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RESUMÉ

Le cancer du sein triple-négatifs (TNBC) est le cancer du sein le plus agressif avec un taux élevé de rechute dans les cinq années suivant la chimiothérapie. L'identification de nouvelles pistes thérapeutiques pour éviter les rechutes est une priorité en oncologie. Les protéines arginine méthyltransférases (PRMTs) constituent une nouvelle famille de neuf enzymes qui catalysent l'ajout de groupements méthyle sur les arginines de leurs substrats (histones et non-histones). Cette modification posttraductionnelle régule ainsi de nombreux processus cellulaires fondamentaux tels que la transcription (activation et/ou répression), le métabolisme de l'ARN, la réparation de l'ADN et la transduction du signal. Certaines PRMTs sont surexprimées dans divers cancers, dont le cancer du sein, et ont été proposées comme des cibles thérapeutiques intéressantes. En analysant des biopsies de tumeurs de sein, nous avons observé que PRMT1 et PRMT4 sont plus exprimées, au niveau ARN, dans les tumeurs TNBC par rapport aux tissus « normaux » de sein. Par conséquent, l'objectif principal de ma thèse a été de caractériser les fonctions de PRMT1 et PRMT4 dans des lignées cellulaires TNBC.

Nous avons montré, par immunohistochimie (IHC), que la protéine PRMT1 est exprimée à des niveaux plus élevés dans les tumeurs du sein par rapport aux tissus normaux. Nous n'avons pas observé de variation d'expression entre les différents soustypes de cancer du sein. Nous avons ensuite démontré qu'une diminution de l'expression de PRMT1 par des ARN interférents ralentit la prolifération cellulaire et la formation de colonies et induit l'apoptose dans plusieurs lignées cellulaires de cancer du sein. Nous avons également montré que l'inhibition de PRMT1 (à l'aide d'inhibiteurs des PRMTs de type I, dont PRMT1 est l'enzyme principale) diminue in vitro la prolifération cellulaire et la formation de colonies. L'inhibiteur des PRMTs de type I, GSK3368715, est actuellement évalué dans un essai clinique de phase I. Nous avons traité des souris avec cet inhibiteur et avons observé un ralentissement de la croissance tumorale dans un modèle murin de cancer TNBC. Nos travaux suggèrent donc que PRMT1 pourrait être une cible thérapeutique pour le traitement des cancers du sein.

Pour déterminer son rôle fonctionnel, nous avons comparé le transcriptome de cellules TNBC MDA-MB-468 transfectées avec des ARN interférents contrôle ou ciblant PRMT1.

Cette étude a révélé que PRMT1 régule les voies de signalisation de l'EGFR et de Wnt.

Nous avons constaté que la déplétion de PRMT1 diminue l'expression de l'ARNm de l'EGFR et de deux composants de la voie Wnt, LRP5 et Porcupine. De plus, nous avons démontré que PRMT1 est directement recrutée sur les promoteurs de ces trois gènes pour activer leur transcription. Porcupine est une enzyme qui modifie de manière posttraductionnelle les ligands Wnt permettant ainsi leur sécrétion dans le milieu extracellulaire ; ces ligands vont ensuite interagir avec les récepteurs transmembranaires de la voie Wnt, dont LRP5, pour activer cette voie de signalisation.

Nous avons ensuite montré que la diminution de l'expression de PRMT1 ou son inhibition, réduisait l'activité de la voie Wnt. Nos résultats suggèrent donc que PRMT1 active la voie de signalisation Wnt, en contrôlant l'expression de LRP5 et Porcupine. La voie Wnt étant souvent associée à la chimiorésistance, nous avons émis l'hypothèse que cibler PRMT1 pourrait éventuellement éradiquer les cellules chimiorésistantes.

Nous avons réalisé des combinaisons de médicaments entre les inhibiteurs des PRMTs de type I (MS023 et GSK3368715) et les chimiothérapies utilisées en clinique pour traiter les patientes présentant un cancer TNBC. Nous avons observé une synergie avec le cisplatine, le cyclophosphamide et la camptothécine, mais pas avec le docétaxel ou le paclitaxel. Nous avons aussi rapporté qu'il existe une synergie entre les inhibiteurs de PRMT1 et de l'EGFR. Ainsi, nous proposons qu'inhiber PRMT1, en combinaison avec des chimiothérapies, pourrait représenter une nouvelle stratégie de traitement pour les patientes atteintes d'un cancer TNBC.

Nous avons aussi constaté, par IHC, que l'expression protéique de PRMT4 est plus élevée dans les tumeurs de sein que dans les tissus normaux. Nous avons montré qu'une diminution de l'expression de PRMT4 par des ARN interférents compromet la prolifération cellulaire et la formation de colonies, et entraine des cassures de l'ADN et de l'apoptose. En revanche, l'inhibition de son activité avec des inhibiteurs spécifiques récemment décrits (TP064, EZM2302) n'a pas ou peu d'effet sur la viabilité cellulaire. Ces observations suggèrent que PRMT4 pourrait contrôler la viabilité indépendamment de son activité enzymatique, à travers des interactions avec ses partenaires. Ainsi, afin de mieux comprendre les fonctions de PRMT4, nous avons recherché ses partenaires protéiques par spectrométrie de masse et avons identifié la protéine ALIX comme partenaire principal de PRMT4. ALIX est une protéine interagissant avec les protéines de transport ESCRT, et ? ..................................................... (ii) What are the cell types in the stroma that express CARM1? Does CARM1 in the stroma influence tumor progression ? ................................................................................................................................... (iii) Are there underlying mechanisms contributing to CARM1 inhibition resistance in BC cells? ............. (iv) Can CARM1 inhibition potentiate cell death when combined with other inhibitors/chemotherapies (used in the clinic) ? .................................................................................................................................... (v) Does ALIX influence the methyltransferase activity of CARM1? .......................................................... (vi) What are the other cellular functions of the CARM1/ALIX complex besides cytokinesis ? .................. (vii) What is the role of CARM1 in cytokinesis ? ......................................................................................... (viii) Does ALIX methylation impact its partner interactions? Does the methylation impact the conformation of ALIX? ............................................................................................................................... (ix) 
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INTRODUCTION CHAPTER 1 CHAPTER 1: INTRODUCTION

In the introductory chapter for this thesis, I will give an overview of three main topics important to follow the results obtained during the course of my PhD. The first part will describe breast cancer and its subtypes, with emphasis on triple-negative breast cancer. In the second part, I will give a comprehensive summary of the family of enzymes called protein arginine methyltransferases (PRMTs) with a detailed description of the structure and function of PRMT1 and PRMT4, two members of this family that were the subject of my thesis. In the last part of the introduction, I will discuss the protein, ALIX, as we identified it as a protein partner of PRMT4 in my thesis.

I. Generalities of breast cancer 1.1 Breast cancer incidence and mortality rate

Breast cancer is the most commonly diagnosed disease in women worldwide and remains the leading cause of death in more than one hundred countries [1]. Breast cancer accounts for 24.5% of cancer incidence and 15.5% mortality in females (Figure 1) [1]. In France, more than 58,000 new cases were recorded in 2020 [1]. Worldwide, breast cancer is ranked number one in female cancer incidence and cancer-related mortality [1]. Although rare, breast cancer also affects men and it is estimated that the lifetime risk of getting breast cancer is 1 in 883 [2] as opposed to 1 in 8 for women [3] in the United States. Therefore, understanding the biology of breast cancer is warranted from the perspectives of the general public, oncologists and researchers. 

Risk factors

Several risk factors have been identified as causal reasons to develop breast cancer. These can be intrinsic or extrinsic factors. The intrinsic factors sometimes also referred to as established risk factors are: i.

Sex -the disease is most prevalent in women and therefore belonging to the female gender already increases the risk of developing this disease [4].

ii.

Age -Older women (usually those around menopausal age or greater than 45 years) have a higher risk of developing breast cancer than younger women [4]. iii.

Family history -women with first-degree female relatives (such as sister, mother, daughter) who have been diagnosed with the disease have a higher risk of developing it [4]. iv.

Genetics -mutations in certain germline genes can predispose women to breast cancer. The most common gene mutation associated with a high risk of breast cancer is BRCA1 or BRCA2 [5].

v. Race/ethnicity -White Caucasian women develop breast cancer more frequently as compared to the African-American or the Hispanic population. However, African-American and Hispanic women are usually diagnosed with a more aggressive subtype of breast cancer and usually at a younger age [6]. vi.

Pregnancy, breastfeeding and menstrual history -having the first child after the age of 30, a shorter period of breastfeeding, and starting menstruation younger than the age of 12 are all associated with a higher risk of breast cancer [4].

Extrinsic factors such as, (i) being overweight, (ii) having dense breasts, (iii) lack of exercise, (iv) smoking, and (v) drinking alcohol are linked to a higher risk of developing the disease [4].

Other factors such as high endogenous estrogen hormone levels or using hormone replacement therapy for long periods (>10 years) are associated with a higher risk of developing breast cancer [4,7].

Despite having several high-risk factors, the key to better treatment is early detection and diagnosis. In the next section, I will discuss the various diagnostic methods used for detecting breast cancer.

Diagnosis and screening

Mammography, typically performed during routine health checks, is the preferred method to screen for breast cancer. A mammogram, the output of a mammography test, can detect different kinds of lesions and is essentially an X-ray of the breast. Ultrasonography is a complementary test to a mammogram and helps to identify the type of abnormality (solid lumps or fluid-filled lumps) but cannot determine if the abnormality is cancerous. Other imaging techniques, such as magnetic resonance imaging (MRI) or positron emission tomography (PET) scan can be used as adjunct screening methods in addition to mammography [8]. In certain cases, a Lymphoscintigraphy can be performed to track the spread of breast cancer into the nearby lymph nodes [8].

The sure way of diagnosing if a woman has developed breast cancer, once a lesion is identified by any of the above-mentioned methods, is by performing a biopsy. A biopsy is an interventional procedure by which a small piece of breast tissue from the suspected area is extracted and analyzed by a pathologist. Once cancerous growth is confirmed, several molecular tests (like MammaPrint -70 gene signature analysis or Oncotype DX -21 gene expression array) can be performed to accurately diagnose breast cancer [9,10].

Anatomy of breast

In order to understand the development of this disease, we must first understand the anatomy of the breast. The female breast is composed of adipose, glandular, and connective tissue. The glandular tissue is responsible for producing milk and is organized into 15 to 20 sections, called lobes. Each lobe contains smaller structures called lobules and at the end of the lobules are dozens of bulbs where the milk is produced. The network of tubes that connects all these structures are called ducts (Figure 2). The breast also contains blood and lymph vessels along with lymph nodes. 

Breast cancer development and terminologies

Breast cancer can develop in any part of the breast, but not all conditions have the same outcome. The term 'breast cancer' is usually used to describe malignant cells, that abnormally divide in the breast and eventually metastasize to the rest of the body (most frequently to the bone, lung, brain, and liver). Cancerous cell growth that does not spread to the rest of the body but arises in the duct cells is referred to as Ductal carcinoma in situ (DCIS) while those that occur in the lobular cells is called Lobular carcinoma in situ (LCIS).

