. Additionally, since we showed that 

inhibiting PRMT5 decreases the proliferation of a subset of TNBC cell lines, 

investigating the effects of FUBP1 depletion together with PRMT5 inhibition, could 

determine whether this combination exerts a synergistic effect on inhibiting TNBC cells 

proliferation. This concept could be extended to in vivo studies, utilizing TNBC 

xenografts models generated from TNBC cells depleted or KO for FUBP1, followed by 

PRMT5 inhibition, to assess the potential therapeutic benefits. 

PRMT5 interaction with DBC-1 

DBC-1 was identified among the top PRMT5 partners using the IP method. DBC-1 is 

a subunit of the DBIRD complex, which also includes ZNF326, a validated PRMT5 

substrate [412]. Since the function of the interaction between PRMT5 and ZNF326 

was already demonstrated, we did not analyse the functional impact of the interaction 

between PRMT5 and DBC-1, as it will be most likely similar to ZNF326. Of note, DBC-

1 is predicted to be methylated by large scale proteomic analysis on several arginine 

residues (PhosphoSitePlus; [432]). Subsequent experiments could aim to confirm 

these methylation events and establish their dependency on PRMT5 activity. This 

would contribute valuable insights into the regulatory mechanisms governing DBC-1 

and its potential role in PRMT5-mediated processes. 
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Functional analysis of the interaction between PRMT5 and 

SDCCAG3  

Extensive research is still needed to elucidate the functional interaction between 

SDCCAG3 and PRMT5. Unfortunately, the unavailability of an antibody capable of 

specifically detecting SDCCAG3 via western blotting hindered the validation of the 

interaction between endogenous PRMT5 and SDCCAG3 using immunoprecipitation. 

We could examine whether SDCCAG3 undergoes methylation in TNBC cells. If 

methylation is detected, it will be essential to ascertain whether PRMT5 is the enzyme 

responsible for this modification. Analysing proteomic data of the PRMT5 methylome, 

potential monomethylation of SDCCAG3 on R7 and 15 were identified in the study 

performed by Larsen et al. [106]. To validate if SDCCAG3 is indeed methylated and 

determine if it is mediated by PRMT5, in vitro methylation assays could be envisaged 

using recombinant SDCCAG3 protein and PRMT5/MEP50 complex. If methylation 

event(s) is(are) observed, a subsequent step would entail identifying the specific 

methylation sites through mass spectrometry analysis, followed by validation using 

site-directed mutagenesis and methylation assays. Furthermore, comprehensive 

biochemical analysis could be conducted to determine which domains of PRMT5 

interact with SDCCAG3, and conversely, using co-immunoprecipitation assays with 

deleted mutants of the 2 proteins. To examine in which cellular compartments PRMT5 

and SDCCAG3 interact, Proximity Ligation Assay (PLA) could be performed. 

As arginine methylation can affect subcellar localisation and stability, we could 

investigate whether PRMT5 exerts influence on SDCCAG3's localization and stability. 

This can be achieved by depleting or inhibiting PRMT5 followed by monitoring 

SDCCAG3 localization and levels. Reciprocally, exploring whether SDCCAG3 impacts 

PRMT5 activity could also be explored. This can be addressed by depleting 

SDCCAG3 and examining the total symmetric dimethylation levels (SDMA) in the 

cells.  

We found that SDCCAG3, and possibly PRMT5, interacts with LRP6, and regulates 

the Wnt signalling pathway. As PRMT5 was shown to regulate the Wnt pathway 

[631,632,634,635], it raises an intriguing possibility: Could SDCCAG3 be involved in 

the intracellular trafficking of LRP6? Moreover, does PRMT5 also participate in this 

process? While previous research has not established a link between PRMT5 and 



258 
 

endocytosis or protein trafficking, it is noteworthy that these pathways emerged 

prominently in the analysis of the PRMT5 interactome using TurboID. This potential 

intersection between PRMT5 and cellular trafficking mechanisms presents a 

promising avenue for further exploration. 

What about the other functions of SDCCAG3? Is PRMT5 involved? Previous research 

has indicated that SDCCAG3 is present at the midbody during cytokinesis, and 

alterations in its expression levels can lead to cytokinetic defects revealed by 

multinucleated cells [617]. However, the exact functions of SDCCAG3 during cell 

division remain to be fully elucidated. Interestingly, proteomic analysis of midbody 

remnants has revealed the presence of both PRMT5 and SDCCAG3 [636], and our 

study identified cell division as one of the significantly enriched pathways among 

PRMT5 interactors using both PRMT5 IP and TurboID. These findings suggest a 

potential role for PRMT5 in cytokinesis, possibly through its interaction with 

SDCCAG3. Therefore, future studies could be made to investigate first if PRMT5 is 

indeed required for cell division, and then if it is through its interaction with SDCCAG3.  

While our current data does not provide definitive answers to these questions, it lays 

the foundation for further investigations into PRMT5's involvement in pathways that 

have not been extensively studied in the context of PRMT5. This preliminary data 

offers a valuable starting point for future projects in the laboratory. 
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Simple Summary: The arginine methyltransferase PRMT5 is an emerging therapeutic target for
various cancers including breast cancer. In this study, we examine the expression and subcellular
localization of its main cofactor, MEP50, in the different breast cancer subgroups. High levels of
MEP50 are found in TNBC and associated with better recurrence-free survival.

Abstract: Breast cancer is composed of distinct subgroups, triple-negative breast cancer (TNBC),
human epidermal growth factor receptor-2 (HER2), luminal A, and luminal B, which are associated
with different prognosis. MEP50 is the main partner of the arginine methyltransferase PRMT5
required for its enzymatic activity. Here, we examined MEP50 expression in the different breast
cancer subgroups from the transcriptomic data obtained on human breast cancer samples and on
normal breast tissues in two cohorts (Curie, n = 141; The Cancer Genome Atlas—TCGA, n = 788). We
observed higher levels of MEP50 mRNA in TNBC (Curie, n = 41; TCGA, n = 106) compared to the
other breast cancer subgroups and normal breast tissues. Using an online KM-plotter database, which
allows survival analyses in a larger number of breast cancer patients, we found that high MEP50
mRNA levels were associated with a more favorable recurrence-free survival (RFS) in TNBC (n = 953,
p = 1.2 × 10−4) and luminal B (n = 1353, p = 0.013) tumors, whereas high PRMT5 mRNA levels were
associated with worse RFS in these two subgroups (TNBC: n = 442, p = 1.0 × 10−4; luminal B: n = 566,
p = 6.8 × 10−3). We next determined the expression and the subcellular localization of MEP50 protein
by immunohistochemistry (IHC) in our Curie cohort of breast cancer (n = 94) and normal tissues
(n = 7) using a validated MEP50 antibody. MEP50 was more expressed in breast tumors compared
to normal breast tissues (p = 0.02). MEP50 was more localized to the cytosol in breast cancer cells
compared to normal breast tissue (p = 4 × 10−4), and was more found at the plasma membrane in
normal tissues compared to breast tumors (p = 0.01). We also evaluated PRMT5 activity by IHC
in our Curie cohort using a validated antibody (H4R3me2s) detecting histone H4 symmetrically
dimethylated on Arg3. High levels of H4R3me2s were found in normal breast tissues, whereas the
lowest levels of H4R3me2s were observed in TNBC and HER2 breast cancer subgroups. Altogether,
our study reports the expression of the PRMT5 cofactor (MEP50) and substrate (H4R3me2s) in breast
cancer and highlights the association of PRMT5 and MEP50 mRNA with prognosis in luminal B and
TNBC breast cancer subgroups and certain TNBC subtypes.

Keywords: triple-negative breast cancer; TNBC; breast cancer; PRMT5; MEP50; H4R3me2s; epigenet-
ics; prognosis; recurrence-free survival
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1. Introduction

Breast cancer is a heterogenous disease comprising several subgroups associated with
different prognosis [1]. Breast tumors are mainly classified depending on the expression of
hormone receptors (estrogen and progesterone receptors, ER and PR) and the overexpres-
sion of epidermal growth factor receptor 2 (HER2) [1]. Luminal breast cancers express ER
and/or PR, and are subclassified into luminal A or luminal B subgroups, the former being
less proliferative and associated with a better prognosis. Hormone-negative breast cancers,
which are associated with the poorest prognosis, are subdivided into two groups depending
on HER2 overexpression: HER2-positive (HER2), characterized by HER2 amplification, and
basal-like (or triple-negative breast cancer, TNBC) [1]. TNBC itself is highly heterogeneous
comprising molecularly distinct subtypes: basal-like 1 (BL1), basal-like 2 (BL2), mesenchy-
mal (M), mesenchymal stem-like (MSL), immunomodulatory (IM), and luminal androgen
receptor (LAR) [2–4]. This inter-tumor heterogeneity along with a well-established intra-
tumor heterogeneity arising from drug-resistant cells pose a major challenge in treating
TNBC patients [2–6]. Identifying new therapeutic targets to overcome chemo-resistance
and recurrence is a high clinical priority for TNBC patients.

Protein arginine methyltransferases (PRMT1-9) are post-translational modifying en-
zymes which transfer one or two methyl group(s) to a wide range of cytosolic and nuclear
substrates [7–12]. Some PRMTs are emerging as attractive therapeutic targets as they
have been shown to be overexpressed in various cancers. We have recently reported that
PRMT1 [13] and PRMT5 [14] are promising targets for TNBC. Specific PRMT5 inhibitors
are currently under evaluation in clinical trials [8,9,15,16].

PRMT5 regulates gene expression through transcriptional activation and repression,
pre-mRNA splicing, translation, growth factor signaling, and DNA damage response, to
name a few [16–18]. PRMT5 is the principal enzyme catalyzing symmetric dimethylation of
arginine on a myriad of substrates including histones (H2A, H3 and H4), and non-histone
proteins. Symmetric dimethylation of arginine 3 on histone H2A (H2AR3me2s) [19] and
H4 (H4R3me2s) [20,21] and arginine 8 on histone H3 (H3R8me2s) [21,22] are associated
with gene regulation.

The main protein partner of PRMT5 is the methylosome protein 50 (MEP50) [23]. It is
also known as WDR77 (WD repeat-containing protein) or as a coactivator of the androgen
receptor (p44) [24]. MEP50 forms a hetero-octameric complex with PRMT5 and activates
its enzyme activity [25–27]. MEP50 is overexpressed in lung, squamous cell carcinoma,
and breast cancer at the RNA level [28–30] and in ovarian [31], lung [32], and squamous
cell [33] carcinomas at the protein level. Mutations in the MEP50 gene that impairs its
binding to PRMT5 have been discovered in familial non medullary thyroid cancer [34]. High
MEP50 mRNA levels are associated with poor prognosis in lung [17] and breast [35] cancers.
MEP50 localizes both in the cytosol and nucleus of various cancer cells: breast [29,36],
ovarian [31], squamous [33], and prostate [37–41] cancers. Cytosolic localization of MEP50
is associated with proliferation while nuclear MEP50 is linked with differentiation in
prostate cancer cells [37–42]. Knocking down MEP50 decreases cell proliferation of different
cell lines including ovarian cancer [31], squamous cell carcinoma [33], keratinocyte [43], and
lung cancer [44] cells. In contrast, its knockdown increases thyroid cancer cell growth [34]. A
recent study showed that MEP50 depletion sensitizes prostate cancer cells to radiation [45].

In this study, we examined the expression level of MEP50 and PRMT5 mRNA and their
association with recurrence-free survival (RFS) in the different breast cancer subgroups and
various TNBC subtypes. We determined the expression and the subcellular localization
of MEP50 protein by immunohistochemistry (IHC) in our cohort of breast cancer tissues.
Lastly, we assessed nuclear PRMT5 activity by analyzing the H4R3me2s methylation mark
by IHC in breast tumors and normal tissues.
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2. Materials and Methods
2.1. Human Breast Cancer Cohorts and Transcriptomic Data

Curie cohort: Our cohort has been previously described [14,46–49] and is composed of
TNBC (ER-, PR-, HER2-), HER2 (ER-, PR-, HER2+), luminal A (ER+ and/or PR+, HER2-),
luminal B (ER+ and/or PR+, HER2+), and normal breast tissues from plastic surgery.
Experiments were conducted in accordance with Bioethics Law No. 2004–800 and the
Ethics Charter from the French National Institute of Cancer (INCa), and after approval
from the ethics committee of our Institution. Transcriptome microarray (U133 Plus 2.0
Affymetrix chips, Thermo Fisher Scientific, Waltham, MA, USA) was performed on TNBC
(n = 41), HER2 (n = 30), luminal A (n = 29), luminal B (n = 30), and normal human samples
(n = 11), as previously described [14,46–49] (Table 1).

Table 1. Curie Cohort (Transcriptome Analysis): MEP50 mRNA Expression in Breast Cancer Sub-
groups and Normal Breast Tissues (Figure 1).

Number of Samples in Breast Cancer Subgroups and in Normal Breast Tissues

TNBC HER2 Luminal B Luminal A normal breast tissues
41 30 30 29 11

TCGA cohort: the publicly available RNA-SeqV2 Level 3 dataset (January 2015) were
downloaded from The Cancer Genome Atlas (TCGA) breast invasive carcinoma cohort
(http://cancergenome.nih.gov/) [50] and integrated into a platform in knowledge data
integration (KDI) at Institut Curie (https://bioinfo-portal.curie.fr). We classified the breast
cancer subgroups, as we did for the Curie cohort, based on the immunohistochemical status
for ER, PR and HER2 which were provided in the dataset. TNBC (ER-, PR-, HER2-; n = 106),
HER2 (ER-, PR-, HER2+; n = 36), luminal A (ER+ and/or PR+, HER2-; n = 415), and luminal
B (ER+ and/or PR+, HER2+; n = 118). The TCGA database includes 113 referenced normal
breast tissue samples (Table 2).

Table 2. TCGA cohort (transcriptome analysis): MEP50 mRNA expression in breast cancer subgroups
and normal breast tissues (Figure 1).