The problem is deepened when these in situ growths start invading the rest of the breast, with the potential of spreading to the rest of the body (Figure 3). Invasive ductal carcinoma, as the name suggests originates in the duct cells and represents the most common type of invasive breast cancer. However, invasive lobular carcinoma, originating in the lobular cells, is less common. Historically, breast cancer stage was categorized using the Tumor Node Metastasis (TNM) system, where the size of the tumor (T), if it had spread to the lymph nodes (N) and whether the tumor metastasized (M) were assessed [nomenclature by American Joint Committee on Cancer (AJCC)]. The different stages of breast cancer are clinically described as follows:

Stage 0: Mostly non-invasive breast cancer such as DCIS with a 5-year survival rate of 100% [8].

Stage I-III: describes invasive breast cancer based on the tumor size and the extent to which the tumor has spread to the nearby lymph nodes.

Stage IV: describes advanced invasive breast cancer that has metastasized beyond the breast to other body parts, such as the lung, distant lymph node, skin, bone, liver, or brain and has a 5-year survival rate of around 22% [8].

In 2018, the American Joint Committee on Cancer updated this classical TNM system to include more details such as the tumor grade and biomarkers (hormone receptor or Human epidermal growth factor 2, Her2 status) [11]. Although including these details make it more complicated to diagnose the different types of breast cancer patients, it is more accurate aiding the oncologists to provide the best suitable therapy for the patient.

Tumor grade is used to describe the abnormality of the cells and tissues when compared to their healthy counterparts while tumor stage explains the size of the tumor and how far the cancer has spread in the patient.

Grade 1 or low grade (sometimes also called well-differentiated): When the cancer cells differ slightly from normal cells and are not dividing at high rates.

Grade 2 or intermediate/moderate grade (moderately differentiated): When the cancer cells differ from normal cells and are actively dividing and growing.

Grade 3 or high grade (poorly differentiated): The cells look very different from normal cells and are rapidly dividing to produce new cancer cells in a highly disorganized manner.

Molecular subtypes of breast cancer

As previously mentioned, using biomarker status in classifying breast cancer stages aids to differentiate between the different types of breast cancer. The subtypes of breast cancer are broadly categorized based on their hormone receptor (estrogen: ER and progesterone: PR) status and Her2 status when analyzed by immunohistochemistry (IHC). Tumors expressing hormone receptors are called "Luminal" breast cancer (ER+/PR+). The tumors that overexpress the Her2 gene (either ER+/PR+/Her2+ or ER-/PR-/Her2+) are termed "Her2+" breast cancer. Lastly, there exists a subgroup that does not express the hormone receptors nor has an overexpression of Her2 (i.e., ER-/PR-/Her2-), called "Triplenegative". These broad subgroups have been further classified based on intrinsic gene expression as (i) Luminal A, (ii) Luminal B, (iii) Non-luminal Her2+, (iv) Basal-like, and (v) Normal-like [12]. Recently, Mathews et al., have summarized the way breast cancer subtypes have been classified, and also proposed a new method of classification (Figure 4) [13]. Here, I will discuss five subgroups described by Sorlie et al. 

Luminal A (ER+/PR+/Her2-)

Accounting for ̴ 50% of invasive breast cancer, the luminal A subtype displays high ER signaling and expresses low levels of the protein Ki-67 (a proliferative marker), making this cancer grow more slowly than the other subtypes. At the DNA level, they show a lower number of mutations and copy-number changes [14] but around 45% of the tumors are mutated for PIK3CA [15]. Moreover, they are often of low tumor grade and patients diagnosed with luminal A have the best prognosis.

Luminal B (ER+/PR+ and Her2+ or Her2-)

These tumors are ER+/PR+ but can be either Her2+ or Her2-and account for 20 -30% of breast cancer. Unlike luminal A, luminal B have higher levels of Ki-67 and other cell-cycle markers [14], thereby more proliferative and have a worse prognosis than luminal A. They also have a higher number of mutations and copy-number changes than luminal A [14]. A key distinguishing marker for luminal B tumors is higher DNA methylation frequency than any other subtype [16].

Non-luminal Her2+ (ER-/PR-and Her2+)

These tumors represent around 20% of all breast cancer and are characterized by an overexpression/amplification of Her2 (also known as ERBB2) and other proliferationrelated genes. Her2-enriched tumors have the highest genome instability, with mutations in the known oncogenes TP53 and PIK3CA [14]. They are of high grade, highly proliferative and have an unfavorable prognosis [17].

1.6.4 Basal-like (ER-/PR-/Her2-)

The basal-like subtype (based on gene expression, around 15% of breast cancer) is the most distinct among all breast cancer and are often referred to as triple-negative breast cancer (based on Immunohistochemical staining) as they are negative for ER, PR and lack overexpression of Her2. However, only around 75% of TNBCs are basal-like while the remaining 25% show markers of the other subtypes [18]. The basal-like tumors have high expression of basal1 epithelial genes and basal cytokeratins (e.g., cytokeratins 5/6 and cytokeratin 14), high proliferation, TP53 mutation, and a subset have BRCA1 dysfunction [15,17]. They are also high-grade tumors and have the worst prognosis among all the subtypes of breast cancer. They are also characterized by having the least DNA methylation frequency among all the subtypes [16]. I will discuss TNBC in detail in Chapter 1, part II.

Normal-like (ER+/PR+/Her2-)

The fifth subtype according to Sorlie et al., called the normal-like breast cancer are hormone receptor-positive (ER+/PR+) and Her2-like the luminal A subtype and have low Ki-67 levels and low rates of proliferation [12]. They usually have a good prognosis but are slightly worse than luminal A.

Therefore, knowing the existence of these different subtypes, it becomes evident that breast cancer is highly heterogeneous, and each subtype must be treated differently. The next section will discuss the available types of treatment for breast cancer in general and the existing targeted treatments for the different subtypes.

Breast cancer treatment

Treating breast cancer usually involves more than one type of therapy, such as primary therapy (often surgery or radiation therapy) along with adjuvant and/or neoadjuvant therapy. Neoadjuvant treatment is typically chemotherapy or hormone therapy while adjuvant therapies include chemotherapy, hormone therapy, immunotherapy, or targeted therapy.

Neoadjuvant therapy is the first treatment given to the patients, to reduce the tumor size or to destroy the metastatic cancer cells before radical treatment interventions. On the other hand, adjuvant therapy is given after the primary treatment to eradicate the remaining cancer cells.

The choice of treatment depends on many factors, including the stage and grade of breast cancer, the subtype and if the patient is willing to undergo surgery. Chemotherapy given as a neoadjuvant was hypothesized to be more advantageous rather than when given in the adjuvant setting, particularly in patients who wished for breast-conserving therapy [19]. However, a study analyzing ten randomized trials found no significant difference between neoadjuvant or adjuvant chemotherapy in the risk of distant recurrence or mortality [20].

Surgery

Most breast cancer patients might have to undergo surgery to eliminate the cancer. Depending on the stage and tumor grade, the patient could undergo any of the following procedures (Figure 5).

Mastectomy

It is the surgical procedure in which the entire breast is removed and is sometimes referred to as total or simple mastectomy [4,8]. Before or after this surgery, some lymph nodes under the arm may be removed to check for the presence of cancer cells (Figure 5A).

Modified radial mastectomy is the most common type of mastectomy performed, where the entire affected breast, surrounding lymph nodes and the underlying chest muscles are surgically removed [4,8] (Figure 5B).

Breast-conserving surgery

Breast-conserving surgery is the procedure where the cancer and some normal tissues surrounding it will be removed while preserving the breast itself. If the cancer is found close to the underlying chest lining, that may also be removed. This type of surgery has also been referred to as lumpectomy, partial mastectomy, segmental mastectomy, quadrantectomy, or breast-sparing surgery [4]. This surgery is recommended only for patients still in the early stages of breast cancer (stage I or II) and the cancer is benign [8] (Figure 5C). 

Lymph node biopsy

A lymph node biopsy (also called axillary lymph node dissection) is when some or all the lymph nodes surrounding the breast are surgically removed to test for the presence of cancer cells. This procedure is typically performed after a mastectomy/breastconserving surgery. However, the lymph node biopsy has been deemed unnecessary and a sentinel lymph node biopsy is recommended by researchers [8]. Sentinel lymph node biopsy is the removal of the first lymph node to which the cancer is likely to have spread from the primary tumor and it is a minimally invasive procedure as compared to the lymph node biopsy [4,8].

Radiation therapy

The accidental discovery of X-rays by Prof. Wilhelm Roentgen in 1895 proved to be useful particularly in cancer treatment. High-energy radiation is used to kill the cancer cells or to limit their growth while not affecting the remaining areas of the body. The use of a linear accelerator (LINAC) became the backbone of radiation therapy delivery since the 1950s [21]. This type of therapy is given either as primary therapy or as an adjuvant (with surgery and/or chemotherapy). Two types of radiation therapy are given:

1.7.2.

External radiation therapy

External-beam radiation therapy (EBRT) is usually given once a day for 6 to 7 weeks and is delivered using a LINAC, to specifically target the affected region. Radiation is thought to kill cancer cells by inducing DNA damage. Beam-shaping blocks and multileaf collimators are used to protect the normal cells from receiving the radiation [8].

Internal radiation therapy

In this type of therapy, the radiation source is delivered internally and is given for 3 to 5 days, unlike EBRT [8]. A radioactive substance is rendered directly to the affected site using needles, wires and/or catheters [4]. Sometimes, the radionuclide strontium-89 is given to breast cancer patients where the cancer has metastasized to the bones to relieve bone pain [4].

Chemotherapies

Another commonly used breast cancer treatment is chemotherapy. It is the use of drugs to kill cancer cells or arrest their growth. Chemotherapy can be given as an adjuvant to surgery and/or radiation therapy or as a neoadjuvant. Chemotherapy is quite often given as a combination of different drugs. These drugs can be broadly categorized as alkylating agents, DNA intercalants, anti-metabolites, and microtubule-targeting agents.

Alkylating agents

Alkylating agents directly target the DNA of proliferative cells causing cross-linking of DNA strands, abnormal base pairing, or DNA strand breaks, thus preventing the cancer cells from dividing. They work on all cell cycle phases and usually work better on slowgrowing cancer. Examples of common alkylating agents are cyclophosphamide and Thiothepa. Platinum-based drugs such as cisplatin and carboplatin function similarly to classical alkylating agents and are used to treat metastatic breast cancer [22]. 1.7.3.2 DNA intercalants As the name suggests, these agents intercalate with the DNA of proliferative cells and inhibit the cells from dividing. They particularly inhibit the enzyme, topoisomerase II, thereby leading to DNA cleavage which is a critical event responsible for killing the cancer cells [23]. Anthracyclines such as doxorubicin (also called adriamycin) and epirubicin are the most used DNA intercalants for breast cancer. They function during the S-phase of the cell cycle, acting as purine/pyrimidine antagonists or interfering with the enzymes required for metabolism and protein synthesis. The standard antimetabolites that have been used to treat breast cancer for decades are 5-fluorouracil (5-FU) -a nucleoside analogue -and methotrexate, an inhibitor of the enzyme dihydrofolate reductase [24]. Gemcitabine, a pyridine antimetabolite, was identified later and is used to treat metastatic breast cancer both as a single agent or in combination therapy [25]. 1.7.3.4 Mitotic inhibitors (or microtubule-targeting agents)

These classes of drugs affect proliferative cells by targeting microtubule formation (either by stabilizing or destabilizing its polymerization dynamics) and chromosome segregation, thereby inducing mitotic arrest [26]. Taxanes, which include paclitaxel and docetaxel, fall under the standard regimen of treatment for breast cancer patients, either as monotherapy or in combination with anthracyclines [27].