Number of Samples in Breast Cancer Subgroups and in Normal Breast Tissues

TNBC HER2 Luminal B Luminal A normal breast tissues
106 36 118 415 113

2.2. Survival Analysis

Kaplan–Meier curves for target genes were generated with the online tool Kaplan–
Meier Plotter (KM) plotter (https://www.kmplot.com, accessed on August 2022) [51].
The best probe sets for MEP50 (201421_s_at) and PRMT5 (1564520_s_at) retrieved the
number of patients for survival analyses (Tables 3 and 4 indicate the number of patients
analyzed in each breast cancer subgroup and TNBC subtype, respectively). Recurrence-
free survival (RFS) of breast cancer patients stratified by high and low expression of
MEP50 or PRMT5 mRNA (median cutoff setting) was determined from the online tool
(https://www.kmplot.com).

The survival curves for each breast cancer subgroup were obtained using the PAM50
setting on the website (Basal for TNBC, HER2, luminal B and Luminal A). The table below
indicates the number of patients retrieved with the MEP50 and PRMT5 probe sets within
each breast cancer subgroup (Table 3).

The survival curves for each TNBC subtype were retrieved using the Pietenpol setting
classifying the TNBC subtypes as reported by the group of Prof. Pietenpol [2] (basal-
like 1, BL1; basal-like 2, BL2; immunomodulatory, IM; mesenchymal, Mes; mesenchymal
stem-like, MSL; luminal androgen receptor, LAR). The table below indicates the number

http://cancergenome.nih.gov/
https://bioinfo-portal.curie.fr
https://www.kmplot.com
https://www.kmplot.com
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of patients retrieved with the MEP50 and PRMT5 probe sets within each TNBC subtype
(Table 4).

Table 3. Survival analyses in the breast cancer subgroups (Figure 2).

Number of Patients Retrieved on https://www.kmplot.com with
the MEP50 (201421_s_at) or the PRMT5 (1564520_s_at) Probe Sets

TNBC HER2 Luminal B Luminal A

MEP50 mRNA 953 695 1353 1809

PRMT5 mRNA 442 358 566 631

PRMT5:MEP50 mRNA 442 358 566 631

Table 4. Survival analyses in TNBC subtypes (Figure 3).

Number of Patients Retrieved on https://www.kmplot.com with
the MEP50 (201421_s_at) or the PRMT5 (1564520_s_at) Probe Sets

BL1 BL2 IM Mes MSL LAR

MEP50 mRNA 251 101 300 211 81 253

PRMT5 mRNA 126 68 130 112 43 123

PRMT5:MEP50 mRNA 126 68 130 112 43 123

The obtained Hazard Ratio (HR) with 95% confidence interval and log-rank p-values
were generated automatically from the online tool (https://www.kmplot.com) and are
shown on the corresponding Figures.

2.3. Cell Culture

HCC38, MDA-MB-231 and MDA-MB-453 TNBC cells were purchased from the Amer-
ican Type Culture Collection (ATCC, LGC Promochem, Karnataka, India), authenticated by
short tandem repeat profiling in 2021 (not shown). HCC38 cells were cultured in RPMI-1640
(LifeTechnologies, Carlsbad, CA, USA) supplemented with 10% (vol/vol) fetal bovine serum
(FBS, LifeTechnologies), 1.5 g/L sodium bicarbonate (LifeTechnologies), 10 mmol/L Hepes
(LifeTechnologies), 1 mmol/L sodium pyruvate (LifeTechnologies), 100 U/mL penicillin,
and 100 µg/mL streptomycin (LifeTechnologies). MDA-MB-453 and MDA-MB-231 cells
were cultured in DMEM-F12 (LifeTechnologies) supplemented with 10% FBS, 100 U/mL
penicillin, and 100 µg/mL streptomycin.

2.4. Validation of the MEP50 Antibodies for Immunohistochemistry (IHC) Staining

HCC38 and MDA-MB-231 cells were transfected with 20 nM of control (Allstars
negative control, ref: SI03650318, Qiagen, Hilden, Germany) or MEP50 (ref: SI03152730,
Qiagen, target sequence 5′-ATGCTAGATCTGTGCCGTTAA-3′) siRNA using INTERFERin
(Polyplus Transfection, Illkirch-Graffenstaden, France). Forty-eight hours post transfection,
protein lysates were extracted from one plate and subjected to Western blot, as previously
described [48,52,53], to confirm MEP50 depletion efficiency. The other plates were used to
validate the specificity of the MEP50 antibodies for IHC purpose: about 10 million cells per
condition (control or MEP50 siRNA treated cells) were pelleted, then fixed with the same
fixator (AFA: Alcohol, Formalin, Acetic acid) used to fix the human samples. Fixed cells
were then paraffin embedded, and 3 µm-thick sections were cut with a microtome and then
stained as the human samples of the Curie cohort.

2.5. Validation of the H4R3me2s Antibodies for IHC Staining

MDA-MB-453 cells were incubated for 48 h with vehicle (DMSO) or 1 µM of EPZ015666
(PRMT5 inhibitor, Clinisciences, Nanterre, France). Protein lysates were extracted from one
plate, and Western blot analysis was performed using a pan symmetric dimethyl-arginine

https://www.kmplot.com
https://www.kmplot.com
https://www.kmplot.com
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(SDMA) antibody to confirm the efficacy of EPZ015666. The other plates were used to
validate the specificity of the H4R3me2s antibodies for IHC purpose: about 10 million cells
per condition (DMSO or EPZ015666 treated cells) were pelleted, then fixed with the same
fixator (AFA) used to fix the human samples. Fixed cells were then paraffin-embedded,
and 3 µm-thick sections were cut with a microtome, and stained as the human samples of
the Curie cohort.

2.6. Immunohistochemistry on Human Samples

IHC was performed on the following number of tumors of our Curie cohort (TNBC:
n = 26; HER2: n = 26; luminal A: n = 17; luminal B: n = 25) and normal breast tissues (n = 7)
(Table 5).

Table 5. Curie cohort (IHC): MEP50 expression (MEP50 staining, Figures 5 and 6) and PRMT5 activity
(H4R3me2s staining, Figure 7) in breast cancer subgroups and normal breast tissues.

Number of Samples in Breast Cancer Subgroups and in Normal Breast Tissues

TNBC HER2 Luminal B Luminal A normal breast tissues

26 26 25 17 7

AFA-fixed paraffin-embedded tissues, obtained at the time of the initial diagnosis,
were retrieved from the archives of the Department of Pathology of Institut Curie Hospital.
Three µm-thick sections were cut with a microtome from the paraffin-embedded tissue
blocks, and tissue microarrays (TMA) were made. Tissue sections were dewaxed and
rehydrated through a series of xylene and ethanol washes before heat-induced epitope
retrieval. Antigen retrieval was performed in EDTA buffer pH = 6 (MEP50) or pH = 9
(H4R3me2s). The slides were incubated with primary antibodies against MEP50 (1/1000,
1 h at room temperature) or H4R3me2s (1/1000, 15 min at room temperature). Then, the
slides were incubated with secondary antibodies coupled to horseradish peroxidase. A
DAB (3,3′-Diaminobenzidine) solution was applied for 5 min for revelation of peroxidase.
Slides were counterstained with hematoxylin before mounting with resin. Immunostaining
was processed by using a Dako automated machine.

For surface staining quantifications, whole digital slide images were obtained using
virtual microscopy (Philips Ultra-Fast Scanner 1.6 RA, Amsterdam, The Netherlands)
and analyzed with Digital Image Analysis platform HALO (version 3.0.311.218; Indica
Lab, Albuquerque, NM, USA). Tissue classifier was trained to segment the tissue image
into tumor (epithelial cells) or stromal compartment. Area Quantification module (v2.1.3,
Albuquerque, NM, USA) was used to evaluate the total area of epithelial compartment and
the area of tissue positive for MEP50/H4R3me2s staining.

For subcellular localization, MEP50 staining was studied at the nuclear, plasma mem-
brane and cytoplasmic compartments by two pathologists (A.E. and D.M., coauthors of this
article) from the Institut Curie Hospital. For each tumor sample, the pathologists assigned
IHC scores for MEP50/H4R3me2s staining based on the proportion of positive cells and its
corresponding immunostaining intensity for each cellular compartment (only nuclear for
H4R3me2s) by the following formula:

IHC score = percentage of stained cells x intensity of immunostaining

Hence, each score ranged between 0 and 3 (0: no staining; 3: strongest staining).

2.7. Antibodies

The primary antibodies used for Western blotting were: MEP50 (Cell Signaling Tech-
nology, ref. #2018, Danvers, MA, USA), PRMT5 (Merck Millipore, ref. #07-405, Burlington,
MA, USA), pan symmetric dimethyl-arginine (SDMA) antibody (Cell Signaling Technology,
ref. #13222), β-actin (Sigma-Aldrich, Ref. #A5441, St. Louis, MI, USA), and GAPDH (Cell
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Signaling Technology, ref. #2118). The primary antibodies used for IHC were: MEP50 (Cell
Signaling Technology, ref. #2018) and H4R3me2s (Abcam, Ref. #ab5823, Cambridge, UK).

2.8. Statistical Analysis

R software and GraphPad Prism 9 were used for statistical analyses. Pearson correla-
tion was used to estimate an association between two variables. An ANOVA test was used
to calculate the p-values when comparing the expression of MEP50/H4R3me2s between
two different breast cancer groups.

3. Results
3.1. TNBC Express Higher Levels of MEP50 mRNA Compared to the Other Breast Cancer
Subgroups and Normal Breast Tissues

At the RNA level, MEP50 has been reported to be overexpressed in breast cancer
compared to the normal breast tissue, without accounting for breast cancer heterogene-
ity [28–30]. Here, we examined MEP50 mRNA expression in the different breast cancer
subgroups. MEP50 mRNA is heterogeneously expressed within each subgroup, particu-
larly in TNBC, with some tumors expressing low and others high levels of MEP50 mRNA.
Nevertheless, we observed higher levels of MEP50 mRNA in TNBC compared to the other
breast cancer subgroups and normal tissues in both Curie (Table 1) and TCGA (Table 2)
cohorts (Figure 1). We observed a positive correlation between MEP50 and PRMT5 mRNA
levels in our cohort in the whole breast cancer population but not within the different
breast cancer subgroups, although a tendency was observed for the luminal B subgroup
(p = 0.053) (Figure S1).
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We examined whether the expression of MEP50 mRNA was linked to prognosis on 
the Kaplan–Meier (KM) plotter online database (www.kmplot.com) [51]. High MEP50 

Figure 1. TNBC express high levels of MEP50 mRNA. MEP50 mRNA expression in the different
breast cancer subgroups and in normal breast tissues in Curie (left panel) and TCGA (right panel)
cohorts. The breast cancer subgroups are ordered left to right from the most to the least proliferative
tumors: TNBC (TN, red), HER2 (blue), luminal B (LB, green), luminal A (LA, orange). Normal breast
tissues (N) are in grey. Relative RNA quantifications are logarithmically (log2) transformed and
illustrated by violin plots with each sample represented by a circle. The statistics in red indicate the
comparison vs. TN, in blue vs. HER2, in green vs. LB, and in orange vs. LA: ns (not significant),
** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.2. MEP50 and PRMT5 mRNA Levels Associate with Recurrence-Free Survival in TNBC and
Luminal B Breast Tumors

We examined whether the expression of MEP50 mRNA was linked to prognosis on the
Kaplan–Meier (KM) plotter online database (www.kmplot.com) [51]. High MEP50 mRNA
levels were associated with a more favorable RFS in TNBC (p = 1.2 × 10−4) and luminal B
(p = 0.013) tumors (Figure 2A,F). In contrast, high PRMT5 mRNA levels were associated
with worse RFS in these two subgroups (TNBC, p = 1.0 × 10−4; luminal B, p = 6.8 × 10−3;
Figure 2B,G). Then, we sought to examine if the tumors with worse RFS were those
expressing both high PRMT5 and low MEP50 mRNA. For this purpose, we analyzed
the prognostic value of PRMT5 or MEP50 mRNA in the two subpopulations expressing

www.kmplot.com
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high (> median) or low (< median) MEP50 or PRMT5 mRNA levels in the different breast
cancer subgroups.
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subgroups. (A–C,F–H). Recurrence-free survival (RFS) based on MEP50 or PRMT5 mRNA expression
or PRMT5:MEP50 mRNA ratio were obtained from the Kaplan–Meier (KM) plotter website (http:
//kmplot.com) for TNBC (A–C) and luminal B (Lum B; (F–H)). (D,E,I,J). RFS based on PRMT5 mRNA
expression within patients having either high (above median, (D,I)) or low (below median, (E,J))
MEP50 mRNA expression (median cutoff). Of note, more patients were retrieved with MEP50 probe
set compared to the PRMT5 probe set (Table 3). The obtained Hazard Ratio (HR) with 95% confidence
interval and log-rank p-values are shown. ns (not significant), * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.

In TNBC patients with high MEP50 (red line with good prognosis, Figure 2A), addi-
tionally considering high PRMT5 expression unveils a population associated with poor
prognosis (Figure 2D, p = 0.001). However, PRMT5 expression showed no added prog-
nostic value (Figure 2E, p = 0.26) in the TNBC population that expressed low MEP50
(already associated with a poor prognosis, black line Figure 2A). Conversely, considering
low MEP50 expression within the group of patients with either high (red line Figure 2B)
or low (black line Figure 2B) PRMT5 reveals a population of patients with a worse prog-
nosis (Figure S2A, p = 0.012; Figure S2B, p = 7.7 ×10−5). These observations indicate that
considering both MEP50 and PRMT5 mRNA levels, instead of each separately, aids in
improving patient stratification for RFS. Accordingly, the PRMT5:MEP50 mRNA ratio is
more significantly associated with RFS (p = 1.6 × 10−8; Figure 2C) than PRMT5 alone
(p = 1.0 × 10−4; Figure 2B).

In luminal B patients with high (red line in Figure 2F) or low (black line in Figure 2F)
MEP50, considering high PRMT5 expression unveils a population associated with poor
prognosis (Figure 2I,J). However, PRMT5 expression added a significant prognostic value
only in luminal B expressing low levels of MEP50 mRNA (although associated with poor
prognosis, Figure 2J, p = 0.03). As for TNBC, a high PRMT5:MEP50 mRNA ratio is more
significantly associated with a poor prognosis (p = 7.6 × 10−6; Figure 2H) than high PRMT5
alone (p = 6.8 × 10−3; Figure 2G).