Standard drug combination therapies

The general clinical practice for treating breast cancer patients is to give multiple chemotherapeutic agents belonging to different categories. Since each drug targets and kills the cancer cells in different ways, a complete anti-tumor response can be expected, preventing a relapse. The most traditional combination included an alkylating agent (cyclophosphamide) along with anti-metabolites (methotrexate and 5-FU), commonly referred to as the CMF regimen [28]. Other drug combinations approved by the Food and Drug Administration (FDA) for treating breast cancer include AC (doxorubicin, cyclophosphamide), AC-T (doxorubicin, cyclophosphamide, followed by paclitaxel), CAF (cyclophosphamide, doxorubicin, 5-FU), FEC epirubicin,cyclophosphamide), and TAC (docetaxel, doxorubicin, cyclophosphamide) [3].

Hormone therapies

It is typically used to treat breast cancer expressing hormone receptors (i.e., the luminal subtypes). It can either be given as an adjuvant or neoadjuvant to surgery [2].

Selective estrogen receptor modulators (SERMs)

The earliest use of hormone therapy can be traced back to the 1970s, where the drug Tamoxifen was given to patients with ER+ breast cancer [29]. It acts as an antiestrogen drug, preventing estrogen from binding to its receptor thereby cutting off ER supply to the growing cancer cells. Raloxifene, similar in activity to Tamoxifen has been in clinical use since 2007 since it shows lesser side effects as compared to Tamoxifen [8]. However, these drugs must be used with caution as the drug acts on the entire body (including normal cells) and may cause an increased risk of developing endometrial cancer [4]. 1.7.4.2 Estrogen receptor down regulator (ERDs) Fulvestrant is the commonly used ERD and is recommended to treat ER+ metastatic breast cancer in postmenopausal women [2]. It functions by competitively binding to the ER and downregulates cellular levels of ER [30]. 1.7.4.3 Aromatase inhibitors (AIs) These are another class of drugs that inhibit an enzyme called aromatase, involved in the estrogen synthesis pathway [31]. Examples of aromatase inhibitors are anastrozole, exemestane, and letrozole [2]. Aromatase inhibitors are typically given either as an initial adjuvant therapy, sequentially adjuvant i.e., 2-3 years after tamoxifen treatment or after 5 years of tamoxifen and all three have shown better efficacy over tamoxifen alone [31].

Ovarian suppression

The different hormone therapies, particularly ERDs and AIs, discussed until now are mostly recommended for postmenopausal women. However, in pre-menopausal women, the main source of estrogen production is the ovary. Hence, the main type of treatment offered to pre-menopausal women is to suppress the ovaries thereby making them postmenopausal and susceptible to treatment by the above-mentioned methods [2]. One method is surgery to permanently remove the ovaries (called Oophorectomy or ovarian ablation). A less invasive and more common procedure is to give drugs, called Luteinizing hormone-releasing hormone (LHRH) analogs such as goserelin and leuprolide, that temporarily shut down the function of the ovaries [2].

Immunotherapy

The use of the body's immune system to target and kill cancer cells has been an intriguing concept for more than one hundred years, particularly in the mind of the pioneer surgeon William B. Coley [32]. But practical use of this type of therapy has been fairly recent. In general, immunotherapy is divided into two main groups: 1.7.

Passive immunotherapies

The traditional use of immunotherapies against breast cancer has been to provide the body with immune system components that will fight the cancer rather than actively stimulating the immune system. The commonly used passive immunotherapy is immune checkpoint inhibitors. Pembrolizumab and atezolizumab which target the PD-1/PD-L1 immune checkpoint pathway have been FDA approved for treating metastatic TNBC (will be addressed in Chapter 1, part II).

Active immunotherapies

Here, the immune system is actively stimulated using specific antigens found on the tumor cell surface. Breast cancer vaccines [33] and adoptive cell therapy [34] are common examples, although they are all still under different phases of clinical trials and none has yet been approved for clinical use.

The use of immunotherapy to treat breast cancer is an attractive option and has gained popularity in recent years, leading to several clinical trials, especially for the Her2+ and TNBC subtypes [35].

Targeted therapy

As we understand the molecular subtilities of breast cancer, we are able to develop specific therapies that target the cancer cells and cause less harm to the surrounding normal cells. Several such targeted therapies have been identified to treat the different subtypes of breast cancer. 1.7.6.1 Anti-Her2 therapy A crucial step in targeted therapy was the development of trastuzumab, a monoclonal antibody (mAb) against Her2 in 1998, that targeted the extracellular domain of Her2, preventing further downstream signaling [36]. Trastuzumab (commonly referred to as Herceptin), has been found effective in Her2 overexpressing breast tumors either as a single agent or as an adjuvant with taxane-based or anthracycline-based chemotherapies [36]. Another example of anti-Her2 therapy is Pertuzumab, a mAb that prevents the dimerization of the Her receptors [37]. Other anti-Her2 mediated targeted therapies include Trastuzumab-DM1 (trastuzumab is conjugated with a fungal toxin DM1) and Ertumaxomab (targeting Her2 on the tumor cells and CD3 on the T-cells) [38]. A major drawback with trastuzumab treatment has been the development of resistance in patients and the inability of this drug to cross the blood-brain barrier, resulting in brain metastasis post-trastuzumab treatment [36].

This led to the development of dual inhibitors that targeted the tyrosine kinase epidermal growth factor receptor (EGFR) along with Her2. Lapatinib is one such dual inhibitor of EGFR and Her2, targeting their intracellular domains and blocking the downstream signaling cascade [36,38]. Lapatinib could potentially be used to treat Her2breast cancer that express one or more of the Her family receptors [36].

Vascular endothelial growth factor (VEGF) inhibitors

This class of inhibitors block angiogenetic pathways, which is a common hallmark of breast cancer [39]. Two major ways to inhibit angiogenesis in breast cancer is (i) using an agent that blocks the ligand (VEGF-A) from binding to the VEGF receptor (e.g., bevacizumab) or (ii) multi-tyrosine kinase inhibitors that are involved in the VEGF pathway such as, sorafenib, sunitinib [36,38]. The FDA approved VEGF inhibitors (bevacizumab) in 2008 for treating breast cancer patients but withdrew this approval in 2011 [4], which may be due to adverse side-effects. However, the national comprehensive cancer network guidelines still recommend the use of bevacizumab with paclitaxel [40]. 1.7.6.3 PI3K/Akt/mTOR pathway inhibitors Downstream signaling of growth factor receptors (EGFR, Her2) is mediated by phosphatidylinositol-3 kinase (PI3K), protein kinase B (Akt) and mammalian target of rapamycin (mTOR) [38]. Aberrant activation of these kinases is frequently observed in breast cancer, particularly through mutations in PI3K [41] or PTEN (mutation and deletion) [42]. Hence, targeting this pathway using small-molecular inhibitors has been one method to treat breast cancer. All the different inhibitors that exist targeting this pathway are in various phases of clinical trials; however, Everolimus, an mTOR inhibitor, and Alpelisib, a PI3K inhibitor are the only two drugs targeting this pathway, that are currently approved for treating luminal breast cancer (HR+/Her2-) [2,43]. 1.7.6.4 Cell cycle inhibitors Typically, cyclin-dependent kinases (CDKs) are misregulated in the different phases of the cell cycle, leading to uncontrolled proliferative signals in breast cancer cells [44]. Drugs such as palbociclib, ribociclib, and abemaciclib that target certain CDKs, namely CDK4 and 6, were FDA approved recently to treat advanced or metastatic luminal breast cancer [45]. Notably, a subgroup called the luminal androgen receptor (LAR) that belongs to the TNBC subtype is also sensitive to CDK inhibition due to the association of the androgen receptor with the tumor suppressor retinoblastoma (Rb1) [15,46]. 1.7.6.5 PARP inhibitors for BRCA 1/2 mutants A characteristic of breast cancer is that it can be heritable if a woman possesses mutations in the BRCA1/2 genes. BRCA1/BRCA2 germline mutations, accounting for around 5% of all breast cancer are key genes involved in the homologous recombination DNA repair pathway [47]. Patients with BRCA1 mutation tend to develop TNBC phenotype while BRCA2 mutation leads to ER+/PR+ breast tumors [48]. Poly (ADP-ribose) polymerases (PARPs) are another family of enzymes that repair DNA damage through alternative mechanisms (e.g., Base-excision repair or non-homologous end joining). In breast cancer mutated for BRCA, the cells rely on PARP-mediated DNA repair and hence, introducing PARP inhibitors in this setting will introduce a "synthetic lethality" causing cell death and controlling tumor progression (Figure 6). Olaparib and talazoparib, two PARP inhibitors, have been approved for Her2-breast cancer since 2019 that exhibit BRCA1/2 mutations. [2,4]. DNA damage can be repaired by base-excision repair (BER) which depends on PARP or homologous recombination which requires BRCA1/2. BRCA mutated cells rely on BER for DNA repair so introducing PARP inhibitors in these cells introduces synthetic lethality causing cell death. Adapted from [49]. 1.7.6.6 Other pathways under clinical trials Several other molecular targets or pathways, such as histone deacetylase, insulinlike growth factor, HSP90, src-family tyrosine kinases, matrix metalloproteinases and the RAS/MEK/ERK pathway can also be inhibited using small molecules. These inhibitors are currently in different phases of clinical trials for breast cancer treatment [36,38].

II. Triple-negative breast cancer

The breast cancer subtype that belongs to the basal-like is the study model in this thesis and the subject matter for this chapter. The term TNBC was coined almost 15 years ago and represents around 15% of all breast cancer [50]. These tumors are generally more aggressive and highly proliferative. Although most basal-like are also triple-negative and vice-versa, they are not synonymous. The term triple-negative was assigned based on the absence of the hormone receptors (ER and PR) and lacking an overexpression of Her2 while basal-like is an intrinsic molecular subtype defined by specific gene expression profiling [51]. TNBC also encompass another subtype, called the claudin-low group, identified by Hershkowitz and colleagues as a separate cluster by microarray analysis [52]. A characteristic of this subtype is the low expression level of critical cell-cell adhesion molecules, like claudins (3, 4, and 7), occludin, and E-cadherin and is related to mesenchymal TNBC [53].

Clinical features, risk factors, prognosis

Some common clinical features of TNBC include high tumor grade, larger tumor size and are found associated with age (diagnosed more in younger women ≤ 45 years) and race (African-American and Hispanic women more susceptible) [50,51]. TNBC tumors are more likely to metastasize to either the lungs or the brain, and less likely to the bones, unlike other subtypes [54]. TNBC is usually associated with a poor prognosis within 5years after diagnosis although they are sensitive to primary chemotherapy. The main reason is a higher relapse among those with a residual disease [51].

Interestingly, germline mutations in BRCA1 are associated with the TNBC subtype, making BRCA1 a potential specific risk factor for TNBC over other breast subtypes [55].

Other risk factors for TNBC include higher parity and lack of breastfeeding, young age at first full-term pregnancy, and higher body weight [56][57][58].