In contrast to TNBC and luminal B, MEP50, PRMT5, and PRMT5:MEP50 mRNA levels
were not associated with RFS in luminal A nor HER2 subgroups (Figure S3).

Together, these observations indicate that PRMT5 and MEP50 mRNA levels are in-
versely associated with prognosis in TNBC and luminal B breast tumors. Taking into
account both PRMT5 and MEP50 mRNA levels helps to better stratify patients associated
with poor prognosis in these two breast cancer subgroups. This suggests that TNBC or
luminal B tumors harboring high PRMT5 and/or low MEP50 mRNA levels could be at a
higher risk of recurrence.

3.3. MEP50 and PRMT5 mRNA Levels Are Associated with Prognosis in Some TNBC Subtypes

As we observed that MEP50 mRNA level is significantly associated with RFS in TNBC,
we analyzed whether it is the case in the different TNBC subtypes using the KM-plotter
database (www.kmplot.com) [51]. Despite smaller sample sizes (Table 4), high levels of
MEP50 mRNA were associated with better RFS in the mesenchymal (p = 0.014) and LAR
(p = 0.009) subtypes (Figure 3A,B, left panels). A similar trend was observed in BL1 but
was not statistically significant (p = 0.089; Figure 3C, left panel).

Strikingly, high PRMT5 mRNA levels were associated with worse RFS only in the
mesenchymal (p = 4.1× 10−4; Figure 3A, middle panel) and not in the other TNBC subtypes
(Figure 3B,C, middle panel, Supplementary Figure S4, middle panels).

The PRMT5:MEP50 ratio significantly improved the prognostic value in the LAR
(p = 0.004) and BL1 (p = 1.7 × 10−4) subtypes (Figure 3B,C, right panels) than PRMT5 or
MEP50 alone. This was not the case for the mesenchymal subtype (Figure 3A, right panel)
in which PRMT5 alone was already significantly highly associated with a bad prognosis
(Figure 3A, middle panel).

MEP50, PRMT5, and PRMT5:MEP50 mRNA levels were not associated with RFS in
the BL2, IM, and MSL TNBC subtypes (Figure S4).

http://kmplot.com
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Figure 3. High PRMT5:MEP50 mRNA ratio is associated with worse RFS in mesenchymal,
LAR and BL1 TNBC subtypes. (A–C). RFS based on MEP50 or PRMT5 mRNA expression or
PRMT5:MEP50 mRNA ratio were obtained from the Kaplan–Meier (KM) plotter website (http:
//kmplot.com) for mesenchymal (Mes; (A)), luminal androgen receptor (LAR; (B)), and basal-like 1
(BL1; (C)) TNBC subtypes. Of note, more patients were retrieved with MEP50 probe set compared to
the PRMT5 probe set (Table 4). The obtained Hazard Ratio (HR) with 95% confidence interval and
log-rank p-values are shown. ns (not significant), * p < 0.05, ** p < 0.01, *** p < 0.001.

3.4. MEP50 Exhibits Differential Subcellular Localization in Breast Cancer Compared to Normal
Breast Tissues

Next, we examined MEP50 expression at the protein level in the different breast cancer
subgroups of the Curie cohort. We first validated an anti-MEP50 antibody for IHC purposes
by staining two TNBC cell lines (HCC38 and MDA-MB-231) depleted or not for MEP50
using MEP50 siRNA and fixed using the same protocol as the one used for fixing the human
tissues (Figure 4). IHC staining revealed that MEP50 was mainly expressed in the cytosol
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in both cell lines but was also detected at the plasma membrane and in the nucleus in some
cells (Figure 4, left panels). The IHC staining decreased/disappeared in MEP50-depleted
cells, demonstrating the specificity of the antibody (Figure 4, left panels). Western blot
analysis confirmed the depletion of MEP50 in cells treated with MEP50 siRNA (Figure 4,
right panels).
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blotting (WB) using an anti-MEP50 antibody ((A,B), right panels). Anti-GAPDH antibodies were 
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Using the validated MEP50 antibody for IHC purpose, we next analyzed MEP50 ex-
pression in breast cancer samples and normal breast tissues of our Curie cohort (Figure 
5). MEP50 was more expressed in breast cancer compared to normal breast tissues (p = 
0.02) (Figures 5 and 6A). Moreover, TNBC had higher MEP50-expressing tumor cells com-
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Figure 4. Validation of a MEP50 antibody suitable for IHC staining. HCC38 (A) and MDA-MB-231
(B) cells were treated with 20 nM control (Ctrl) siRNA or siRNA targeting MEP50 for 48 h. Cells were
pelleted, fixed with AFA, paraffin embedded, and subjected to IHC staining with an anti-MEP50
antibody (scale bars = 20 µm) ((A,B), left panels). MEP50 depletion was verified by Western blotting
(WB) using an anti-MEP50 antibody ((A,B), right panels). Anti-GAPDH antibodies were used as a
loading control. Arrows, arrowheads, and asterisks indicate MEP50 staining in the nucleus, plasma
membrane, and cytoplasm, respectively. The uncropped blots are shown in Figure S5.

Using the validated MEP50 antibody for IHC purpose, we next analyzed MEP50
expression in breast cancer samples and normal breast tissues of our Curie cohort (Figure 5).
MEP50 was more expressed in breast cancer compared to normal breast tissues (p = 0.02)
(Figures 5 and 6A). Moreover, TNBC had higher MEP50-expressing tumor cells compared
to luminal A and normal breast tissues (Figure 6B). MEP50 was detected in the cytosol
(Figure 5, asterisks), in the nucleus (Figure 5, arrow), and also at the plasma membrane
of some cells (Figure 5, arrowhead). To quantify the subcellular localization of MEP50,
we scored its staining at the plasma membrane (Figure 6C,D), in the cytosol (Figure 6C,E)
and in the nucleus (Figure 6C,F) of the different breast cancer subgroups and in normal
breast tissues. We observed a high heterogeneity of the MEP50 score, either at the plasma
membrane, in the cytosol or in the nucleus, within each analyzed group (Figure 6D–F).
Nevertheless, breast tumors had significantly lower levels of MEP50 at the plasma mem-
brane (Figure 6C,D) but higher levels of cytoplasmic MEP50 (Figure 6C,E) compared to
normal breast tissues. In the nucleus, there was no significant difference between breast
tumors and normal breast tissues (Figure 6C). However, the TNBC subgroup had the lowest
MEP50 expression compared to the other groups and normal tissue, but this was only
significant with luminal B and HER2 subgroups (Figure 6F).
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Figure 5. MEP50 is more expressed in breast cancer subgroups compared to normal breast tissues.
The expression and localization of MEP50 protein were analyzed by IHC in the Curie cohort. Three
representative images of MEP50 staining are shown for the different breast cancer subgroups and
normal breast tissue to illustrate its heterogeneous expression and distribution (scale bar = 50 µm).
To better visualize cytoplasmic MEP50 and plasma membrane-associated MEP50 in normal samples,
a part of the image is shown with a higher magnification (2×) in the inset. Arrows, arrowheads, and
asterisks indicate MEP50 staining in the nucleus, plasma membrane, and cytoplasm, respectively.

Altogether, our study highlights the differential subcellular localization of MEP50
between cancerous and normal breast tissues. Importantly, its subcellular distribution is
highly heterogenous within the cancer tissues as well as normal breast tissues.
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between cancerous and normal breast tissues. Importantly, its subcellular distribution is 
highly heterogenous within the cancer tissues as well as normal breast tissues.  
  

Figure 6. Differential subcellular localization of MEP50 among the breast tumor samples and normal
breast tissues. Higher percentage of MEP50-expressing tumor cells compared to the normal breast
tissues (A). Higher percentage of MEP50-expressing tumor cells in TNBC compared to the other
breast cancer subgroups and normal breast tissues (B). Quantification of the tumoral surface positive
for MEP50 staining represented as a percentage compared to the total epithelial surface (A,B). MEP50
staining was scored at the plasma membrane (C,D), in the cytosol (C,E) and in the nucleus (C,F) in
the samples of the Curie cohort (from Figure 5). The score was obtained by combining the percentage
and the intensity of the staining of the epithelial cells (0: no staining, 3: the strongest staining). Tumor
(T, black), TNBC (TN, red), HER2 (blue), luminal B (LB, green), luminal A (LA, orange), and normal
breast tissues (N, grey). PM: plasma membrane; Cyto: cytosol; Nuc: nucleus. The statistics in red
indicate the comparison vs. TN, in blue vs. HER2, in green vs. LB, and in orange vs. LA: ns (not
significant); * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

3.5. The Most Aggressive Breast Cancer Subgroups Display the Lowest Levels of
PRMT5-Dependent Symmetric Dimethylation of Histone H4 (H4R3me2s)

Next, we sought to determine whether the low nuclear expression of MEP50 (this
study) and PRMT5 [14] observed in TNBC correlated with low nuclear PRMT5 activity. We
measured the level of histone H4 symmetrically dimethylated on Arginine 3 (H4R3me2s)
as a marker of PRMT5 nuclear activity. First, we validated an antibody targeting H4R3me2s
for IHC purposes in a TNBC cell line (MDA-MB-453) treated with a PRMT5 inhibitor
(EPZ015666) and fixed using the same conditions as the human samples of our Curie
cohort (Figure 7A). PRMT5 inhibition reduced the methylation of histone H4 (H4R3me2s)
as observed by IHC (Figure 7A, left panel), validating this antibody. Western blot anal-



Cancers 2022, 14, 4766 13 of 18

ysis confirmed that EPZ015666 lowered PRMT5 activity, using a pan antibody detecting
symmetric dimethylated arginine (SDMA) (Figure 7A, right panel).
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Figure 7. The hormone receptor-negative breast tumors express lower levels of symmetrically
dimethylated histone H4 on Arginine 3 (H4R3me2s) compared to the other breast cancer subgroups
and normal breast tissues. (A). Validation of an H4R3me2s antibody suitable for IHC staining. MDA-
MB-453 cells were incubated with 1 µM of a PRMT5 inhibitor (EPZ015666) or with DMSO as a control
for 48 h. Cells were pelleted, fixed with AFA, paraffin-embedded and subjected to IHC staining
with an anti-H4R3me2s antibody (scale bars = 20 µm) (left panel). PRMT5 inhibition was verified by
Western blotting using an anti-pan symmetric dimethyl-arginine (SDMA) antibody, and anti-PRMT5
and anti-actin antibodies were used as loading controls (right panel). The uncropped blots are shown in
Figure S5. (B). Histone H4 is highly symmetrically dimethylated on arginine 3 in normal breast tissues.
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The symmetric dimethylation of H4R3 was analyzed by IHC in the Curie cohort. A representative
image of H4R3me2s staining is shown for the different breast cancer subgroups and normal breast
tissue (scale bar = 50 µm). (C). Hormone negative breast tumors (TNBC and HER2) display low
levels of H4R3me2s. Nuclear H4R3me2s staining was scored by combining the percentage and the
intensity of the staining of the epithelial cells (0: no staining, 3: the strongest staining). TNBC (TN,
red), HER2 (blue), luminal B (LB, green), luminal A (LA, orange), and normal breast tissues (N, grey).
The statistics in red indicate the comparison vs. TN, in blue vs. HER2, in green vs. LB, and in orange
vs. LA: ns, (not significant); * p < 0.05, *** p < 0.001, **** p < 0.0001.

Normal breast tissues and luminal A breast cancer displayed the highest scores for
H4R3me2s compared to the other breast cancer tissues (Figure 7B,C). The hormone-negative
tumors (TNBC and HER2) had similar scores for H4R3me2s staining which was the least
compared to the other groups (Figure 7B,C). The highly heterogenous H4R3me2s staining
score is noteworthy within each analyzed group, particularly in TNBC, HER2, and luminal
B subgroups (Figure 7C).

Together, our findings indicate that histone H4 is highly symmetrically dimethylated
on arginine 3 in normal breast tissue. Low H4R3 dimethylation appears to be associated
with the most proliferative breast cancer subgroups (TNBC and HER2).

4. Discussion

MEP50 mRNA has previously been shown to be overexpressed in breast cancer [28–30],
but no study has explored its expression within the different breast cancer subgroups. In
this study, we report that the highest expression of MEP50 mRNA is found in TNBC when
compared to luminal A, luminal B, and HER2 breast cancer subgroups, and to normal
breast tissues.

Previous studies have shown that high MEP50 [35] and high PRMT5 [54] mRNA levels
are associated with worse prognosis in the whole breast cancer population. However, as
the different breast cancer subgroups are associated with different prognosis, it is crucial
to perform survival analyses within each subgroup and not in the entire breast cancer
population. Due to too few clinical events, we were not able to analyze the correlation
between MEP50 mRNA expression and survival in our cohort. Nevertheless, using the KM
plotter database (www.kmplot.com) [51], we find that high MEP50 mRNA is associated
with better RFS in TNBC and luminal B patients, with the highest statistical significance in
TNBC. Using the same website, Liu and colleagues have reported that high MEP50 mRNA
is associated with a worse prognosis in the entire breast tumor population [35]. In contrast,
we observed that high MEP50 mRNA is associated with better RFS in whole breast cancer
patients (p-value = 2.9 × 10−4; 201421_s_at probe set; Figure S6). Like MEP50, we found
that PRMT5 mRNA is associated with RFS only in TNBC and luminal B patients and not
in the other breast cancer subgroups. This is in agreement with previous reports showing
that high PRMT5 mRNA levels are associated with worst overall survival and distant
metastasis-free survival in TNBC [14,55,56]. Unexpectedly, MEP50 and PRMT5 mRNA
levels correlate with RFS in an inverse manner, with high PRMT5-expressing patients
harboring worse prognosis. This observation suggests that MEP50 and PRMT5 could have
specific, independent functions, and not always work together within their well-described
hetero-octameric protein complex. However, here the prognosis analysis was performed
with the mRNA and not protein expression, and thus, it is also possible that PRMT5
and MEP50 are differentially regulated at the post-transcriptional level. Interestingly,
considering the expression of both MEP50 and PRMT5 mRNA further stratifies patients
according to their survival outcome. The PRMT5:MEP50 mRNA ratio could therefore be a
valuable prognostic marker to predict RFS in TNBC and luminal B patients.

TNBC itself is highly heterogenous, with each TNBC subtype being associated with a
different prognosis. Among the different TNBC subtypes, the mesenchymal and LAR
subtypes have the highest residual cancer burden following neoadjuvant chemother-
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apy [57]. Low MEP50 mRNA is associated with worse RFS only in mesenchymal and
LAR, the most chemo-resistant TNBC subtypes, suggesting that mesenchymal and LAR
TNBC patients expressing low MEP50 mRNA, could be more prone to recurrence after
chemotherapy. Strikingly, high PRMT5 mRNA is strongly associated with poor RFS in
the mesenchymal subtype, which is enriched in the epithelial-to-mesenchymal transition
(EMT) pathway [2–4]. The EMT pathway is implicated in invasion, tumor dissemination
and drug resistance [58–61]. As PRMT5 depletion or inhibition impairs EMT [17,28,62–64],
mesenchymal TNBC may represent a niche for PRMT5 inhibitors. When considering the
PRMT5:MEP50 mRNA expression ratio, a significant correlation is observed with poorer
RFS in three subtypes: mesenchymal, LAR, and BL1. The efficacy of PRMT5 inhibitors,
alone or in combination with other drugs, in luminal B and certain TNBC subtypes with
high PRMT5:MEP50 ratio needs to be explored.

Similar to the RNA levels, TNBC express higher protein level of MEP50 compared
to normal breast tissues. MEP50 protein localizes to the cytosol, nucleus and the plasma
membrane with some notable differences between breast tumors and normal breast tissues.
Normal breast tissues express higher MEP50 (in this study) and PRMT5 [14] compared to
breast cancer at the plasma membrane. Therefore, in normal breast tissues, PRMT5 and
MEP50 may form a complex at the plasma membrane whose physiological relevance is yet
to be discovered. Breast cancer tissues express more cytosolic MEP50 than normal breast
tissue. Cytoplasmic MEP50 is linked to proliferation in prostate cancer cells, whereas nu-
clear MEP50 is associated with differentiation [37–42]. However, in our study, cytoplasmic
MEP50 appears to be a marker of breast cancer rather than being linked to proliferation,
since luminal A tumors are poorly proliferative but still display high cytosolic MEP50. This
indicates that cytoplasmic MEP50 localization is cancer-type specific (between the different
breast cancer subgroups and between breast and prostate cancers). TNBC express the least
nuclear MEP50 but it is significant only when compared to luminal tumors.

We have previously shown that TNBC express low levels of nuclear PRMT5 compared
to the other breast cancer subgroups and to normal tissues [14], suggesting a lower nuclear
PRMT5 activity in TNBC. Symmetric dimethylation of H4R3 is one of the readouts for
PRMT5 nuclear activity. We observe the highest H4R3me2s staining in the normal breast
tissue and luminal A subgroup and the lowest in the most proliferative breast cancer
subgroups (TNBC and HER2). Thus, high H4R3me2s is associated with good prognosis in
breast cancer. This PRMT5-dependent histone mark is a transcriptional repressor, suggest-
ing that it may repress a subset of genes linked to proliferation and survival of cancer cells.
Further exploring the methylation status of cytosolic and other nuclear PRMT5 substrates
may help us to better understand the implication of PRMT5 in breast cancer.

5. Conclusions

This comprehensive study explores the RNA and protein expression of the main
PRMT5 protein partner, MEP50, in the different breast cancer subgroups. High MEP50 is
found in TNBC and is associated with a better RFS in the whole TNBC population and
in the LAR and mesenchymal TNBC subtypes. Distinct subcellular localization of MEP50
is a potential marker of breast cancer. The PRMT5-mediated methylation of histone H4
(H4R3me2s), which is low in TNBC and HER2, is linked with the good prognosis-associated
luminal A tumors.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers14194766/s1, Figure S1: Correlation analyses between MEP50 and PRMT5 mRNA
expression in the Curie cohort, Figure S2: RFS based on MEP50 mRNA expression levels within high
(above median, left panel) or low (below median, right panel) PRMT5 mRNA expression (median
cutoff) in the different breast cancer subgroups, Figure S3: MEP50 mRNA expression levels are not
associated with RFS in HER2 and luminal A breast cancers, Figure S4: PRMT5:MEP50 mRNA ratio is
not associated with RFS in BL2, IM and MSL TNBC subtypes. Figure S5: Uncropped membranes
of Western blots corresponding to Figure 4A (A) and Figure 7A (B). Figure S6: High MEP50 mRNA
expression is associated with a better prognosis in all breast cancers.
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Supplementary Figure S1. Correlation analyses between MEP50 and PRMT5 mRNA 

expression in the Curie cohort. Pearson correlation between the MEP50 and PRMT5 

mRNA was performed in the curie cohort in the whole breast cancer population (A), TNBC 

(B), HER2 (C), luminal B (D), and luminal A (E). ns (not significant), ** p<0.01. 



 



Supplemental Figure S2. RFS based on MEP50 mRNA expression levels within high 

(above median, left panel) or low (below median, right panel) PRMT5 mRNA expression 

(median cutoff) in the different breast cancer subgroups. Data were obtained from the 

Kaplan-Meier (KM) plotter website (http://kmplot.com) for TNBC (A, B), luminal B (C, D), 

HER2 (E, F), and luminal A (G, H). Luminal B, HER2, luminal A and Basal (for TNBC) 

breast cancer subgroups were obtained using the PAM50 classification setting. Median 

cutoff option was used. The obtained Hazard Ratio (HR) with 95% confidence interval 

and log-rank p-values are shown. ns (not significant), *p<0.05, ****p<0.0001.  

http://kmplot.com/


 



Supplemental Figure S3. MEP50 mRNA expression levels are not associated with RFS 

in HER2 and luminal A breast cancers. A-C, F-G. RFS based on MEP50 mRNA, PRMT5 

mRNA expression or PRMT5:MEP50 mRNA ratio were obtained from the Kaplan-Meier 

(KM) plotter website (http://kmplot.com) for HER2 (A, B, C) and luminal A (Lum A; F,G,H). 

D,E,I,J. RFS based on PRMT5 mRNA expression within patients having either high 

(above median, left panel) or low (below median, right panel) MEP50 mRNA expression 

(median cutoff). Data were obtained from the Kaplan-Meier (KM) plotter website 

(http://kmplot.com) for HER2 (D, E) and luminal A (Lum A; I, J). Of note, more patients 

were retrieved with MEP50 probe set compared to the PRMT5 probe set (see Materials 

and Methods section). The obtained Hazard Ratio (HR) with 95% confidence interval and 

log-rank p-values are shown. ns (not significant). 

http://kmplot.com/
http://kmplot.com/


Supplemental Figure S4. PRMT5:MEP50 mRNA ratio is not associated with RFS in BL2, 

IM and MSL TNBC subtypes. A, B, C. RFS based on MEP50 or PRMT5 mRNA 

expression or PRMT5:MEP50 mRNA ratio were obtained from the Kaplan-Meier (KM) 

plotter website (http://kmplot.com) for basal-like 2 (BL2; A), immunomodulatory (IM; B) 

and mesenchymal stem-like (MSL; C) TNBC subtypes. Of note, more patients were 

retrieved with MEP50 probe set compared to the PRMT5 probe set (see Materials and 

Methods section). The obtained Hazard Ratio (HR) with 95% confidence interval and log-

rank p-values are shown. ns (not significant). 

http://kmplot.com/


 

Supplemental Figure S5. Uncropped membranes of western blots corresponding to 

Figure 4 (A) and Figure 7A (B). Red crosses and dashes are irrelevant to the manuscript. 
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Supplemental Figure S6. High MEP50 mRNA expression is associated with a better 

prognosis in all breast cancers. Recurrence-free survival (RFS) based on MEP50 mRNA 

expression was obtained from the Kaplan-Meier (KM) plotter website (http://kmplot.com) 

for breast cancers, including all subgroups of breast cancer. The obtained Hazard Ratio 

(HR) with 95% confidence interval and log-rank p-values are shown. 
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Simple Summary: Patients with triple-negative breast cancer (TNBC) respond well to chemotherapy
initially but are prone to relapse. Searching for new therapeutic targets, we found that PRMT1 is
highly expressed in TNBC tumor samples and is essential for breast cancer cell survival. Furthermore,
this study proposes that targeting PRMT1 in combination with chemotherapies could improve the
survival outcome of TNBC patients.

Abstract: Identifying new therapeutic strategies for triple-negative breast cancer (TNBC) patients
is a priority as these patients are highly prone to relapse after chemotherapy. Here, we found that
protein arginine methyltransferase 1 (PRMT1) is highly expressed in all breast cancer subtypes.
PRMT1 depletion decreases cell survival by inducing DNA damage and apoptosis in various breast
cancer cell lines. Transcriptomic analysis and chromatin immunoprecipitation revealed that PRMT1
regulates the epidermal growth factor receptor (EGFR) and the Wnt signaling pathways, reported
to be activated in TNBC. PRMT1 enzymatic activity is also required to stimulate the canonical Wnt
pathway. Type I PRMT inhibitors decrease breast cancer cell proliferation and show anti-tumor
activity in a TNBC xenograft model. These inhibitors display synergistic interactions with some
chemotherapies used to treat TNBC patients as well as erlotinib, an EGFR inhibitor. Therefore,
targeting PRMT1 in combination with these chemotherapies may improve existing treatments for
TNBC patients.
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1. Introduction

Breast cancer (BC) is a heterogeneous disease with molecularly distinct subtypes
displaying different clinical outcomes and responses to therapies [1]. Patients with “triple-
negative” breast cancer (TNBC, lacking the expression of estrogen and progesterone
receptors and Her2 overexpression) are mainly treated with conventional chemothera-
pies [1,2]. However, these patients have the worst prognosis as their treatment is challeng-
ing, due to their inter- and intra-tumor heterogeneity, leading to resistance to chemotherapy
and relapse [2]. Therefore, more efficacious treatments are needed to improve TNBC
patient survival.

EGFR is overexpressed in more than 70% of TNBC patients and is associated with a
metastatic phenotype [3]. However, targeting this receptor as a monotherapy has shown
only modest to low efficacy in clinical trials for TNBC patients [3]. The Wnt signaling
pathway is another pathway activated in TNBC through an overexpression of the trans-
membrane receptors, Frizzleds and co-receptors low-density lipoprotein receptor-related
proteins (LRP6 and LRP5) [4–6]. Wnt ligands (such as Wnt3a), which are secreted upon
palmitoylation by the enzyme porcupine [7], activate the Wnt pathway by binding to the
transmembrane receptors Frizzleds and co-receptors LRP5/LRP6. This initiates the release
of β-catenin from the destruction complex including Dishevelled and Axin. Free β-catenin
translocates into the nucleus and binds to the TCF/LEF family of transcription factors to
activate the expression of Wnt target genes [4,5,7].

Arginine methylation of histone and non-histone proteins is a post-translational mod-
ification catalyzed by Protein Arginine Methyltransferases (PRMTs) [8–13]. Substrate
arginine can either be monomethylated or dimethylated (symmetrically or asymmetrically)
by PRMTs. Type I PRMTs (PRMT1-4, PRMT6, and PRMT8) are responsible for asymmetric
dimethylation and Type II PRMTs (PRMT5 and PRMT9) for symmetric dimethylation [8–14].
PRMTs are ubiquitously expressed, except PRMT8 which is brain-specific [12]. Several
PRMTs are overexpressed in various cancer types, including breast cancer, [13,15–17]
and are emerging as attractive therapeutic targets [9,10,12,15]. Specific inhibitors target-
ing PRMT5 are being evaluated in phase I clinical trials (NCT03573310, NCT03854227,
NCT02783300) [10]. PRMT1-specific inhibitors are not yet available, nevertheless, two
type I PRMT inhibitors (MS023, GSK3368715) have been developed showing more efficacy
towards PRMT1, PRMT6 and PRMT8 [18,19]. GSK3368715 is currently in a phase I clinical
trial for diffuse large B-cell lymphomas and solid cancers (NCT03666988).

Arginine methylation regulates several cellular processes including transcriptional reg-
ulation and signal transduction [8,11,12]. PRMT1 and PRMT5 regulate the EGFR signaling
pathway by methylating EGFR (in colorectal and TNBC cells) [20–22], or by methylating
histones on the EGFR promoter (in glioblastoma or colorectal cells) [23,24] to regulate
its transcription. Furthermore, some PRMTs regulate the canonical Wnt signaling path-
way [12]. Indeed, PRMT1 could either activate this pathway by methylating G3BP1 or
G3BP2 [25,26], or inhibit it by methylating Axin and Dishevelled [27,28]. Whether PRMT1
regulates the Wnt pathway in breast cancer cells is still unknown.

PRMT1 has been mainly studied in luminal BC due to its well-described function as a
transcriptional coactivator of estrogen receptor (ER) [15,29]. However, its implication in the
other BC subtypes, specifically in TNBC, remains to be explored. Here, we examined the
expression of PRMT1 in the different breast cancer subtypes, evaluated its potential as a
therapeutic target, and explored its function in TNBC cells.

2. Materials and Methods
2.1. Human Samples

Our cohort has been previously described [6,17,30,31] and is composed of 35 luminal
A (LA), 40 luminal B (LB), 46 TNBC, 33 Her2+, and 18 normal breast tissues. Experiments
were conducted in accordance with Bioethics Law No. 2004–800 and the Ethics Charter
from the French National Institute of Cancer (INCa), and after approval from the ethics
committee of our Institution. DNA (Affymetrix SNP 6.0, ThermoFisher Scientific, Waltham,
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MA, USA) and RNA (Affymetrix U133 plus 2.0, ThermoFisher Scientific) microarrays on
this cohort have been previously described [30].