General molecular features

TNBCs are also highly heterogeneous (like the whole breast cancer population) warranting a need to subclassify them, further. The first classification of TNBC was by Lehmann and colleagues in 2011 and I will discuss this in the next section. First, I will describe certain general molecular features that have been identified in the TNBC cluster compared to non-TNBC. The Cancer Genome Atlas (TCGA) analysis did not distinguish between TNBC and basal-like in their clustering and found around 80% of the tumors were mutated for TP53, and there were losses in other tumor suppressor genes such as retinoblastoma 1 (RB1) or the previously mentioned BRCA1. Another striking observation was the increased activity of the PI3K/Akt pathway, either through mutations/amplifications in PI3CKA or loss of PTEN [42] and INPP4B [15]. The oncogenes (30% KRAS) and proto-oncogenes (30% BRAF, 23% EGFR) were found amplified in the basal-like subgroup. The last key feature was the hyperactivation of transcriptional factors FOXM1 and cMyc, which appeared to contribute to the highly proliferative nature of basal-like breast cancer [15].

Molecular subtypes of TNBC (Lehmann classification)

Perhaps the most extensively used system of TNBC classification is the one proposed by Lehmann and colleagues where they identified six subgroups of TNBC by analyzing gene expression profiles [59]. Such a classification highlighted not only the intrinsic heterogeneity characteristic of TNBC but also emphasized the need to identify targeted therapy by understanding the underlying biology of TNBC tumors. The six subgroups were (i) basal-like 1, (ii) basal-like 2, (iii) mesenchymal, (iv) mesenchymal stem-like, (v) immunomodulatory, and (vi) luminal-androgen receptor (Figure 8). Note, they also clustered several TNBC cell lines into similar groups, which has helped the entire TNBC research community while working with these models to understand their clinical relevance (Figure 7). Notably, several others have proposed different models of TNBC classifications [60][61][62][63] but I will focus on the subgroups identified by Lehmann and colleagues. 

Basal-like 1 and 2 (BL1, BL2)

The key pathways up regulated in the BL1 subtype were cell cycle and cell division pathways associated with proliferation genes like PLK1, TTK, PRC1, AURKA, AURKB, etc along with increased DNA damage response pathways. They also displayed high Ki67 expression, suggesting that these subtypes would respond better to a taxane treatment regime (as taxanes target highly proliferative cells).

BL2 subtype differs from BL1 as it is enriched in growth factor signaling pathways like EGF, IGF, Wnt/β-catenin and is accompanied by increases in the receptors of these pathways like EGFR. They were also uniquely enriched in metabolic pathways like glycolysis and gluconeogenesis.

Mesenchymal (M) and Mesenchymal stem-like (MSL)

The M and MSL subgroups displayed mesenchymal features and majorly differed from the BL group as they were enriched in cell motility (Rho pathway), cell differentiation, and growth factor pathways (ALK, TGF-β, and Wnt/β-catenin signaling). They were also enriched in genes responsible for the epithelial-to-mesenchymal transition (EMT) like TWIST1, and ZEB1.

The MSL subgroup differed from the mesenchymal subgroup as it was uniquely enriched in growth factor pathways (EGFR, G-protein coupled receptor, inositol phosphate metabolism, etc.) and angiogenetic genes (VEGFR2). They expressed low levels of proliferation genes but showed enrichment in stem-cell markers, HOX genes and mesenchymal stem-cell markers. The MSL subgroup also displayed low claudin expression, correlating with the other breast cancer subgroup "claudin-low" mentioned before.

Immunomodulatory (IM)

The IM subgroup was highly enriched in classical immune signaling pathways like NFκB, TNF, JAK/STAT and immune cell response pathways like NK cell and B-cell receptor pathways. The gene signatures identified by Lehmann et al. for the IM subgroup overlapped with those found by Bertucci et al. in a very rare subtype of breast cancer known as the medullary breast cancer (MBC) [64]. MBC is a very rare form of breast cancer accounting for <2% of all breast cancer and falls under the intrinsic subtype of basal-like breast cancer (ER-/PR-/Her2-), but surprisingly has a favorable prognosis [64][65][66] 

Luminal-androgen receptor (LAR)

This last subgroup differed the most from the others especially since the gene ontologies were enriched in hormone-regulated pathways (steroid synthesis, androgen, and estrogen metabolism), though they did not express ER. They showed high expression of the androgen receptor (AR) mRNA and were enriched in downstream targets of AR. LAR group also showed luminal gene enrichment patterns, hence the name.

Lehmann and colleagues refined their stratification of TNBC subtypes in 2016, to have only 4 subtypes -BL1, BL2, M, and LAR since the high immune signature in the IM subtype and the mesenchymal signature in the MSL subtype were contributed from the lymphocyte infiltrates and stromal cells, respectively, rather than the tumor cells themselves [67].

Approved therapy for TNBC

As previously discussed, due to the lack of hormone receptors or overexpression of Her2 receptors on TNBC cell surface they cannot be treated with existing targeted therapies such as a hormone or anti-Her2 treatment. Typically, for early-stage TNBC, surgery or radiation is recommended depending on the tumor size. The most standard systemic treatment available for TNBC is chemotherapy, such as anthracyclines, taxanes, and capecitabine [2]. These conventional neoadjuvant treatments (composed of adriamycin, cyclophosphamide, and paclitaxel) result in a pathological complete response rate of 35-45% [68].

Recently, two targeted therapies have been approved by the FDA for TNBC patient treatment: PARP inhibitors and anti-programmed cell death ligand 1 (PD-L1) therapy.

PARP inhibitors (like Olaparib and talazoparib) have been approved only for TNBC patients having a BRCA1/2 mutation (see PARP inhibitors for ). The platinum-based drugscisplatin and carboplatin are also used for BRCA mutated TNBC treatment [2,4] or in the neoadjuvant or metastatic setting [69].

TNBC patients express high levels of PD-L1 and the tumor-infiltrating immune cells in these patients expressed programmed cell death 1 (PD-1) [70]. Therefore, targeting PD-1/PD-L1 was thought to be beneficial and the FDA approved anti-PD-L1 therapy (e.g., pembrolizumab) for the subset of metastatic TNBC patients who expressed PD-L1 [4]. Notably, anti-PD-L1 therapy was found more efficient in patients who had already received first-line chemotherapy, especially since this treatment increased PD-L1 expression on the surface of these tumors [71].

In 2020, a new antibody-drug conjugate sacituzumab-govitecan was approved by the FDA for the treatment of metastatic TNBC patients, who have already received at least two prior treatments [72]. This therapy contains two components: Sacituzumab, which is a monoclonal antibody that targets the trophoblast cell-surface antigen (Trop-2) while the drug conjugate govitecan is a camptothecin-derivative (called as , a chemotherapeutic drug that inhibits topoisomerase-I activity [4]. This antibody-drug conjugate was developed to specifically direct this drug to the cancer cells rather than targeting all proliferative cells (which is the case with conventional chemotherapy). Trop-2 is overexpressed in many solid cancer types, including TNBC, and is an important biomarker for the EMT phenotype in breast cancer, possibly explaining the success of this drug-conjugate. However, it must be noted that the efficacy of this antibody-drug conjugate was studied in heavily pretreated metastatic TNBC patients and not as a singleagent treatment.

Chemoresistance, TNBC stem cells and their underlying mechanisms

Despite the new therapies recently approved for TNBC patients, the prevailing systemic treatment strategy remains chemotherapy. The main limitation is that patients often develop resistance to chemotherapy. Several underlying mechanisms, often a dysregulation in developmental pathways, have been identified to contribute to chemoresistance.

ATP-binding cassette (ABC) transporters

These transporters use ATP to efflux the drugs across the cell membrane and are implicated in chemoresistance [START_REF] Blanc | Regenerating muscle with arginine methylation[END_REF]. Some ABC transporters are found more expressed in TNBC such as ABCC1, ABCG2, and ABCC11 and confer resistance to anthracyclines, taxanes, methotrexate, 5-FU, and doxorubicin [74]. Hence, targeting these transporters could help in overcoming chemoresistance in TNBC and pre-clinical evidences support this hypothesis [74].

Breast cancer stem cells and contributing signaling pathways

Another major contributor to chemoresistance is a subset of tumor cells with selfrenewing ability regardless of their nomenclature (cancer stem cells, CSCs; tumor initiating cells, TICs; or as a subpopulation of cells resistant to treatment) [75,76]. They often increase in residual breast tumors following chemotherapy, implying that these cells are resistant [77]. These cells can be identified by probing for certain distinct molecular markers such as CD44 + /CD24 -/low [78,79] or aldehyde dehydrogenase 1 positive (ALDH1 + ) [80] though each marker represents different populations of CSCs. The CD44 + /CD24 -/low population of cells show mesenchymal and quiescent phenotypes (meaning they had undergone EMT) while the ALDH1 + cells display more epithelial, proliferative phenotypes (i.e., having undergone mesenchymal-to-epithelial transition) as analyzed by gene expression profiling [81,82].

Several signaling pathways, particularly those involved in developmental processes like the TGF-β, Notch, Hedgehog, BMP and Wnt/β-catenin, are known to fuel the selfrenewing ability of these CSCs. 1.12.2.1 Transforming growth factor-beta (TGF-β)/Smad pathway Adapted from [83].

TGF-β is part of the cytokine family and binds to the type II TGF-β receptor (TGF-βR). This ligand-receptor interaction recruits and phosphorylates another receptor counterpart, type I TGF-β receptor (TGF-βR), activating the signaling pathway. The effectors of this pathway are the Smad family proteins, which are phosphorylated by the receptor complex and translocate to the nucleus to activate the transcription of the target genes (Figure 9) [84]. TGF-β signaling is implicated in many cancer hallmarks such as EMT, proliferation, angiogenesis, metastasis [85], but mainly in CSC renewal in breast cancer [86]. In TNBC, this pathway is known to play a vital role in conferring resistance and increasing stemness/tumor-initiating properties, responsible for the relapse of the disease. For example, it was found that treatment with chemotherapy increased TGF-β signaling and inhibiting this pathway, prevented the re-establishment of tumors in a xenograft model [87]. Targeting the main receptor of this pathway, TGF-βR, is in the early stages of clinical investigation, but still needs to be refined before being used as a TNBC therapy regimen. This pathway requires cell-to-cell contact to be activated. NOTCH family of receptors are activated when ligands (DELTA or JAGGED) from adjacent cells bind to these receptors. This interaction initiates sequential cleavages by proteases and secretases of the intracellular domain of the NOTCH receptor (NICD), which translocates to the nucleus to activate target gene transcription [89] (Figure 10).

Notch pathway

Similar to TGF-β signaling, the Notch pathway is also implicated in several hallmarks of cancer, particularly in immune system invasion, EMT, and proliferative signaling. In TNBC, the NOTCH receptors (1/3/4) are either overexpressed or amplified and associated with the above-mentioned cancer hallmarks [90]. Some inhibitors of the NOTCH pathway, particularly those that target the γ-secretase are in Phase-I clinical trials for advanced TNBC in combination with docetaxel [91,92]. Apart from these two inhibitors, there are no other available inhibitors of the NOTCH pathway that show clinical benefit for TNBC patients, but it remains a valuable pathway to be targeted. This is one of the crucial pathways in embryonic development and has been linked to carcinogenesis. The main ligand is Sonic HedgeHog that binds to the transmembrane receptors Patched and Smoothened. The downstream signaling activates the transcription factors GLI1-3 to regulate the expression of target genes, which include ABCG2 and VEGF (Figure 11). The most druggable target of this pathway is Smoothened, but none of them have shown clinical efficacy for breast cancer in general or TNBC in particular [74]. 1.12.2.4 Wnt/β-catenin pathway

The last major pathway involved in TNBC chemoresistance [94,95] and maintenance of CSC [96,97] is the Wnt/β-catenin pathway (is a subject of my thesis). As with all signal transduction mechanisms, the major receptors of this pathway are the Frizzleds (FZDs) and low-density lipoproteins LRP5/6. In the absence of Wnt ligands, there is a destruction complex in the cytosol composed of casein kinase 1 (CK1), glycogen synthase kinase 3 (GSK3), Dishevelled (Dvl), Axin, and adenomatous polyposis coli (APC), that sequesters β-catenin (main effector). Both GSK3 and CK1 phosphorylate β-catenin and prime it for ubiquitin-mediated proteasomal destruction, and the repressor factor Groucho is bound to the TCF/LEF1 transcription factor preventing the activation of Wnt target genes. On the other hand, the signaling is initiated when the Wnt ligands bind to the Frizzleds and LRP5/6, recruiting Dvl and phosphorylating LRP5/6, which interact with Axin. This destabilizes the destruction complex, freeing β-catenin and leading to its accumulation in the cytosol. Increased cytosolic β-catenin level leads to its nuclear translocation where it displaces Groucho and binds to the transcription factors TCF/LEF1, thereby activating Wnt target genes (Axin2, NKD1, APCDD1). A crucial step to initiate the signaling cascade is the palmitoylation of the Wnt ligands catalyzed by the enzyme Porcupine (PORCN) in the endoplasmic reticulum. This modification aids in the extracellular secretion of these ligands, to then bind to the transmembrane receptors [98] (Figure 12).