2.2. Immunohistochemistry (IHC)

PRMT1 IHC was carried out on tissue microarrays (TMA), containing alcohol, formalin
and acetic acid (AFA)-fixed paraffin-embedded tissues, as previously described [30], using
a rabbit PRMT1 polyclonal antibody (Table S1). This antibody recognizes residues 298–318
within the C-terminal domain of all isoforms of PRMT1. PRMT1 antibody was validated
and optimized for IHC using AFA-fixed pellets from MDA-MB-468 cells treated with
PRMT1 siRNAs or control siRNA for 72 h (Figure S1D). For surface staining quantifications,
whole digital slide images were obtained using virtual microscopy (Philips Ultra-Fast
Scanner 1.6 RA, Amsterdam, Netherlands) and analyzed with Digital Image Analysis
platform HALO (version 3.0.311.218; Indica Lab, Albuquerque, NM, USA). Tissue classifier
was trained to segment tumor tissue and stroma. Area Quantification module (v2.1.3,
Albuquerque, NM, USA) was used to evaluate the area of each tissue class and the area
of tissue positive for PRMT1 staining. For subcellular localization of PRMT1 (plasma
membrane, nucleus, and cytosol), TMA were read by two pathologists who assigned
intensity scores (0–3) for each compartment (0: no staining, 3: strongest staining).

2.3. Cell Culture, RNA Interference, Antibodies, Small-Molecule Inhibitors, and Primers

TNBC (MDA-MB-468, HCC38, HCC70, MDA-MB-453), luminal (MCF7, T47D), and
Her2+ (SKBr3, HCC1954, BT474) cell lines were purchased from the American Type Culture
Collection (ATCC), authenticated in 2021 by short-tandem repeat profiling (data not shown),
tested for mycoplasma using MycoAlert Mycoplasma Detection Kit (Lonza Biosciences,
Durham, NC, USA), and cultured as previously described [17,32]. The murine cell lines,
L-cells and L-Wnt3a were obtained from Institut de Recherches Servier, France. The
MDA-MB-231 cell line was a kind gift from Dr. Mina Bissell (University of California,
Berkeley, CA, USA). siRNA (20 nM) transfection was performed using Interferin (409-50,
Polyplus, New York, NY, USA), according to the manufacturer’s instructions. References
for antibodies, siRNAs, primers and drugs/small-molecule inhibitors are listed in Table S1.

2.4. Cell Proliferation Assay

Cells were seeded in 96-well plates and cell proliferation was determined by MTT
(M2128-1G, Sigma-Aldrich, St. Louis, MO, USA), WST-1 (11644807001, Sigma-Aldrich) or
CellTiterGlo (G7572, Promega, Madison, WI, USA) assays as previously described [17,30,32].

2.5. Apoptosis Assays

Apoptotic activity was determined by the Caspase-Glo 3/7 luminescent assay (G8092,
Promega), Annexin-V staining (11988549001, Roche, Basel, Switzerland) or Western blot
analysis as previously described [17,30,32].

2.6. Colony Formation Assay

Cells transfected with siRNA were seeded in 6-well plates in 2 mL of growth media.
Cells were incubated at 37 ◦C for 6 mitotic cycles (6–14 days), depending on the cell line,
until colony formation. Colonies were fixed and stained with 500 µL of coomassie blue
solution for 20 min. Colonies were photographed using a LAS-3000 Luminescent Image
analyser (Fujifilm, Tokyo, Japan) or Chemidoc MP imager (Bio-rad Laboratories, Hercules,
CA, USA) and quantified by ImageJ 1.43u software (NIH, Bethesda, MD, USA).

2.7. Soft Agar Assay

A 1 mL bottom layer consisting of 0.5% agar medium (equal volumes of 1% agar and
2 × culture medium) was added to 6-well plates. MDA-MB-468 cells were transfected
with RNAi, and 24 h later, they were trypsinized, resuspended in 0.35% agar medium,
and plated at 5000 cells/well as a top layer. Cells were incubated 4 weeks at 37 ◦C and
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the colonies were stained with an MTT assay. Plates were photographed with a Fujifilm
LAS-3000 Imager, and the clones were quantified using Image J software.

2.8. Real-Time—Quantitative PCR Assay (RT-qPCR)

For Wnt target gene expression, MDA-MB-468 cells transfected with siRNA were
serum-starved overnight and stimulated with Wnt3a conditioned media at 100 ng/mL
for 6 h. RNA was extracted using the RNeasy Mini Kit (74106, Qiagen, Hilden, Germany)
following the manufacturer’s protocol. Reverse-transcription and RT-qPCR were performed
in a one-step reaction using the QuantiTect SYBR Green RT-PCR Kit (204245, Qiagen),
according to the manufacturer’s protocol. The acquisition was made using a QuantStudio™
12K Flex Real-Time PCR System (Applied Biosystems, Waltham, MA, USA).

2.9. β-Catenin-Activated Reporter (BAR) Luciferase Assay

At 24 h post siRNA transfection or 48 h post inhibitor treatment, MDA-MB-468 cells
were transfected with the SuperTOPflash (7X Wnt response element containing plasmid)
and pRL-TK-Renilla plasmids (both plasmids from Institut de Recherches Servier, Croissy-
sur-Seine, France) at a 10:1 ratio using X-tremeGENE™ HP (6366236001, Sigma-Aldrich) as
a transfectant. The cells were serum-starved overnight, i.e., 4–5 h post DNA transfection
and stimulated with 100 ng/mL of Wnt3a conditioned media for 6 h. Dual-luciferase assay
(E1910, Promega) was performed following manufacturer’s protocol, and the lumines-
cence signal was measured on the Infinite M200 spectrophotometer (Tecan, Männedorf,
Switzerland). The ratio of the signal from firefly (SuperTOPflashCroissy-sur-Seine, France)
to renilla (pRL-TK-RenillaCroissy-sur-Seine, France) luciferase was calculated to obtain
normalized luciferase activity, representing Wnt/β-catenin activity.

2.10. Chromatin Immunoprecipitation (ChIP)

Chromatin was prepared from 4 × 106 untreated MDA-MB-468 cells using the simple
ChIP plus enzymatic chromatin IP Kit (9004, Cell signaling Technology, Danvers, MA,
USA), following the manufacturer’s protocol. The chromatin was immunoprecipitated
using anti-PRMT1 or anti-IgG antibodies (Table S1) overnight, and the chromatin/antibody
complex was pulled down using protein G agarose beads (provided with the kit). Following
different washing steps, the chromatin was eluted, and the cross links were reversed using
proteinase K. DNA was purified using the spin columns included in the kit, and a qPCR
was performed using specific primers designed based on a published ChIP-seq dataset for
PRMT1 [33] for the promoter region of each gene (Table S1).

2.11. Transcriptomic Analysis of PRMT1-Depleted Cells

The transcriptome of MDA-MB-468 cells depleted for PRMT1 was performed using
Affymetrix HTA 2.0 microarray (ThermoFisher Scientific). Differential gene expression
between control and PRMT1 siRNA with an adjusted p-value cut-off of 0.05 was considered
(Table S2). Gene enrichment pathway analysis was performed using the REACTOME
database from the GSEA website [34].

2.12. GSK3368715 Treatment in Mice

Six-week-old female Swiss-nude mice were purchased from Charles River laboratories
(Wilmington, MA, USA) and maintained in specific pathogen-free conditions. Their care
and housing were per institutional guidelines as put forth by the French Ethical Committee.
GSK3368715 (CS-0100240, ChemScene LLC, South Brunswick, NJ, USA) was formulated in
10% DMSO (Sigma-Aldrich) at 80 mg/mL and subsequently diluted in water. GSK3368715
toxicity studies were performed by administrating 100 mg/kg daily to nude mice.

MDA-MB-468 cells (12 × 106 per mouse) were injected subcutaneously into nude
mice until tumors reached 70 mm3. The tumor fragments obtained from 2 mice were then
grafted into the inter-scapular fat pad of nude mice. Xenografts were randomly assigned
to control or treatment groups (n = 6/group) when tumors reached a volume comprised
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between 60 and 80 mm3 and treated with vehicle or GSK3368715 at 80 mg/kg once daily
orally 5 days/week. During the weekends, the inhibitor was added to the drinking water of
mice. The tumor volume was evaluated by measuring two perpendicular tumor diameters
with a caliper, twice a week. Mice were euthanized after 8 weeks of treatment. Tumor
volumes were calculated as V = a × b2/2, a being the largest diameter, b the smallest. The
tumor volumes were then reported to the initial volume as the relative tumor volume
(RTV). Means of RTV in the same treatment group were calculated, and growth curves
were established as a function of time.

2.13. Drug Combinations

MDA-MB-468 cells were seeded 48 h prior to treatment in a 96-well white transparent
bottom plate (655098, Greiner Bio-One, Les Ulis, France) and treated with varying concen-
trations of the drugs/inhibitors. The maximum concentration for each drug/inhibitor was
approximately twice the half maximal inhibitory concentration (2 × IC50) (Table S1), and
serially diluted two-fold for all drugs except for the type I PRMT inhibitors (three-fold). Cell
viability was determined after 7 days of treatment by CellTiterGlo assay (G7572, Promega).
The luminescence signal was measured in a Spark spectrophotometer (Tecan). Drug pair
interactions using the Loewe model were calculated on the Combenefit software [35]. All
drug combinations were performed in triplicate reactions per experiment.

2.14. Statistical Analysis

R software and GraphPad Prism 7 were used for statistical analyses. Pearson or
Spearman correlation were used to estimate an association between two variables. For
cellular assays, p-values were calculated using the Student t-test, unless otherwise specified.
Independence between tumor subtypes in the TMA was assessed using Fisher’s exact test.

All the whole western blot figures can be found in the Supplementary Materials
(Figures S9–S21).

3. Results
3.1. PRMT1 Is Overexpressed in All the Breast Cancer Subtypes Compared to Normal
Breast Tissue

With the goal of identifying enzymes overexpressed in BC compared to normal tissue,
we have performed gene expression profiling on a cohort of 154 human BC biopsies and
healthy breast tissues [6,17,30,31]. We found that PRMT1 mRNA is overexpressed in all
BC subtypes compared to normal tissues and observed the highest expression in TNBC
(Figure 1A, left panel). The highest expression of PRMT1 mRNA in TNBC was confirmed in
the publicly available database—the cancer genome atlas (TCGA) cohort (Figure 1A, right
panel). We examined whether variations in PRMT1 expression could be a result of genomic
alterations by analyzing DNA microarrays. Indeed, there was a correlation between PRMT1
mRNA and the gene copy number within the whole cohort (Figure S1A). Interestingly, the
PRMT1 locus showed significantly more gains in TNBC than the luminal BC subtypes and
normal tissue (Figure 1B, Table S3). The PRMT1 mRNA levels also correlated positively
with proliferation (MKI67 mRNA) in our cohort (Figure S1B).

To understand the clinical significance of PRMT1 mRNA expression, we plotted
survival outcomes from the KM-plotter database (Kaplan-Meier Plotter. Available online:
https://kmplot.com/analysis/index.php?p=service&cancer=breast (accessed on 11 June
2021)) [36]. High PRMT1 mRNA expression was associated with poor recurrence-free
survival (RFS) in all BC (p = 1 × 10−8, Figure S1C), as previously reported [37]. However,
this analysis did not consider that PRMT1 is differentially expressed among the BC subtypes
(Figure 1A), which are associated with different prognoses. Therefore, we performed this
analysis within the different BC subtypes. High PRMT1 mRNA levels were associated
with poor RFS in LA (p = 2.5 × 10−6) and LB (p = 0.007) (Figure S1C, top panel). Although
this trend was seen in the Her2+ subtype, it was not statistically significant (p = 0.13)

https://kmplot.com/analysis/index.php?p=service&cancer=breast
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(Figure S1C, bottom left panel). Conversely, high PRMT1 mRNA expression showed better
RFS (p = 0.02) within the TNBC subtype (Figure S1C, bottom right panel).
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Figure 1. PRMT1 is highly expressed in breast tumors. (A) High levels of PRMT1 mRNA in breast
cancer. PRMT1 RNA expression in TNBC (TN, red), Her2+ (blue), Luminal B (LB, green), Luminal
A (LA, orange), and healthy breast tissues (N, grey) in Curie (left panel) and TCGA (right panel)
cohorts is illustrated by box plots (log2 transformed). (B) High PRMT1 DNA copy number (CN)
in TNBC in the Curie cohort. PRMT1 DNA CN determined by Affymetrix microarray analysis is
presented in boxplots (smoothed segmented CN signal), with dashed lines indicating the thresholds
retained to call CN gains and losses (see Table S3 for the number of samples showing loss or gains).
(C) High levels of PRMT1 protein in BC. PRMT1 protein levels were analyzed by IHC in the Curie
cohort. A representative image of PRMT1 staining is shown for the different BC subtypes (scale
bar = 50 µM). (D) Quantification of the tumoral (left) or stromal (right) surface positive for PRMT1
staining represented as a percentage compared to the total surface. Open and closed circles represent
outlier tumors within the different populations (A,B,D). (E) Intensity scores of PRMT1 staining in
the different cellular compartments (0: no staining, 3: the strongest staining). * p < 0.05; ** p < 0.01;
*** p < 0.001; ns = not significant, as calculated using the Student t-test (A), Fischer exact test (B) or
Mann–Whitney test (D).
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As mRNA and protein levels do not always coincide, we studied PRMT1 protein
expression in breast tumors and normal tissues using a commercial PRMT1 antibody. We
first validated this antibody for IHC staining in a TNBC cell line (MDA-MB-468) fixed in
the same method as the tissue samples (Figure S1D). IHC analysis confirmed that PRMT1 is
highly expressed in all BC subtypes compared to normal tissues (Figure 1C,D). In contrast
to mRNA expression, we did not observe any significant difference in PRMT1 protein
expression levels between the different BC subtypes (Figure 1C,D). PRMT1 shows both
nuclear and cytosolic staining (Figure 1C,E) and was also detected at the plasma membrane,
mainly in ER-negative tumors (Figure 1E). Moreover, we observed substantial staining
of PRMT1 in the stroma of breast tumors as compared to the normal tissues (Figure 1D).
Mononuclear cells, fibroblasts and endothelial cells were positively stained for PRMT1
within the stroma (unpublished data).

Altogether, our results indicate that both PRMT1 mRNA and protein levels are higher
in breast tumors compared to normal breast tissues, suggesting that PRMT1 could be
targeted in BC.