Nonetheless, this is the simplest model of the canonical Wnt signaling and there exist other mechanisms often called non-canonical which include the planar cell polarity pathway or the Wnt/Calcium pathway [94]. As with the other key developmental pathways, Wnt/β-catenin dysregulation is implicated in TNBC tumorigenesis, metastasis and is responsible for stem cell-like features and chemoresistance in TNBC [95]. A key feature of aberrant Wnt signaling in TNBC is that it is not driven by mutations in the β-catenin (CTNBB1) gene [99]. Rather, the transmembrane receptors, FZDs and LRPs are overexpressed. For example, FZD6 is amplified while FZD7 is overexpressed in TNBC, and reducing their expression decreased tumorigenic features like proliferation, invasion, and others [100,101]. FZD8 is upregulated in TNBC residual cells treated with cisplatin, suggesting that the Wnt pathway was involved in chemoresistance via FZD8 [102]. The co-receptors LRP5 and LRP6 are both overexpressed in TNBC and like FZDs, they can be potential therapeutic targets for TNBC [103][104][105][106]. LRP8, sharing conserved domains with LRP5/6, was later found to positively regulate the Wnt pathway, particularly to induce osteoblast differentiation [107]. Recently, LRP8 was also found overexpressed in TNBC (and Her2+) and shown to be a potential therapeutic target [108].

Therefore, targeting the Wnt/β-catenin pathway could prove beneficial to TNBC patients. However, among all the existing inhibitors targeting this pathway such as βcatenin inhibitors, TCF/LEF inhibitors, and others, only the porcupine inhibitor LGK-974 is in Phase I clinical trial for Wnt ligand-dependent tumors, including TNBC (NCT01351103). Crosstalk among the above pathways is one major challenge in developing inhibitors for clinical use due to potential off-target effects. Identifying regulatory mechanisms, such as epigenetic/post-translational modifications on the components of these pathways might prove useful to design better inhibitors.

Concluding remarks

Treatments targeting other pathways dysregulated and/or implicated in the tumorigenesis of TNBC are being investigated either in pre-clinical or clinical models (Figure 13). Several of these studies are performed using these targeted therapies in combination with chemotherapies. Some of the examples for targeted therapies include inhibitors against (i) angiogenetic receptors, (ii) Src, (iii) mTOR, (iv) PI3K, (v) AKT, (vi) Histone deacetylase (HDAC), (vii) androgen receptor, (viii) Hsp90 [109]. One of the most disappointing trials in the clinic for TNBC has been the EGFR inhibitors. Given that more than 80% of TNBC tumors overexpress EGFR, it appeared to be a very promising target, leading to the development of inhibitors -erlotinib and lapatinib or mAbs -cetuximab and panitumumab. Erlotinib, for example, showed a very poor response in a phase II trial of advanced/metastatic BC as a monotherapy [111]. However, a combination of anti-EGFR with other agents such as chemotherapy, PARP inhibitors or potentially several of the above-mentioned inhibitors seem promising and remain to be fully evaluated [109] In conclusion, there is an urgent clinical need to identify specific therapeutic targets for treating TNBC patients. An in-depth understanding of the underlying biology of TNBC would surely prove resourceful in achieving the above goal.

III. Protein-arginine methyltransferases (PRMTs)

The occurrence of protein-methylation on the two basic amino acids, lysine or arginine has been known since the 1960s [112] and the first PRMT (called protein-methylase I at the time) was isolated from calf-thymus in 1968 [113]. Protein-methylation has a high energy cost associated with it (net usage of 12 ATP molecules) unlike the more commonly known PTM of phosphorylation (1 ATP molecule). Hence, one would imagine that this costly process would be rare. However, we now know that protein-methylation is as ubiquitous as phosphorylation [114]. Most importantly, this process has been evolutionarily conserved in all eukaryotes [115]. Protein methylation on arginines is catalyzed by protein arginine methyltransferases (PRMTs) (Figure 14A) while methylation on lysine residues is carried out by lysine methyltransferases (PKMTs) (Figure 14B). Only the PRMTs will be described in detail in the upcoming sections as the focus of this thesis is on PRMTs. Within a span of five years (1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005), almost nine enzymes were identified from the human genome to belong to the PRMT family by various groups and were termed as PRMT1-9 (in their order of discovery) [116]. It must be noted here that PRMT4 is also called CARM1 and for the sake of consistency, I will refer to this protein as CARM1 in the rest of my thesis. All nine enzymes share a common central methyltransferase domain and unique N-and C-terminal domains attributing different cellular functions to the PRMTs. The first step in the enzymatic reaction for all nine PRMTs is the addition of one methyl group from S-Adenosyl-L-methionine (SAM) to the guanidino nitrogen of the arginine residue. SAM is the universal methyl donor in the cell and is generated through the metabolism of the essential amino acid methionine (Figure 15). The first step of the methylation reaction generates a "methyl mark" called monomethyl arginine (MMA). For PRMT7, a type III PRMT, this is the only mark it can generate. Type I PRMTs (PRMT1-3, CARM1, PRMT6, and PRMT8), catalyze another methylation step, adding a second methyl group to the same terminal nitrogen group, generating an asymmetric dimethylarginine mark (ADMA). Type II PRMTs (PRMT5 and PRMT9) catalyze the addition of a second methyl group like type I PRMTs, but add it on the other terminal nitrogen, producing the symmetric dimethylarginine (SDMA) mark. PRMT1 is responsible for the bulk-arginine methylation in cells and is the major type I PRMT, while PRMT5 is the major type II PRMT. ADMA mark is the most prevalent, followed by the MMA (50% of ADMA) and SDMA (20% of ADMA) [116].

Structure of the PRMTs

All nine PRMTs have a central catalytic methyltransferase domain composed of conserved signature motifs (Figure 16). These are motif I (VLD/VGxGxG), post-motif I (V/I-X-G/A-X-D/E), motif II (E/K/VDII), double-E loop (SExMGxxLxxExM), motif III (LK/xxGxxxP), and the THW loop [118]. Structurally, the core methyltransferase domain is composed of an N-terminal Rossmann-fold (common to the super-family of protein methyltransferases) and a C-terminal β-barrel, unique to the subfamily of PRMTs [119]. The Rossmann fold is associated with binding to the cofactor (and methyl donor), SAM.

The double E and THW loops are crucial for binding to the substrate arginine, where the two highly conserved glutamic acid residues (highlighted in red earlier) orient the substrate arginine and this interaction is stabilized by a hydrogen bond with a histidine residue located in the THW loop. A common feature of all PRMTs is their ability to dimerize through a dimerization arm located in the N-terminal of the β-barrel region, and this dimerization is necessary for their enzymatic activity [118]. Higher-order oligomerization has also been shown for certain PRMTs, such as PRMT5 [120] and PRMT8 [121]. Type I PRMTs have an additional motif (YFxxY) upstream of motif I that forms an α-helical structure [122]. The uniqueness of each PRMT arises from their respective N-and Cterminal regions (Figure 16). For example, CARM1 has a PH-like fold in its N-terminal that is important for substrate/long-non coding RNA recognition and binding [123].

The full-length crystal structure of all PRMTs is fully solved [119][120][121][124][125][126][127], except for CARM1 [123] but none of them has been crystallized with a protein partner except PRMT5 with its partner MEP50 [120]. The structure of PRMT9 is yet to be solved. 

Generalities of PRMTs

The distinctive roles of the PRMTs are achieved by various means: unique N and Cterminus regions, different subcellular localization, alternative splicing, and posttranslational modifications (PTMs). PRMT1, PRMT2, CARM1, PRMT5, and PRMT7 are both nuclear and cytoplasmic [128]. PRMT3 [129] and PRMT9 [130] are exclusively cytoplasmic while PRMT6 [131] is only nuclear. PRMT8 is the only one localized to the plasma membrane owing to myristoylation at its N-terminus [132]. In addition, PRMT8 is the only known PRMT to display tissue-specific expression, exclusively in the brain [132]. Several PTMs for each PRMT are also known that regulate their activity such as phosphorylation, glycosylation, ubiquitination, and methylation.

Further, alternatively spliced isoforms have been identified for certain PRMTs, like PRMT1 [133], CARM1 [134],and PRMT7 [135]. These isoforms would no doubt enhance the individual function of each PRMT since these enzymes do not appear to be redundant. Further, the essential functions of PRMTs have been highlighted when full-body knockout (KO) mice were generated for PRMT1-6, with each displaying unique phenotypes. PRMT1 and PRMT5 mice KO are embryonically lethal [136,137] 

Substrate motifs

Historically, the substrate motif preferred by the PRMTs has been defined as glycine arginine-rich (GAR) [142], as some of the first identified substrates, mainly RNA-binding proteins, such as the heterogeneous ribonucleoproteins (hnRNPs), often harbored a GAR motif. This motif is also frequently referred to as the RGG/RG motif [143]. Two members of the PRMT differ greatly in this aspect. PRMT7, the only type III PRMT specifically targets an RXR motif [144]. The other unique PRMT is CARM1. It was first shown that CARM1 preferred a proline glycine motif (PGM) [145]. This preference of CARM1 towards prolinerich motifs has been recently reinforced by a few high-throughput mass spectrometry studies [146][147][148]. Moreover, using an oriented peptide library, PRMT9 was also found to methylate arginines within a proline-rich motif [149], however, the only PRMT9-specific substrate (SAP145) does not harbor this motif [150]. Some viral proteins, like Tat, shown to be methylated by PRMT6, harbor yet another sequence motif i.e., lysine residues in the vicinity of the substrate arginine (RKKRR) [151]. The specific motif requirements by CARM1, PRMT6, PRMT7 and PRMT9 point towards a "division of labor" hypothesis suggesting that each PRMT has its subset of protein interactors (and therefore function) further highlighting the non-redundancy of the different mammalian PRMTs.