3.2. RNAi-Mediated Depletion of PRMT1 Decreases BC Cell Viability, Clonogenicity and Induces
DNA Damage and Apoptosis

To explore the function of PRMT1 in BC cells, we first depleted PRMT1 using two
validated siRNAs (PRMT1#7, PRMT1#8) in MDA-MB-468 TNBC cells (Figure S2A). We
observed that cell viability was significantly decreased upon PRMT1 depletion in MDA-
MB-468 cells, in a time-dependent manner (Figure 2A). Similar results were found in
other BC cell lines (4 TNBC, 1 Her2+, 2 luminal; Figure S2B), suggesting that the effect was
independent of BC subtype. PRMT1 depletion decreased colony formation in MDA-MB-468
cells under adherent conditions (Figure 2B) or in an anchorage-independent growth assay
in soft agar (Figure 2C), indicating that PRMT1 depletion decreases the tumorigenicity of
this TNBC cell line. PRMT1 depletion also decreased colony formation in other BC cells
cultured under adherent conditions (Figure S2C). Furthermore, we observed a cleavage
of caspases 3, 7, and PARP in MDA-MB-468 cells following PRMT1 depletion (Figure 2D),
revealing apoptosis induction. This was confirmed in PRMT1-depleted MDA-MB-468 cells
using a caspase 3/7 activity assay (Figure 2E) and by extracellular annexin-V staining
(Figure 2F). PRMT1 depletion also significantly increased the phosphorylation of histone
H2AX (γH2AX), a DNA damage marker (Figure 2D). The induction of apoptosis upon
PRMT1 knockdown was confirmed in other BC cell lines (HCC70, MDA-MB-231, SKBr3,
T47D; Figure S2D). Together, these results demonstrate that PRMT1 is required for BC
cell survival.

3.3. Type I PRMT Inhibitors Reduce BC Cell Growth

Next, we sought to explore if the enzymatic activity of PRMT1 was necessary for BC
cell survival. For this purpose, we used two recently developed type I PRMT inhibitors:
MS023 [18] and GSK3368715 [19]. Under the tested conditions, both inhibitors decreased the
PRMT1-specific histone mark H4R3me2a without affecting the methylation of H3R17me2a
(by CARM1 and PRMT6) or PABP1 (by CARM1; Figure S3). We tested the effect of both
inhibitors on the cell viability in 5 TNBC (MDA-MB-468, MDA-MB-231, HCC38, HCC70,
MDA-MB-453), 1 luminal (T47D) and 2 Her2+ (HCC1954, BT474) BC cell lines. HCC1954
cells were the most sensitive cells to type I PRMT inhibition (Figure 3A), followed by
MDA-MB-468 and T47D cells (Figure 3A). The other TNBC cell lines were resistant to type
I PRMT inhibition (IC50 > 10 µM, Figure 3A). We also observed smaller-sized colonies
when MDA-MB-468 (Figure 3B) or four other TNBC cell lines (Figure S4) were treated with
both inhibitors.
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Figure 2. PRMT1 depletion decreases cell viability and induces apoptosis of MDA-MB-468 cells.
(A) PRMT1 depletion impairs cell viability (MTT assay). Cells were transfected with control (CTRL,
black) or two different PRMT1 siRNAs (#7, #8, blue) for 72–144 h. (B,C) PRMT1 depletion im-
pairs colony formation when cells are grown on plastic for 13 days (B) or in soft agar for 4 weeks
(C) following siRNA treatment. (D–F) PRMT1 depletion induces apoptosis. Apoptosis was detected
by Western blotting using antibodies recognizing the cleaved forms of caspase 7 (c-caspase 7), caspase
3 (c-caspase 3) and PARP (c-PARP) (D), by caspase 3/7 assay (E) or annexin-V staining (F) after 72 h
and 96 h following siRNA treatment. DNA damage was detected using an anti-γH2AX antibody (D).
PRMT1 depletion was verified using an anti-PRMT1 antibody (D). Anti-actin antibody was used as
a loading control and quantification of the bands (normalized to the loading control) are indicated
below each blot (D). Results are presented as the percentage (A–C,F) or fold change (E) relative to
control cells (CTRL). For the quantifications, the data are expressed as the mean ± SD from at least
three independent experiments (A–C,E,F). Pictures are from a single experiment, representative of
three independent experiments (B–D). p-values are calculated from a Student t-test and represented
as * p < 0.05; ** p < 0.01; *** p < 0.001 (D).
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Figure 3. Type I PRMT inhibitors reduce cell viability and tumor growth. (A) Type I PRMT inhibitors
decrease BC cell viability. TNBC, luminal (Lum), and Her2+ cells were treated with MS023 (left
panel) or GSK3368715 (right panel) for 7 days, except MDA-MB-231 (4 days), and proliferation
was determined by MTT or WST1 assays. Results are presented as the average percentage of cell
growth relative to DMSO-treated cells from three independent experiments. (B) Type I PRMT
inhibitors reduce the growth of colonies when MDA-MB-468 cells were cultured on plastic for 9 days
after MS023 (top) or GSK3368715 (bottom) treatment. Quantification of colony size is expressed
as a percentage relative to DMSO-treated cells, represented as the mean ± SD from at least three
independent experiments (right panel). Pictures are from a single experiment representative of
three independent experiments (left panel). p-values are from a Student t-test and represented as
*** p < 0.001; ns = not significant. C, GSK3368715 slows tumor growth. Tumors derived from MDA-
MB-468 cells were subcutaneously grafted into 12 mice (6 vehicle-treated, black; 6 GSK3368715-treated,
orange). Growth curves were obtained by plotting mean relative tumor volume ± SEM as a function
of time. p-value was calculated using a Mann–Whitney U test. (D) GSK3368715 inhibits PRMT1
activity in vivo. PRMT1 expression (anti-PRMT1) and activity (anti-H4R3me2a) were analyzed in the
tumors excised from 3 vehicle (#2, #14, #18) or GSK3368715 (#5, #15, #20)-treated mice at the end
of the experiment (C). Antibodies against histone H4, actin and KU-80 were used as controls and
quantification of the bands (normalized to the actin band) are indicated below each blot.
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3.4. Type I PRMT Inhibition Slows Tumor Growth in a TNBC Xenograft Model

We evaluated the anti-tumor effect of inhibiting PRMT1 using GSK3368715, the only
type I PRMT inhibitor currently in a phase I clinical trial for diffuse large B-cell lymphomas
and solid tumors (NCT03666988). To better represent clinical conditions, we engrafted
tumors derived from MDA-MB-468 cells into Swiss-nude mice (see Materials and Methods).
GSK3368715 treatment significantly slowed tumor growth (p = 0.015; Figure 3C) with no
observed toxicity (Figure S5A). We confirmed that PRMT1 was indeed inhibited in the
tumors at the end of the experiment by observing an increase in pan-monomethylation
(Figure S5B), as previously reported [38], and a decrease in histone H4R3 methylation
(H4R3me2a, Figure 3D).

3.5. PRMT1 Regulates the EGFR and Wnt Signaling Pathways at the Transcriptomic Level

PRMT1 plays a crucial role in transcriptional regulation [8,11,12]. Therefore, we
performed transcriptomic analysis of PRMT1 depleted MDA-MB-468 cells to gain insight
into the molecular mechanisms that mediate the dependency of BC cells on PRMT1.

MDA-MB-468 cells were transfected with two different siRNAs targeting PRMT1
for 24 h and 48 h and the RNA were analyzed using HTA 2.0 microarrays (Affymetrix).
We focused on the genes that were commonly deregulated at 24 h and 48 h by both
siRNAs (Table S2) to perform a gene enrichment pathway analysis using the REACTOME
database [34]. The top ranked pathways (according to adjusted p-value) revealed that
PRMT1 is involved in several cellular processes including signal transduction pathways,
immune system response, lipid metabolism and transcriptional regulation (Figure S6). We
focused on EGFR (p = 6.96 × 10−6) and Wnt (p = 5.07 × 10−6) signaling pathways, which
are known to be activated in TNBC [3–5].

We noticed that EGFR mRNA itself was less expressed upon PRMT1 depletion in our
microarray analysis (Figure 4A) and confirmed this observation by qPCR (Figure 4B). EGFR
mRNA was also retrieved in several other deregulated pathways (Figure S6, arrowheads
and diamond). PRMT1 was directly recruited to two promoter regions of EGFR in MDA-
MB-468 cells using an anti-PRMT1 antibody (Figure 4C), previously validated for ChIP
experiments [39]. Furthermore, PRMT1 depletion also decreased EGFR protein expression
(Figure 4D).

Our microarray analysis revealed two key players of the Wnt signaling pathway, LRP5
and PORCN (Porcupine), to be less expressed following PRMT1 depletion (Figure 4E). LRP5
and PORCN mRNAs were also found in the second-top deregulated pathway (Figure S6,
diamond). We validated the decrease in their expression by qPCR (Figure 4F) and identified
by ChIP analysis that PRMT1 is enriched on the promoter of LRP5 and two regions of the
PORCN promoter (Figure 4G). The expression of LRP5 was also decreased at the protein
level after PRMT1 depletion (Figure 4H). We could not assess porcupine protein expression
due to the lack of suitable antibodies for Western blotting.

Overall, these results indicate that PRMT1 regulates the expression of EGFR, LRP5
and PORCN by being recruited to their promoter regions.

3.6. PRMT1 Activates the Canonical Wnt Signaling Pathway

We hypothesized that PRMT1 could be an activator for the Wnt pathway as both
LRP5 and PORCN are required for Wnt activation. We first assessed the Wnt activity
by analyzing the expression of the three Wnt target genes (AXIN2, APCDD1, and NKD1)
that are the most upregulated in Wnt3a-stimulated MDA-MB-468 cells [40]. We observed
that PRMT1 depletion reduced the expression of these three Wnt target genes (Figure 5A).
By using the gold standard β-catenin activated reporter (BAR) assay, we confirmed that
PRMT1 depletion decreased Wnt signaling activity (Figure 5B). siRNA targeting LRP6 was
used as a positive control in both assays (Figure 5A,B).
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Figure 4. PRMT1 is enriched on the promoter of EGFR, LRP5 and PORCN and activates their
transcription. (A,B) PRMT1 depletion in MDA-MB-468 cells reduces EGFR mRNA expression as
shown by Affymetrix microarray (A) and verified by qPCR (B). (C) PRMT1 is recruited to two
promoter regions (Binding Region A, BRA; BRB) of EGFR. (D) PRMT1 depletion reduces EGFR
protein level as shown by Western blotting. (E,F) PRMT1 depletion reduces LRP5 and PORCN mRNA
expression as shown by Affymetrix microarray (E) and validated by qPCR (F). (G) PRMT1 is recruited
to the promoter of LRP5 and two promoter regions (BRA, BRB) of PORCN. (H) PRMT1 depletion
reduces LRP5 protein level as shown by Western blotting. MDA-MB-468 cells were transfected with
control (black) or two PRMT1 (#7, #8, blue) siRNAs for 24 h (A,B,E) and 48 h (A,D–F,H). mRNA
expression was logarithmically transformed (log 2) and each replicate is represented as a single point
on the scatter plot (A,E). ChIP experiments were performed using anti-PRMT1 (blue bars) or anti-IgG
(grey bars) antibodies using chromatin isolated from MDA-MB-468 cells (C,G). qPCR was performed
using primers targeting the promoter regions of EGFR (C), LRP5 (G) and PORCN (G). PRMT1
depletion was verified in the Affymetrix microarray (A), by qPCR (B,F) and by Western blotting
(D,H). Antibody against KU-80 was used as a loading control for the Western blots and pictures
are representative of at least three independent experiments (D,H). Intensity ratios of the bands,
indicated below each blot, represent a fold change relative to control siRNA, after normalization to
the loading control (D,H). The quantifications are represented as a fold change relative to the control
siRNA (B,F) or control IgG (C,G) and presented as mean ± SD (B,F) or mean ± SEM (C,G) from
three independent experiments. p-values from Student t-test are represented as * p < 0.05; ** p < 0.01;
*** p < 0.001.
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Figure 5. PRMT1 activates the canonical Wnt signaling pathway. (A,B) PRMT1 depletion decreases
Wnt signaling activity. MDA-MB-468 cells were transfected with control (CTRL, black), two PRMT1
(#7, #8, blue) or LRP6 (white) siRNA for 48 h (A,B), and then co-transfected with plasmids coding
for BAR-firefly luciferase and Renilla luciferase for 24 h (B), before Wnt3a stimulation for 6 h (A,B).
The expression of AXIN2, APCDD1, NKD1 (Wnt target genes), PRMT1 and LRP6 were quantified by
qPCR (normalized to actin) (A). The relative luciferase signal (firefly luciferase/Renilla luciferase)
is represented as a percentage normalized to the control siRNA (CTRL) (B). siRNA targeting LRP6
was used as a positive control (A,B). (C) Type I PRMT inhibitors decrease Wnt signaling activity.
MDA-MB-468 cells were treated with 0.1 µM or 0.5 µM of MS023 (green) or GSK3368715 (orange) for
48 h, and then co-transfected with plasmids coding for BAR-firefly luciferase and Renilla luciferase
for 24 h, before Wnt3a stimulation for 6 h. The relative luciferase signal (firefly luciferase/Renilla
luciferase) is represented as a percentage normalized to the DMSO-treated cells (black). (D) PRMT1
inhibition was verified in this experiment (C) by Western blotting using anti-H4R3me2a antibody.
Anti-histone H4, PRMT1, and GAPDH were used as loading controls. Intensity ratio of methylated
histone H4 is indicated as a fold change relative to DMSO, after normalization to the loading control
(D). All quantifications are represented as a fold change (A) or percentage (B,C) relative to the control.
The data are expressed as the mean ± SD from at least three independent experiments (A–C). p-values
from Student t-test are represented as * p < 0.05; ** p < 0.01; *** p < 0.001.

Next, we checked if PRMT1 enzymatic activity was involved in the regulation of
Wnt pathway. MDA-MB-468 cells were treated for 3 days with low doses of MS023 or
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GSK3368715 (0.1 µM and 0.5 µM) and then stimulated for 6 h with Wnt3a, before assessing
Wnt activity using the BAR assay (Figure 5C). Both type I PRMT inhibitors decreased the
Wnt activity in a dose-dependent manner (Figure 5C). PRMT1 was inhibited under these
conditions (Figure 5D).

Collectively, this demonstrates that PRMT1 and its activity are involved in the activa-
tion of the canonical Wnt pathway in MDA-MB-468 cells.