Crosstalk among PRMTs and substrate scavenging

The idea that the PRMTs compensate for each other's activities exists in the field. This was brought to light by an elegant study from the labs of Richard, Clarke and Bedford [152]. They demonstrated that when PRMT1 was knocked out (KO), the cellular levels of MMA were significantly upregulated, and similar dramatic changes were not observed when other type I PRMTs (PRMT3, CARM1, PRMT6) or PRMT5 levels were perturbed. They also showed that after a few days of PRMT1 KO, MMA and SDMA levels increased, and surprisingly, ADMA levels as well (after an initial decrease), suggesting that the other type I PRMTs were probably compensating for the loss of PRMT1. Recent large-scale mass spectrometry analyses in search of PRMT substrates have shown that they share many substrates and methylate the same arginine residue within the protein [146,148,153].

Apart from sharing substrates, some PRMTs even methylate each other or regulate their activity. For example, CARM1 methylates PRMT5 regulating its dimerization ability and catalytic activity [154]. PRMT2 interacts with PRMT1 via its SH3 domain to increase PRMT1 enzymatic activity and this interaction was lost if global methylation was inhibited using Adox [155]. Together, this shows that there is definitive crosstalk among the PRMTs in cells, and an in-depth understanding of the physiological conditions that permit substrate scavenging could shed light on novel PRMT functions.

Cellular functions and role in diseases

The principal function of PRMTs has been linked to transcription -either as transcriptional activators or repressors. All the PRMTs methylate histones, each having their specific histone mark, but in certain cases also methylating the same histone residues. For example, both PRMT1 [156,157] and PRMT5 [158] methylate histone H4 on Arg3, generating H4R3me2a or H4R3me2s marks, respectively. CARM1 methylates histone H3 on Arg 17 and 26 [159], and PRMT5 symmetrically dimethylates H3 on Arg 8 [160].

The many cellular functions of PRMTs

Inside the nucleus, apart from transcriptional regulation, the PRMTs are mainly involved in pre-mRNA splicing, DNA damage response, cell cycle, embryonic development,signaling,and RNA stability [116,[161][162][163][164][165]. Cytoplasmic functions of PRMTs include immune surveillance, and signal transduction [116,[161][162][163][164]. 1.18.1.1 Pre-mRNA splicing PRMT5 has a key role in the maturation of snRNPs by methylating several of the Sm proteins which directly bind to snRNPs [166,167]. Methylated Sm proteins are recognized by the Tudor domain of SMN to aid in the maturation of snRNPs [166,167] (Figure 17a). Similarly, PRMT9 methylates the splicing factor SF3B2 (or SAP145) and methylated SF3B2 is also recognized by the Tudor domain of SMN, and this interaction is important for the maturation of the snRNP, U2 [130, 150] (Figure 17a). CARM1 also regulates splicing by methylating splicing factors like SAP49, CA150 and others [145] (Figure 17b, see Pre-mRNA splicing for details). PRMT1 regulates alternative splicing by methylating and reducing the protein concentration of the RBP, RBM15 in leukemia cell lines [168]. RBM15 recruits the splicing factor, SF3B1, to the intronic gene regions that it binds [168]. 18a). PRMT5 has been identified as an important protein in homologous recombination-mediated DNA repair [172,173]. Therefore, a loss of PRMT5 causes DNA damage in cells [172-174] (Figure 18b). Interestingly, PRMT5 regulates the DNA repair pathway particularly by affecting the alternative splicing of genes involved in this pathway (e.g., TIP60/KAT5, RUVBL1) [172][173][174]. PRMT6 methylates DNA polymerase beta enhancing its activity in the DNA base excision repair mechanism [175]. PRMTs (PRMT1, PRMT2, CARM1, PRMT5, and PRMT6) also control cell cycle, by methylating cell-cycle dependent kinases (CDKs) (PRMT1 and PRMT5 methylate CDK4) [176,177], or proteins involved in the progression of cell cycle (like p16, p21, p27, p53, pRb) [138,[178][179][180][181][182][183][184][185][186]. 1.18.1.3 Signal transduction

PRMTs participate in signal transduction, i.e., in relaying the "message" from the plasma membrane to the nucleus to activate the appropriate gene expression program. Some of these signaling include TGF-β/Smad, NF-κB, BMP, EGFR and Wnt pathways. PRMT5 methylates NF-κB subunits to enhance their binding to the chromatin and activate transcription [187]. PRMT1 and CARM1 function as coactivators for NF-κBmediated signaling [188,189]. PRMT1 and PRMT5 have opposing roles on the BMP signaling pathway. For example, deleting PRMT1 leads to defective SMAD activation and inhibits the BMP pathway (Figure 19a) [190] while deleting PRMT5 can activate the BMP-SMAD pathway [191]. Alternatively, PRMT5 inhibits the TGF-β/SMAD pathway by methylating a transcription factor of this pathway, Ski [192,193] (Figure 19c). PRMT1 and PRMT5 also regulate the growth-factor signaling pathways such as EGFR or PDGFRα (Figure 19d,e). Remarkably, both PRMT1 and PRMT5 methylate EGFR at its extracellular and intracellular domains, respectively [194,195] and are recruited to methylate the histones on its promoter region [196]. However, only PRMT5 is involved in PDGFRα signaling and it methylates the intracellular region of PDGFR to promote its phosphorylation and activates downstream signaling (Figure 19e) [197].

Certain PRMTs regulate the Wnt/β-catenin pathway (Figure 20), but there are some conflicting reports regarding their function in the pathway, especially for PRMT1 (see Wnt signaling pathway). PRMT2 is recruited by β-catenin to methylate H3 at Arg8 (H3R8me2a) to upregulate its target genes, and this plays a critical role in the dorsal development of Xenopus [198]. The Tudor domain in Spindlin-1 recognizes the H3R8me2a mark of PRMT2 to activate the Wnt signaling pathway [199]. On the other hand, CARM1 indirectly regulates the Wnt pathway by acting as a co-activator for β-catenin [200][201][202][203]. 

Pathological conditions associated with PRMTs

The importance of the cellular functions of PRMTs is reflected by their deregulation in pathological conditions. They are mainly implicated in cancer but also other conditions such as cardiovascular diseases, viral pathogenesis, neurodegenerative diseases, and metabolic diseases [116,161]. 1.18.2.1 Cardiovascular diseases

The first evidence that PRMTs could be involved in cardiovascular diseases came from a study in 2001 that showed an inhibitory role of MMA and ADMA on nitric oxide synthase (NOS) [210]. The product synthesized by NOS, nitric oxide (NO), plays multiple crucial roles in the cardiovascular system [211]. Apart from the interplay between ADMA and NO levels, some of the PRMTs are emerging to be directly involved in the pathogenesis of the cardiovascular system (Figure 21). 

Viral pathogenesis

The role of PRMTs in viral pathogenesis is limited apart from some viral proteins being discovered as PRMT substrates or PRMTs acting as coactivators for transcribing the viral genes (Figure 22). For instance, the transcription elongation factor SPT5 is methylated by both PRMT1 and PRMT5, reducing its interaction to RNA polymerase II thereby decreasing the translation of the human immunodeficiency virus (HIV-1) Tat protein Epstein-Barr virus (EBV) is regulated by while EBV infection upregulates PRMT expression (PRMT1, CARM1, PRMT5) [232] (Figure 22B). Besides, PRMT-mediated arginine methylation has been linked to promoting viral replication in other viruses like the human papillomavirus [233,234] (Figure 22C), herpes simplex virus 1 [235], West Nile virus [236], and the infamous SARS-COV-2 virus [237] (Figure 22D). 1.18.2.3 Neurodegenerative diseases

The link between arginine methylation and neurodegenerative diseases is fairly recent and was uncovered through the finding that PRMT1 methylated the RNA-binding protein FUS [238] (Figure 23A). Accumulation of FUS has been linked to two conditions, amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD) [239]. Knocking down PRMT1 or inhibiting the activity of both PRMT1 and PRMT8 prevented FUS accumulation [238,240]. In contrast, Jun and colleagues show that loss of PRMT1 increases ALS-linked FUS accumulation enhancing degeneration of neurites [241] (Figure 23A). Interestingly, MMA FUS is found only in the FTLD pathology and not in ALS [242].

Genetic changes (both loss and gain of function) in C9orf72 can also lead to ALS and Frontotemporal Dementia (FTD) [243] (Figure 23A). C9orf72 is responsible for targeting CARM1 towards lysosomal-mediated degradation [244] (see Autophagy). Unsurprisingly, in ALS/FTD patients with C9orf72 deficiency, there is an abnormal accumulation of CARM1, leading to aberrant autophagy and lipid metabolism [244].

PRMT5 plays a protective role in Alzheimer's disease [245,246] (Figure 23B). βamyloid proteins decrease PRMT5 levels via the transcription factor E2F1, and this causes apoptosis of the neurons by several downstream signaling pathways (NF-κB, and GSK-3β) [246]. In contrast, the association of the Molybdopterin Synthase Associating Complex (MPTAC) with PRMT5 and snRNPs prevents the accumulation of the β-amyloid proteins [245]. PRMT5 and PRMT6 are both involved in Huntington's disease [247,248]. PRMT5 co-localizes with mutant huntingtin (Htt) protein and this interaction could impair the transcriptional and splicing function of PRMT5 [247] (Figure 23C). PRMT6 directly methylates Htt in vesicles and without this methylation event, Htt no longer associates with vesicles, leading to neuronal death [248] (Figure 23C). PRMT6 is also indirectly implicated in polyglutamine diseases (such as Huntington's) since PRMT6 binds to polyglutamine extended androgen receptor mutant leading to spinobulbar muscular atrophy [249]. Furthermore, PRMT1, CARM1 and PRMT5 are critical to Duchenne muscular dystrophy [250] and spinal muscular atrophy (SMA) [145,[251][252][253][254][255]. PRMT1 and CARM1 levels are higher in dystrophic as compared to normal muscle [250]. SMA is caused when there is a defect of the survival motor neuron 1 (SMN1) gene, decreasing SMN protein levels [256]. CARM1 and PRMT5 regulate SMA by methylating proteins that bind to the Tudor domain of SMN, affecting SMN function in mRNA splicing and transport [145,[251][252][253][254][255] (Figure 23D). Further, CARM1-mediated methylation of a transcription factor involved in muscle-atrophy related gene expression, FoxO3, contributes to muscle wasting (atrophy) [257] (Figure 23D). 1.18.2.4 Metabolic diseases Some of the PRMTs are also involved in metabolic diseases and the frequently studied metabolic condition in the context of PRMTs is in diabetes and obesity (Figure 24). PRMT1 was shown to activate the glucose uptake pathway in skeletal muscle cells [258]. In support of this, lower PRMT1 activity was identified in the liver and pancreas of diabetic Goto-Kakizaki rats [259]. On the contrary, PRMT1 is also shown to contribute to the type II diabetic phenotype. For example, decreasing PRMT1 levels could lead to hyperglycemia [260] while overexpressing PRMT1 led to diabetic complications like retinopathy or nephropathy [261,262]. CARM1 regulates some metabolic pathways in the context of cancer (see Metabolism under CARM1). In addition, CARM1 impacts both obesity and type II diabetes [263][264][265]. PRMT5-mediated histone methylation controls glucose production in the liver [266] and a high-fat diet increases PRMT5 expression in the liver [267]. This suggests that inhibiting PRMT5 could be beneficial to diabetic patients or patients suffering from a fatty liver. PRMT7 is the only member to have a genetic implication in patients suffering from a metabolic disease. PRMT7 was found mutated in patients with features of pseudohypoparathyroidism (PHP) [268]. Moreover, loss of PRMT7 or a deficiency of PRMT7 causes syndromic intellectual disability and age-related obesity, respectively [269][270][271]. 1.18.2.5 Cancer Thus far, the role of PRMTs in diseases has been extensively studied in cancer mainly since many PRMTs are overexpressed in several cancer types. The function of PRMT1 and CARM1 in each cancer type will be discussed in detail in later sections. Here, I will describe the known roles of the other PRMTs in different cancer types. 1.18.2.5.1 Breast cancer Almost all the PRMTs are directly or indirectly implicated in breast cancer [272]. However, their role has mainly been studied in luminal breast cancer compared to the other subtypes, since several of these PRMTs interact with . For example, PRMT3 has so far only been indirectly implicated in breast cancer as the tumor suppressor DAL1/4.1B interacts with and inhibits PRMT3 activity in MCF7 cells [278]. Further, by inhibiting global methylation using Adox, DAL1/4.1B-mediated apoptosis was upregulated in MCF7 cells via caspase 8 [279].

PRMT2 mRNA and protein expression is increased in ER+ breast tumors and cell lines as compared to ER-tumors [280]. PRMT2 also undergoes splicing to produce five isoforms, and the mRNA and protein expression of each isoform is increased in a panel of ER+ breast cancer cell lines and tumors (mRNA only) [280,281]. In contrast, Oh and colleagues found lesser PRMT2 mRNA expression in breast cancer vs normal tissue [181]. They further showed that PRMT2 expression was inversely correlated with retinoid-related orphan receptor-γ (RORγ) in ER+ breast cancer [181]. Less PRMT2 in the nucleus was correlated with high tumor grade [282] while the overexpression of a splice variant, PRMT2β, suppressed cell proliferation in MCF7 cells, inducing apoptosis by regulating cyclin D1 expression [283]. Recently, PRMT2 was also shown to regulate ER-α36 and inhibit its downstream activity on the PI3K/Akt or MAPK/ERK signaling pathways [284]. PRMT2mediated inhibition of ER-α36 was shown to sensitize the TNBC cell line MDA-MB-231 to tamoxifen [284]. Notably, ER-α36 is a new variant of Erα that has been found to be expressed in both ER+ and ER-negative breast cancer [285].

Similarly, PRMT6 co-activates and methylates ERα and is required for estrogenmediated cell proliferation in MCF7 cells [277,286]. Low PRMT6-dependent gene expression was also found to correlate with worse relapse-free and distant metastasisfree survival in ER+ breast cancer [287]. Further, PRMT6 has both oncogenic and tumor suppressive functions. For example, PRMT6-mediated interaction with PELP1 or p21 promotes breast cancer cell growth [288,289]. On the other hand, overexpressing PRMT6 suppresses migration and invasion by MCF7 breast cancer cells by upregulating thrombospondin-1 [290]. Only one study has explored the oncogenic potential of PRMT6 in Her2+ breast tumors [291]. They showed that PRMT6 accelerated Her2 oncogeneinduced mammary tumors and promotes the activity of the PI3K/Akt pathway [291].

PRMT7 was first identified through meta-analysis as a gene to be involved in breast cancer metastasis [292] and later functionally shown to promote invasion, EMT and metastasis in breast cancer [293][294][295][296][297].

PRMT5 is one of the most studied PRMTs in the context of breast cancer as it is overexpressed [148,208,[298][299][300]. High PRMT5 has been linked to poor prognosis in TNBC [301,302] or all BC patients [298]. In contrast, high PRMT5 has also been associated with a good prognosis [303] in BC patients. Circulating-PRMT5 RNA has also been shown to be upregulated in breast cancer and associated with a poor prognosis [304]. PRMT5 maintains stemness in breast cancer [301] by several mechanisms: (i) methylating Kruppellike factor 5 [305], (ii) methylating histone H3 (H3R2me2s) [306], or (iii) regulating the function of stem cell factors like Oct4, KLF4, C-MYC [307]. PRMT5 also methylates KLF4, and this methylation plays a role in breast tumor initiation and progression [308]. Therefore, inhibiting this complex induces cell death [309]. PRMT5 was also shown to play an important role in resistance to doxorubicin [307]. Further, PRMT5 is essential to promote invasion, metastasis and EMT markers [310]. The sub-cellular localization of PRMT5 can be a prognostic factor. For example, high nuclear PRMT5 was found in ER+ breast tumors and correlated with better overall survival [301,311]. Similarly, a high nuclear expression was found in Her2+ tumors [299]. By either methylating histones or other proteins, PRMT5 can control tumor progression. For instance, the PHD finger protein 1 (PHF1) was found to be a novel reader protein of the H4R3me2s mark by PRMT5 and this coordination was implicated in tumor progression [312]. In addition, PRMT5 alters the function of the tumor suppressor programmed cell death 4 (PDCD4), possibly by methylating it, to accelerate tumor growth [313].

Therefore, PRMT5 has emerged as a valuable therapeutic target for breast cancer and inhibiting its activity induces cell death [208,298,301]. Moreover, a natural compound (curcumin) was shown to have an inhibitory effect on PRMT5/MEP50 in MCF7 cells at micromolar concentrations (2 or 20μM) [314].

The role of PRMT8 in cancer is just being explored and high PRMT8 expression was found to correlate with increased patient survival in breast cancer [315]. So far, the function of PRMT9 has not been explored in cancer. 1.18.2.5.2 Hematopoietic cancer PRMT1, CARM1 and PRMT5 are the major PRMTs studied in the context of various hematopoietic cancer. Interestingly, PRMT5 was first discovered as a binding partner of JAK2 [316] and a decade later, it was found that constitutively active JAK2 could phosphorylate PRMT5, inhibiting its methyltransferase activity, and promoting myeloproliferation [317]. PRMT5 is overexpressed in lymphomas [205,[318][319][320] and high PRMT5 is associated with decreased progression-free and overall survival [321]. An important finding in the field was cancer deleted for the gene MTAP, involved in the methionine cycle (Figure 15), which made them more dependent on PRMT5 (Figure 25) [322][323][324]. This dependency was thought to make these MTAP-deleted cancer cells vulnerable to PRMT5 inhibition and the proof-of-concept was demonstrated in vitro in malignant mesothelioma [325]. Further, this concept of "synthetic lethality" was taken advantage of in acute myeloid leukemia (AML) cells. In MTAP deleted cells, PRMT5 activity was inhibited (see Figure 25 for mechanism) and this further sensitized these cells to the type I PRMT inhibitor, GSK3368715 [326]. Moreover, in a recent review exploring synthetic lethality associated with PRMT inhibitors in cancer cells, Guccione and colleagues proposed a threshold model for PRMT5 inhibition, where normal cells require certain levels of PRMT5 activity while cancer cells are accustomed to high PRMT5 activity, providing a small therapeutic window to target PRMT5 [327]. Given the clinical importance of PRMT5 in hematological cancer, it is of no surprise that PRMT5 inhibitors are in two different phase I clinical trials for B cell non-Hodgkin lymphoma (NCT03573310; NCT02783300). 1.18.2.5.3 Brain cancer Unlike the above-mentioned cancer types, not all PRMTs have been studied in the development of brain cancer. PRMT1 and PRMT5 contribute to the oncogenesis of glioblastoma. PRMT8, the only PRMT with a tissue-specific localization to the brain, is necessary for neuronal cell differentiation [328] and proper neurological functions [329]. However, the role of PRMT8 in brain cancer is limited apart from one study showing that PRMT8 is absent in glioblastoma tissues and depleting PRMT8 alters gliomagenesis markers [330]. PRMT5 on the other hand is involved in glioma [331,332], glioblastoma [333-337], and medulloblastoma [338] development. In gliomas, PRMT5 is required to activate HOXC10-mediated VEGFA upregulation, important for the proliferation and migration of glioma cells [331]. PRMT5 is particularly implicated in glioblastoma because an increase in PRMT5 expression has been associated with a worse prognosis [336,337] and tumor grade [336]. In addition, PRMT5 regulates stem-cell-like features in GBM cells by upregulating oncogenic pathways such as the PTEN/Akt [334], MYC [335], or the ERK pathways [334]. These studies indicated the oncogenic potential of PRMT5 in glioblastomas and its inhibition is shown to impair the stemness of GBM and decreases tumor growth [339]. Moreover, a combination of PRMT5 inhibition with mTOR inhibition shows a synergistic anti-tumor effect against GBMs [333].

The entire family of PRMTs are dysregulated in one or the other type of cancer and have emerged as attractive therapeutic targets in various disease pathologies including cancer. This has greatly encouraged the development of small-molecular inhibitors targeting these enzymes for clinical use and these inhibitors will be discussed in the next section.

PRMT inhibitors

It is quite remarkable that there are already specific small-molecule inhibitors targeting a family of enzymes discovered only twenty years ago. The first pan-type I inhibitor (AMI-1) was developed as early as 2004 [340] and the first PRMT5 specific inhibitor (EPZ015666) was developed in 2015 [341] (Figure 26). The chemical biology community has now developed PRMT-specific inhibitors against PRMT3 [342], CARM1 [343,344], PRMT5 [341,[345][346][347][348], PRMT6 [349], and PRMT7 (Unpublished, SGC). Two pantype I inhibitors, MS023 [350] and GSK5568715 [326] have also been developed. The development of specific inhibitors against PRMT5 has been the most successful because (i) it is the major type II PRMT (PRMT9 is still being characterized), so fewer chances of targeting other PRMTs and (ii) it varies from the type I PRMTs structurally. This success has led to several clinical trials for different cancer types such as advanced solid tumors and hematological malignancies (NCT03573310, NCT03854227, NCT03614728, NCT02783300, NCT04676516, NCT03886831). Specific inhibitors against PRMT1 are yet to be developed, and the major challenge is the similarity in the substrate pocket among all type I PRMTs. Notably, the recent type I PRMT inhibitor, GSK3368715, "specific to PRMT1 at low concentrations", is also in phase I clinical trial for solid tumors and diffuse large B cell lymphomas (NCT03666988).

IV. Protein-arginine methyltransferase 1 (PRMT1)

PRMT1 is the first member of the PRMT family to be mapped on the human genome [351] in 1997 and was identified as the predominant type I PRMT, proposed to contribute to around 85% of the cellular asymmetric dimethylation [352].