3.7. Type I PRMT Inhibitors Show Synergistic Interactions with Erlotinib or Chemotherapies

The rationale of drug combinations is to improve the efficacy, limit side-effects and
reduce the risk of drug resistance. First, we combined both type I PRMT inhibitors with
chemotherapies (cisplatin, camptothecin, cyclophosphamide, taxanes) used in the clinic
to treat TNBC patients. MDA-MB-468 cells were treated with varying concentrations
of the drugs, starting from about 2 × IC50 (Table S1) for 7 days (equivalent to four mi-
totic cycles) and cell viability was assessed using CellTiterGlo assay. We applied the
Loewe additivity model using the Combenefit software [35] to determine the nature (syn-
ergy/additivity/antagonism) of the drug interactions. We used this model as it allows the
possibility to analyze two drugs that may act on the same pathway(s) [41]. Both type I
PRMT inhibitors synergized with cisplatin (Figures 6A and S7A), camptothecin (Figures 6B
and S7B) and cyclophosphamide (Figures 6C and S7C), but not with docetaxel (Figure S8A)
or paclitaxel (Figure S8B).

As EGFR is highly expressed in TNBC [3], we also evaluated the potential of combining
type I PRMT inhibitors with an EGFR inhibitor (erlotinib) and observed a high synergy in
MDA-MB-468 cells (Figures 6D and S7D). These combinations may represent promising
alternative therapeutic strategies for TNBC patients.
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Figure 6. Synergistic interactions between GSK3368715 (a type I PRMT inhibitor) and chemotherapies
(A–C) or erlotinib (D). MDA-MB-468 cells were seeded in 96-well plates, treated with the indicated
drugs for 7 days (equivalent to four doubling times), and cell viability was measured by CellTiterGlo
assay. GSK3368715 was serially diluted three-fold and cisplatin (A), camptothecin (B), 4-hydroperoxy
cyclophosphamide (4-HPCy; (C)), erlotinib (D) were serially diluted two-fold (concentrations indi-
cated in the figure). The drug interactions were calculated using the Loewe model on the Combenefit
software. Cell viability (% compared to DMSO-treated cells, left panel), synergy matrix as calculated
using the Loewe excess model (middle panel), and isobolograms (right panel) for each drug pair are
indicated. Presented data are representative of three independent experiments.

4. Discussion

The efficacy of breast cancer therapies has considerably improved; however, TNBC
still has a poor prognosis compared with other subtypes and is typically correlated with
increased recurrence and worse survival. Finding alternative treatments to chemotherapy
remains a priority to treat TNBC patients to avoid relapses.
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PRMTs are overexpressed in various cancer types and are emerging as attractive
therapeutic targets [8–14]. Consequently, several PRMT inhibitors have been developed,
and some PRMT5 and type I PRMT inhibitors are being evaluated in clinical trials [10].

At the RNA level, we found that PRMT1 is more expressed in BC when compared to
the normal breast tissue, aligning with previous studies that did not consider BC hetero-
geneity [42,43]. PRMT1 mRNA correlates positively with MKI67 mRNA. Consequently, the
highest PRMT1 mRNA expression was found in TNBC, the most proliferative BC subtype,
and this could be a result of DNA copy number gain. High PRMT1 mRNA expression cor-
relates with poor prognosis in all breast tumors, as reported in [37,44], as well as within LA
and LB subtypes. In contrast, TNBC expressing the highest level of PRMT1 mRNA (most
proliferative) display better RFS, possibly because they respond better to chemotherapy, as
observed for other targets linked to proliferation [30,31].

At the protein level, PRMT1 is more expressed in BC compared to normal tissues,
confirming previous reports [37,44]. Here, we accounted for BC heterogeneity and found
that PRMT1 protein is expressed at similar levels in the different BC subtypes. We observed
both nuclear and cytosolic staining for PRMT1 which is in apparent contrast to a study
showing mainly cytosolic localization [44], using an antibody that also recognizes the C-
terminus of PRMT1, thereby detecting all its isoforms [45]. Several PRMT1 splice variants
have been described which show cytoplasmic and/or nuclear localization [43]; therefore,
it may not be surprising to detect PRMT1 in both compartments. Furthermore, PRMT1
is a well-described regulator of transcription, by methylating histones and transcription
factors [14]. PRMT1 interacts with the progesterone receptor in the nucleus of breast
cancer cells [39]. In addition, PRMT1 is expressed in both the cytosol and the nucleus
in renal [46,47] and pancreatic [48] carcinomas. We also detected PRMT1 at the plasma
membrane, preferentially in the ER-negative BC subtypes, possibly since it interacts with
some transmembrane receptors such as EGFR [20,21] or IGF-1R [49]. However, we cannot
exclude that the PRMT1 antibody we used recognizes the plasma membrane-associated
PRMT8, although it is brain-specific, as it shares 80% homology with PRMT1.

Transcriptomic analysis highlighted several pathways regulated by PRMT1. Here,
we focused on two pathways that are known to be activated in TNBC [3–5]. PRMT1
has been previously observed to modulate EGFR signaling by two mechanisms: (i) by
methylating histone H4 (H4R3me2a) on its promoter in colorectal cancer (CRC) [23] and
glioblastoma cells [24] and (ii) by methylating EGFR in CRC and TNBC cells [20,21]. Here,
we demonstrate that PRMT1 itself is directly recruited to the promoter of EGFR, thus
activating its transcription.

The role of PRMT1 on Wnt signaling is ambiguous since PRMT1 can be both an
activator and an inhibitor of this pathway. On the one hand, PRMT1 can inhibit Wnt
signaling by methylating two antagonists (i) Axin (in HEK293 and L929 cell lines) [27] and
(ii) Dishevelled (in HEK293, B2b, and F9 cell lines) [28]. On the other hand, PRMT1 can
activate the Wnt signaling pathway by methylating two Dishevelled-binding components:
G3BP1 (in F9 cells) [26] and G3BP2 (in F9, HEK293 and SW380 cells) [25]. Therefore, the
role of PRMT1 on Wnt signaling may be context dependent. Here, we show that PRMT1
regulates the Wnt signaling pathway at the transcriptomic level. Indeed, we found that
PRMT1 activates the transcription of two main components of the Wnt pathway—LRP5 and
PORCN—by being recruited to their promoter regions. Furthermore, we demonstrate that
PRMT1 activates the canonical Wnt signaling pathway. Additionally, PRMT1 enzymatic
activity could be required as type I PRMT inhibitors reduce Wnt signaling pathway. Hence,
PRMT1 could activate the pathway by directly methylating Wnt components or methylating
histones on their promoters. Together, this implies that PRMT1 may regulate the Wnt
signaling pathway by regulating the amounts of LRP5 available at the plasma membrane
and by controlling the Porcupine-dependent post-translational modification of Wnt ligands,
which is required for their secretion.

As PRMT1 is highly expressed in BC, we evaluated its potential as a therapeutic
target. We found that PRMT1 depletion (i) decreased the cell viability, (ii) blocked their
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clonogenic potential, and (iii) induced DNA damage and apoptosis in various cell lines of
different BC subtypes. This is in accordance with previous reports in TNBC [21,37,50,51]
and luminal [39,51,52] BC cell lines as well as cell lines of other cancer types [23,46,53–55].
We next addressed the question whether the enzymatic activity of PRMT1 was required for
BC cell survival. To date, there are no PRMT1 specific small-molecule inhibitors, but rather
inhibitors that target all type I PRMTs, with some selectivity towards PRMT1, PRMT6,
and PRMT8 [18,19]. GSK3368715 targets these three PRMTs at similar IC50 [19], whereas
PRMT6 and PRMT8 are more sensitive than PRMT1 to MS023 [18]. We observed differential
sensitivity among BC cell lines to both type I PRMT inhibitors, suggesting the need to
identify biomarkers of response. This may perhaps help stratify patients who could benefit
from treatment with these type I PRMT inhibitors. Together, we found that PRMT1 and
its enzymatic activity are required for BC cell survival; however, we cannot rule out the
influence of PRMT6 activity when using these inhibitors in our BC cell lines.

When assessing these inhibitors in combination with chemotherapies used in the clinic
to treat TNBC patients, we observed synergistic interactions with cisplatin, cyclophos-
phamide, and camptothecin, but not with docetaxel and paclitaxel in MDA-MB-468 cells.
Notably, these synergistic interactions occurred at doses lower than the IC50 of each drug,
therefore potentially minimizing their cytotoxic side-effects when used in combination in
vivo. MS023 treatment was shown to sensitize ovarian cancer cells to cisplatin [56] and
CRC cells to SN-38, a camptothecin derivative [57]. In order to generalize our findings, we
are currently evaluating these combinations in additional TNBC cell lines.

The highest synergy was observed when we combined both type I PRMT inhibitors
with erlotinib in MDA-MB-468 cells, a cell line overexpressing EGFR [17]. It would be
valuable to test this combination in other TNBC cell lines to verify whether this synergy is
associated with EGFR overexpression. We have previously reported a synergistic interaction
between erlotinib and a PRMT5 inhibitor, independently of the EGFR expression status
of TNBC cell lines [17]. Although EGFR is overexpressed in TNBC, targeting EGFR on its
own has shown only a modest effect in clinical trials in TNBC patients [3]. Considering
our results, it may be beneficial to combine EGFR and PRMT inhibitors to treat TNBC.
However, this hypothesis must be tested in vivo in various TNBC patient-derived xenograft
(PDX) models. Additional studies have reported that type I PRMT inhibitors synergize
with inhibitors targeting PARP in TNBC [58] and lung cancer [59]; PRMT5 in leukemia,
pancreatic, and lung cancer [19,60,61]; FLT3 kinase in leukemia [62,63]; or anti-PD-1/PD-
L1 in various cancer types [64,65]. Altogether, this also highlights the potential clinical
relevance of combining type I PRMT inhibitors with targeted therapies.

We performed pre-clinical studies to explore the translational relevance of target-
ing PRMT1 using GSK3368715, which is being evaluated in a phase I clinical trial. We
show that this inhibitor significantly reduced tumor growth in an MDA-MB-468-derived
xenograft model, aligning with a previous study (supplemental data from [19]). In con-
trast to Fedoriw et al., who directly injected these cells into the mice [19], we employed a
two-step protocol in order to engraft tumors before treating the mice to better represent
the clinical setting. In this condition, we observed a similar reduction in tumor growth
by using a reduced inhibitor dose (80 mg/kg in our study vs. 150 mg/kg [19]). Type I
PRMT inhibitors have also been shown to decrease tumor growth in other cancer types
such as lymphoma [19], pancreatic [19,38], hepatocellular carcinoma [66], and colon [64,67]
cancers. Therefore, targeting type I PRMTs could represent a new treatment strategy in
various cancer types, including BC. Additionally, we have evidence supporting the idea
that combining the type I PRMT inhibitors with chemotherapies or targeted therapies could
be beneficial for the treatment of TNBC. This must be evaluated in various TNBC PDX
models to account for the inter- and intra-tumor heterogeneity observed within TNBC [2].
Intra-tumor heterogeneity poses a major challenge in treating TNBC patients because
of a subpopulation of cells resistant to chemotherapies, leading to residual disease and
relapse [2]. These chemo-resistant cells are believed to be fueled by developmental path-
ways such as the Wnt signaling pathway [2,4,5], hence, inhibiting PRMT1 may eradicate
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these resistant cells. Therefore, addressing whether the drug combinations identified here
(in vitro) could overcome relapse in chemo-resistant TNBC PDX models would be clinically
valuable.

5. Conclusions

The current paucity of targeted therapies for TNBC patients has prompted researchers
to find novel treatment strategies. PRMT enzymes have recently emerged as attractive
therapeutic targets for several cancer types, including BC. Here, we report that PRMT1, the
major type I PRMT, is highly expressed in all BC subtypes, regulates two major signaling
pathways activated in TNBC (EGFR and Wnt), and is required for cell survival. In addition,
our study suggests that the combinatorial inhibition of type I PRMTs with chemotherapies
could be clinically beneficial for TNBC patients.
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Figure S1. Correlation and survival analyses and validation of PRMT1 antibody for 
IHC. A, PRMT1 mRNA expression correlates with DNA copy number in the whole 
population of BC in the Curie cohort (Spearman correlation). B, PRMT1 and MKI67 
(proliferative marker) mRNA expression positively correlate in the whole BC population 
of the Curie cohort (Spearman correlation). C, PRMT1 mRNA expression correlates with 
prognosis in BC. Recurrence-free survival based on PRMT1 mRNA expression (Affy 
probe ID: 206445_s_at) was obtained from the Kaplan-Meier (KM) plotter website 
(http://kmplot.com). Best performing cutoff option was used: all BC (n=4929), Luminal B 
(LB, n=1491), Luminal A (LA, n=2277), Basal for TNBC (TN, n=846), and Her2+ (n=315). 
Hazard ratio with 95% confidence interval and log-rank p-values were calculated and 
significance threshold was set at p < 0.05. Of note, a similar figure plotting PRMT1 mRNA 
expression (median cutoff) vs RFS in the whole BC population has been previously 
published (Liu et al., 2019, “Methylation of C/EBPα by PRMT1 Inhibits Its Tumor-
Suppressive Function in Breast Cancer”, Cancer Res. DOI: 10.1158/0008-5472.CAN-18-
3211) but with a lower number of samples (4929 in our study compared to 3951 in their 
article). D, Validation of PRMT1 antibody for IHC staining. Left panel, PRMT1 antibody 
used for IHC (Fig. 1C) was validated using AFA-fixed cell pellets from MDA-MB-468 cells 
treated with control siRNA (CTRL) or two siRNAs targeting PRMT1 for 72 h (#7, #8). Right 
panel, PRMT1 depletion was verified by western blotting using an anti-PRMT1 antibody. 
Anti-actin antibody was used as a loading control. 
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Figure S2. PRMT1 depletion decreases cell viability, colony forming ability and 
induces apoptosis in various BC cell lines. 

A, Validation of PRMT1 siRNAs. MDA-MB-468 cells were treated with control (CTRL, 
black) or two PRMT1 (#7, #8, blue) siRNA for 48h. PRMT1 expression was detected at 
the mRNA (by RTqPCR, normalization by actin; left panel) and protein (by western 
blotting, right panel) levels. The methylation of histone H4 on Arg 3 (H4R3me2a) was 
used to measure PRMT1 activity and anti-histone H4 and anti-GAPDH antibodies were 
used as loading controls. B, PRMT1 depletion decreases the viability of BC cells. TNBC, 
Her2+, and luminal cells were transfected with control (CTRL, black) or two PRMT1 (#7, 
#8, blue) siRNAs for 144h and cell viability was measured by an MTT or WST1 assay. C, 
PRMT1 depletion decreases colony formation. TNBC and luminal cells were transfected 
with control (CTRL, black) or two PRMT1 (#7, #8, blue) siRNAs, and then cultured on 
plastic for 6 mitotic cycles equivalent to 14 (HCC70), 7 (MDA-MB-231) or 12 (MCF7) days. 
A representative image (left panel) and the quantifications (right panel) are shown. D, 
PRMT1 depletion induces apoptosis in BC cells. TNBC, Her2+ and luminal cells were 
transfected with control (CTRL) or two PRMT1 (#7, #8) siRNA for 96h or 120h. Apoptosis 
was detected by western blotting using antibodies recognizing the cleaved forms of 
caspase 7 (c-casp 7), caspase 3 (c-casp 3) and PARP (c-PARP). DNA damage was 
detected using an anti-γH2AX antibody. Anti-actin antibody was used as a loading control. 
The arrow indicates the cleaved form of PARP, while the upper band corresponds to total 
PARP protein. Results are presented as the percentage (B, C) or percent fold change (A) 
relative to control cells (CTRL). All data are expressed as the mean ± SD from at least 
three independent experiments (A, B, C). Pictures are from a single experiment, 
representative of three independent experiments (A, C, D). P-values from a Student t-test 
are represented as *p < 0.05; **p < 0.01; ***p < 0.001. 
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Figure S3. Type I PRMT inhibitors decrease PRMT1 but not CARM1 and PRMT6 
activity under the tested conditions.  
MDA-MB-468 cells were treated with varying concentrations of MS023 or GSK3368715 
for 48h. PRMT1 inhibition was assessed by western blotting using anti-H4R3me2a 
antibody. Methylation of PABP1 (me-PABP1) was used to measure CARM1 activity and 
histone H3 methylation (H3R17me2a) to assess CARM1 and PRMT6 activities. Anti-
PABP1, histone H3, CARM1, and tubulin antibodies were used as loading controls. 
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Figure S4. Type I PRMT inhibitors decrease colony size in TNBC cells. 
MDA-MB-231, MDA-MB-453, HCC38, and HCC70 cells were cultured on plastic for 7 
(MDA-MB-231) or 14 (MDA-MB-453, HCC38, and HCC70) days after MS023 (green) or 
GSK3368715 (orange) treatment. The quantification of colony size is expressed as a 
percentage relative to DMSO-treated cells (black), represented as the mean ± SD from 
two independent experiments performed in triplicates. P-values are from a Student t-test 
and represented as *p < 0.05; **p < 0.01; ***p < 0.001.   
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Figure S5. GSK3368715 treatment shows no toxicity and increases global 
monomethylation in mice.  
A, GSK3368715 treatment is not toxic for mice at the tested dose. GSK3368715 was 
administered in Swiss-nude mice (n=3) at 100 mg/kg per-os, once daily for 18 days. 
Treatment was not associated with any mortality or body weight loss during this period. 
B, GSK3368715 treatment (80 mg/kg) increases global monomethylation, in vivo. Total 
monomethylation was detected by western blotting using anti-pan monomethylated (pan-
MMA) antibodies in the tumors excised from 3 vehicle (#2, #14, #18)- or GSK3368715 
(#5, #15, #20)-treated mice at the end of the experiment. 
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Figure S6. PRMT1 regulates EGFR and Wnt signaling pathways.  
RNA was extracted from MDA-MB-468 cells transfected with control or PRMT1 (#7, #8) 
siRNA for 24h and 48h, and analyzed by Affymetrix microarray. Gene enrichment 
pathway analysis, using the REACTOME database, was performed on the deregulated 
genes common to both PRMT1 siRNAs. The top 50 deregulated pathways ranked 
according to their significance (adjusted p-values) is shown. The EGFR and Wnt 
signalling pathways are highlighted in black. Arrowheads point to pathways including 
EGFR, and diamond points to pathways including EGFR, LRP5 and PORCN.  
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Figure S7. Synergistic interactions between MS023 (a type I PRMT inhibitor) and 
chemotherapies (A, B, C) or erlotinib (D).  
MDA-MB-468 cells were seeded in 96-well plates, treated with the indicated drugs for 7 
days (equivalent to 4 doubling times), and cell viability was measured by CellTiterGlo 
assay. MS023 was serially diluted three-fold and cisplatin (A), camptothecin (B), 4-
hydroperoxy cyclophosphamide (4-HPCy; C), erlotinib (D) were serially diluted two-fold 
(concentrations indicated in the Figure). The drug interactions were calculated using the 
Loewe model on the Combenefit software. Cell viability (% compared to DMSO-treated 
cells, left panel), synergy matrix as calculated using the Loewe excess model (middle 
panel), and isobolograms (right panel) for each drug pair are indicated. Presented data 
are representative of three independent experiments. 
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Figure S8. Additive interactions between Type I PRMT inhibitors and taxanes.  
A and B, MDA-MB-468 cells were seeded in 96-well plates, treated with the indicated 
drugs for 7 days (equivalent to 4 doubling times) and cell viability was measured by 
CellTiterglo assay. Type I PRMT inhibitors (MS023, GSK3368715) were serially diluted 
three-fold and docetaxel (A) or paclitaxel (B) were serially diluted two-fold (concentrations 
indicated in the figure). The drug interactions were calculated using the Loewe model on 
the Combenefit software. Cell viability (% compared to DMSO-treated cells, left panel), 
synergy matrix as calculated using the Loewe excess model (middle panel), and 
isobolograms (right panel) for each drug pair are indicated. Presented data are 
representative of three independent experiments.  
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Figure S9. Uncropped original blots of Figure 2D. 
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Figure S10. Uncropped original blots of Figure 3D. 
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Figure S11. A, uncropped original blots of Figure 4D. B, uncropped original blots 
of Figure 4H. 
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Figure S12. Uncropped original blots of Figure 5D. 
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Figure S13. Uncropped original blots of Figure S1D. 
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Figure S14. Uncropped original blots of Figure S2A. NT- non treated 
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Figure S15. Uncropped original blots of Figure S2D for HCC70 cell line.  
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Figure S16. Uncropped original blots of Figure S2D for MDA-MB-231 cell line. 
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Figure S17. Uncropped original blots of Figure S2D for SKBr3 cell line. 
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Figure S18. Uncropped original blots of Figure S2D for T47D cell line. 
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Figure S19. Uncropped original blots of Figure S3 (for remaining blots, see Figure 
S20). NT- non treated. 
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Figure S20. Remaining uncropped original blots of Figure S3. NT- non treated. 
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Figure S21. Uncropped original blot of Figure S5B. 
 

Table S1. (separate file) 

Antibodies, primers, siRNAs and drugs 

Table S2. (separate file) 

Differentially expressed genes in PRMT1-depleted MDA-MB-468 cells 

Table S3. (separate file) 

PRMT1 DNA copy number gain and loss in the curie cohort 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RÉSUMÉ 

 

Le cancer du sein triple-négatifs (TNBC) est le cancer du sein le plus agressif, caractérisé 

par une forte hétérogénéité inter- et intra-tumorale, un enrichissement en cellules souches 

cancéreuses, une résistance au traitement, des taux de rechute élevés et un haut potentiel 

à former des métastases. La chimiothérapie demeure le traitement standard pour les 

patientes avec un cancer TNBC. Notre équipe se concentre sur l'exploration de nouvelles 

approches thérapeutiques pour le cancer TNBC et s'est récemment intéressée aux 

membres de la famille des protéines arginine méthyltransférases (PRMTs) comme cibles 

thérapeutiques prometteuses. PRMT5 est la principale enzyme responsable de la 

diméthylation symétrique. Nous avons précédemment observé que des niveaux élevés 

d’ARNm de PRMT5 étaient associés à un mauvais pronostic dans les cancers TNBC. De 

plus, l’inhibition de PRMT5 diminuait la viabilité et les propriétés « stemness » des cellules 

TNBC, induisait une apoptose et diminuait la croissance tumorale dans un modèle murin 

TNBC. Dans cette thèse, notre objectif était de valider PRMT5 en tant que cible 

thérapeutique pour les cancers TNBC et de caractériser ses fonctions. Dans une première 

étude, nous avons examiné les effets de l’inhibition de PRMT5 en combinaison avec 

différentes chimiothérapies ou des inhibiteurs ciblant les récepteurs transmembranaires de 

la famille HER, sur la prolifération de plusieurs lignées cellulaires TNBC. Nous avons 

démontré un effet synergique entre l’inhibiteur de PRMT5 et le cisplatine, la camptothécine 

et la doxorubicine pour altérer la prolifération des cellules TNBC. De plus, une synergie a 

été observée entre l'inhibiteur de PRMT5 et l’erlotinib (inhibiteur de l'EGFR) ou le neratinib 

(inhibiteur de l'EGFR/HER2/HER4) pour diminuer la viabilité des lignées cellulaires TNBC, 

en particulier celles exprimant des niveaux élevés d'EGFR. Nous avons aussi observé un 

effet synergique entre l'inhibiteur de PRMT5 et le neratinib ou le tucatinib (inhibiteur 

d’HER2) dans une lignée cellulaire TNBC « HER2-low » ainsi que dans une lignée 

cellulaire HER2+. Des effets synergiques ont pu être observés dans des lignées cellulaires 

TNBC résistantes à la seule inhibition de PRMT5. Notre seconde étude avait pour but de 

caractériser l'interactome de PRMT5 pour nous aider à mieux comprendre ses fonctions, 

en utilisant deux approches différentes. Tout d'abord, nous avons immunoprécipité la 

protéine PRMT5 endogène ou son cofacteur MEP50, à partir de lysats de cellules TNBC. 

Cette étude a permis d’identifier FUBP1, un facteur de transcription intervenant aussi dans 

la régulation de l’épissage alternatif, en tant que partenaire du complexe PRMT5/MEP50. 

Nous avons ensuite démontré que PRMT5 méthyle FUBP1, facilitant ainsi sa liaison à 

l'élément FUSE en amont du promoteur du gène MYC. L’approche alternative de « TurboID 

» permettant un marquage (biotine) in cellulo des protéines à proximité de la protéine 

d'intérêt, a révélé plusieurs nouveaux partenaires potentiels de PRMT5 dont SDCCAG3. 

Nous avons confirmé l'interaction entre PRMT5 et SDCCAG3, et initié une étude 

concernant leur association avec le récepteur Wnt LRP6, ainsi que la régulation de la voie 

Wnt par SDCCAG3. En résumé, notre étude a permis d’identifier les partenaires du 

complexe PRMT5/MEP50, de commencer à caractériser leurs fonctions, et a mis en 

lumière le potentiel thérapeutique d’inhiber PRMT5, en combinaison avec d’autres 

drogues, pour le traitement du cancer TNBC. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ABSTRACT 

 

Triple negative breast cancer (TNBC) is an aggressive tumor characterized by high inter- 

and intra-tumoral heterogeneity, enrichment in breast cancer stem cells, resistance to 

treatment, high relapse rates, and a heightened propensity for metastasis. TNBC poses 

the worst prognosis among breast cancer subtypes, and chemotherapies remain the 

standard treatment for TNBC patients. The aim of our group is to propose new targeted 

treatments for TNBC and has recently focused on the family of protein arginine 

methyltransferases (PRMTs) as potential therapeutic targets for the disease. PRMT5 is the 

main type II PRMT responsible for symmetric dimethylation. We previously found that high 

PRMT5 mRNA levels are associated with poor prognosis in TNBC and that inhibiting 

PRMT5 decreases TNBC cell viability and stemness properties, induces apoptosis, and 

reduces tumor growth in a TNBC PDX mouse model. In this thesis, we aimed to understand 

the functions of PRMT5 and validate it as a therapeutic target for TNBC. In a first study, we 

analyzed the effect of combining a PRMT5 inhibitor with different chemotherapies or 

tyrosine kinase inhibitors targeting the HER family members on the proliferation of various 

TNBC cell lines. We found that PRMT5 inhibition synergized with the chemotherapies 

cisplatin, camptothecin, and doxorubicin to impair TNBC cell proliferation. Moreover, 

PRMT5 inhibition demonstrated synergism with erlotinib (EGFR inhibitor) and neratinib 

(EGFR/HER2/HER4 inhibitor) to impair the viability of TNBC cell lines, particularly in those 

expressing high levels of EGFR. Additionally, we observed a synergistic effect between the 

PRMT5 inhibitor and neratinib or tucatinib (HER2 inhibitor) in both a HER2-low TNBC cell 

line as well as in a HER2-positive breast cancer cell line. Importantly, the synergistic effects 

could be achieved in TNBC cell lines that had previously demonstrated resistance to 

PRMT5 inhibition when used alone. In a second study, we aimed to decipher the 

interactome of PRMT5 using two different approaches. First, we immunoprecipitated 

endogenous PRMT5 or its co-factor MEP50 from TNBC cell lysates. This led to the 

identification of FUBP1, a transcription and pre-mRNA splicing factor, as a partner of the 

PRMT5/MEP50 complex. We subsequently demonstrated that PRMT5 methylates FUBP1, 

facilitating its binding to the FUSE element upstream of the MYC promoter. Second, we 

used a proximity labelling assay (TurboID) which revealed several potential novel partners 

of PRMT5, including SDCCAG3. We confirmed the interaction between PRMT5 and 

SDCCAG3, and initiated investigations into their association with the Wnt receptor LRP6,  

as well as the influence of SDCCAG3 on the Wnt pathway. To summarize, these findings 

enhance our understanding of the function of PRMT5 in the context of TNBC and highlight 

its potential as a promising target for combinatorial therapies in the treatment of TNBC. 

MOTS CLÉS 

 

PRMT5, TNBC, chimiothérapie, thérapie ciblée, méthylation des arginines, interaction 

protéine-protéine, combinaison de drogues, FUBP1, EGFR, HER2, SDCCAG3, WNT, 

LRP6, TurboID 
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