Crystal structure

The full-length structure of rat PRMT1 (rPRMT1) was solved in 2003 [125]. rPRMT1 contains 353 amino acids and the first 40 residues (in the N-terminal region) were not observed in the crystal structure, possibly because it is disordered [125]. The structure of PRMT1 is fairly "simple" when compared to the other members, containing predominantly the central catalytic domain and no characteristic N-and C-terminal regions. However, the core PRMT characteristics were conserved in PRMT1, such as the Rossman fold, βbarrel region, dimerization arm and the different signature motifs previously described [125]. PRMT1 forms a dimer or an extended polymer through di-sulfide bonds made by Cys254 [125]. While rPRMT1 exists as an oligomer, yeast PRMT1 (known as HMT1) exists as a dimer in solution [353]. However, this Cys254 residue is not conserved between PRMT1 sequences of different species, hence, the physiological relevance of this di-sulfide bond is unknown. The double E-loop (Glu144 and Glu153 in rPRMT1) forms hydrogen bonds with the target arginine as with all PRMTs, however, the side chain of Glu153 points away from the active site [125], unlike CARM1 [123]. 1.20.1.1 Catalytic-dead mutants

Mutating both the Glu residues, Glu144 and Glu153 to Gln, completely abolished catalytic activity [125] highlighting their importance in substrate arginine recognition and providing residues to mutate for developing catalytically dead mutants for PRMT1. Surprisingly, a double mutant of Glu144 and Glu153 to Ala retains considerable catalytic activity unlike the single mutants [354]. The authors of this study suggest that maybe the change in hydrophobicity upon mutating both Glu residues is compensated by nearby hydrophilic residues (like Tyr39, Arg54 or His293); however, no other group has tested these double mutants for in vitro or in vivo experiments. 1.20.1.2 Unique features of PRMT1

One key difference between PRMT1 and PRMT3 is in the length of the β-barrel region, where PRMT1 has a deletion in the β10 and β11 strands and an insertion of 8 residues between β14 and β15 strands [125]. Another feature highlighted particularly for PRMT1 is the involvement of two Met residues in the active site, Met66 (Met48 in rPRMT1) and Met173 (Met155 in rPRMT1) [355]. Both Met residues are shown to be important for PRMT1 catalytic activity and also substrate binding [355]. Interestingly, mutating either Met residue, generated a PRMT1 mutant capable of auto-methylation, wherein the authors have speculated that substrate recognition was modified upon mutation, and PRMT1 recognized itself as a substrate, resulting in auto-methylation [355]. Notably, Frankel and colleagues have shown that a histidine-tagged human PRMT1 can automethylate [356]. Though Met155 is strictly conserved among all type I PRMTs, its importance in catalytic activity or substrate recognition has not been explored for the other members so far. 1.20.1.3 PRMT1 complexed with an inhibitor

The only structure of PRMT1 complexed with an inhibitor (the type I inhibitor GSK3368715) was recently solved showing that this inhibitor is bound to PRMT1 in a substrate-competitive manner [326]. The inhibitor made hydrogen bond interactions with the double-E loop and the His residue of the THW loop, like the substrate arginine would make [326].

Seven spliced variants of PRMT1

Three splice variants of PRMT1, differing in their N-terminal regions were first identified from the human PRMT1 gene (with a total of 12 exons) [357,358]. These variants termed v1, v2, and v3 generate proteins containing 343 (v1), 361 (v2) or 347 (v3) amino acids, respectively [358]. Subsequently, Goulet and colleagues identified that the 5' region of the PRMT1 gene gave rise to seven alternatively spliced isoforms, v1-v7 which differed in exons (1)(2)(3)(4)(5) [133] (Figure 27). PRMT1-v2 is the full-length protein with a predicted molecular weight of 42.5kDa while PRMT1-v7 is the shortest isoform with 36.7kDa [133]. All seven splice variants display varying tissue-specificity. Goulet and colleagues [133]. The alternative splicing occurs at the N-terminus of PRMT1 represented by the different exons (in boxes). The intronic sequences incorporated into the transcripts are shown in dotted lines between the exons. are conserved between all seven isoforms. GAG: Conserved nucleotide residues, guanine, and adenine.

For example, PRMT1-v1 and PRMT1-v2 are expressed in the kidney and liver, while v1 was also found in the lung, skeletal muscle, and spleen [133]. In contrast, PRMT1-v3 was expressed in all tissues at lower levels [133]. PRMT1-v4 is detectable only in the heart [133]. PRMT1-v2 and PRMT1-v5 are found in the pancreas [133]. PRMT1-v7 is also expressed in the heart and skeletal muscle [133]. However, PRMT1-v6 could not be detected in their study. [133] Notably, using GFP-fused proteins, they showed that PRMT1-v2 was uniquely localized to the cytoplasm (containing a nuclear export signal NES in exon 2), while PRMT1-v1 and PRMT1-v7 were predominantly nuclear, and the other variants were both nuclear and cytoplasmic [133]. However, their sub-cellular localization can vary depending on the cell type studied [128,359]. Furthermore, all variants were catalytically active except PRMT1-v7 and the variants displayed substrate specificity, such as PRMT1-v1 preferring SmB, while in vitro [133]. Furthermore, another study from the group of Fackelmayer identified a PRMT1 variant lacking the dimerization arm (PRMT1Δarm) which was catalytically dead but still interacted with endogenous PRMT1 substrates. This variant localized to the nucleoli when the proteasomal machinery was inhibited [360]. The same group has recently identified numerous putative PRMT1 spliced variants by employing next-generation sequencing, even identifying a novel exon between exons 11 and 12, but the relative abundance in the cell and their functionality are yet to be validated [361]. Multiple variants of PRMT1 could explain how this PRMT is responsible for more than 85% of cellular methylation. Nevertheless, these isoforms are implicated in disease conditions such as breast cancer and will be discussed in a later section.

Phosphorylation and ubiquitination of PRMT1

Reported PTMs on PRMT1 are limited, identified only since the last six-seven years. Only two types of modifications have been found so far: phosphorylation and ubiquitination (Figure 28). Casein kinase 1 alpha 1 (CK1α) interacts with and phosphorylates PRMT1 on many Ser/Thr residues (particularly between 284-289) [362]. This phosphorylation event is required for PRMT1 to suppress a differentiation gene marker GRHL3, while promoting proliferative gene expression, to maintain epidermal cells in a progenitor state [362]. Mass spectrometry analysis identified Tyr291 of PRMT1 to be phosphorylated by an as yet unknown kinase [363]. Tyr291 is close to the THW loop of PRMT1, and the phosphorylation alters protein-protein interaction and substrate recognition [363]. For example, mutating Tyr291 to an unnatural amino acid p-carboxymethyl-L-phenylalanine results in a loss of interaction between PRMT1 and its substrate hnRNPA1 [363]. More recently, the DNA-dependent protein kinase (DNA-PK) was shown to recruit and phosphorylate PRMT1 (at unidentified Ser/Thr sites) to increase its association to the chromatin [364]. This was mainly observed upon cisplatin treatment, as PRMT1 was required for maintaining the transcription of SASP genes, possibly contributing to chemoresistance [364]. Further, a few independent studies show that PRMT1 is ubiquitinated and targeted for degradation, having varied downstream consequences [365][366][367]. PRMT1 was identified as a substrate of the E3 ubiquitin ligases E4B and carboxyl terminus of Hsc70interacting protein, however, the residues and their functional relevance have not been studied [366]. Another study found tripartite motif 48 (TRIM48) to polyubiquitinate PRMT1, preventing arginine methylation on Apoptosis signal-regulating kinase 1 (ASK1), thereby inducing cell death and suppressing cancer development [365]. PRMT1 was also found to be ubiquitinated on Lys117 by the SCF-E3 ligase complex Fbxl17 [367]. This ubiquitination event depended on the acetylation status of PRMT1 on the lysine residues K200 and K205 [367]. PRMT1 is acetylated on K205 by p300 while the acetylase responsible for K200 is unknown [367]. However, both K200 and K205 are deacetylated by Sirt1 [367]. This elegant study demonstrates a highly coordinated reaction of acetylation, deacetylation, and ubiquitination to regulate PRMT1 activity. PRMT1 is accumulated upon lipopolysaccharide (LPS) treatment (from gram-negative bacteria) since both Sirt1 and p300 are downregulated by LPS [367]. Lastly, a large-scale mass spectrometry screen identified several putative ubiquitination sites for PRMT1 [368], but none have been functionally validated, highlighting the importance of research required in understanding the PTMs that PRMT1 undergoes.

Substrates of PRMT1

PRMT1 methylates histones, specifically histone H4 at Arg 3 (H4R3me2a) [156,157]. Depending on the context, PRMT1-mediated H4 methylation can lead to transcriptional activation [369] or repression [370]. PRMT1 also methylates numerous non-histone proteins reflecting its diverse cellular roles. These include transcription factors such as STAT1 [371], SMAD6 [372] and SMAD7 [373], Erα [273]; transcription elongation factors [217] and methyl-DNA binding proteins [374] and others to regulate transcription and downstream signal transduction mechanisms. PRMT1 also methylates DNA damage response proteins such as MRE11 [170,171,375] and53BP1 [169]. PRMT1 methylates a host of RNA-binding proteins (RBPs) like hnRNP K [376], Sam68 [377], and many others. The above-mentioned substrates are just a small subset of the PRMT1 methylome and there are definitely more known substrates [378], with plenty more still being discovered. Some PRMT1 substrates (related to my thesis) have been pointed out in later sections.

Regulation of signal transduction by PRMT1

Indeed, PRMT1-mediated arginine methylation is responsible for a host of signaling pathways, such as TGF-β, BMP, EGFR, PI3K/Akt, and Wnt/β-catenin (Figure 19). PRMT1 activates both BMP and TGF-β signaling by methylating the antagonists SMAD6 and SMAD7 [373,379]. PRMT1-mediated SMAD6 methylation also inhibits toll-like receptor signaling since methylated SMAD6 interacts with MyD88 and targets it for degradation [380]. PRMT1 is crucial in the EGFR signaling pathway since it directly methylates EGFR extracellular domain promoting dimerization [194] and also its transcription by methylating the histones on the promoter [196]. Activation of EGFR signaling has been implicated in cancer progressions like . For instance, PRMT1-mediated H4R3me2a recruits the SWI/SNF subunit SMARCA4 to activate EGFR signaling in colorectal cancer [381]. Furthermore, PRMT1 methylates the transcription factor FOXO1 at residues within its Akt phosphorylation site to activate the PI3K/Akt pathway [384]. PRMT1 was also shown to regulate the Hedgehog pathway by methylating the transcription factor, Gli1, in pancreatic cancer [385].

Wnt signaling pathway

Thus far, there are contradictory reports concerning the role of PRMT1 in the Wnt signaling pathway (Figure 29). A few studies have shown that PRMT1 inhibits the Wnt pathway by different mechanisms (Figure 29A). PRMT1 interacts with and methylates the scaffolding protein Axin [386]. Methylation of Axin stabilizes the protein and therefore the destruction complex, causing β-catenin to be degraded [386]. Similarly, PRMT1 also methylates Dishevelled, another key component of the Wnt pathway [387]. Normally, when the Wnt pathway is activated by the Wnt ligands, Dishevelled is recruited to the plasma membrane to prevent the destruction complex from degrading β-catenin; however, methylated Disheveled can no longer go to the plasma membrane and thus βcatenin is degraded and the Wnt pathway is inhibited [387]. On the contrary, the same group showed that PRMT1 activates the Wnt pathway by methylating two Dishevelled associated proteins G3BP1 and G3BP2 [388,389] (Figure 29B). Overexpressed PRMT1 in esophageal squamous cell carcinoma was also shown to activate the Wnt pathway [390]. Activation of the Wnt pathway by Wnt3a promotes the methylation of both G3BP1 and G3BP2, and this methylation event is required for activating downstream signaling of Wnt through β-catenin by two different mechanisms [388,389]. Methylated-G3BP1 aids in the dissociation of β-catenin mRNA from the disheveled super complex, thus promoting its translation and accumulation in the cytosol [388]. Methylated G3BP2 is required for GSK3β-mediated phosphorylation of LRP6 [389]. Interestingly, they also showed that inhibiting global cellular methylation (using MTA or Adox) blocked LRP6 phosphorylation [389], implying that arginine methylation on LRP6 might be required for it to be phosphorylated (Figure 29C). Although there has been no direct evidence for this, there are a few studies from two labs that support this idea. First, LRP6 was identified as a partner of PRMT1 by MS analysis in vascular smooth muscles [391] (Figure 29C). Second, Albrecht and colleagues showed that 33% of cellular proteins containing putative phosphorylation sites for GSK3β were also methylated on adjacent arginine residues and this methylation event was required for GSK3β-mediated phosphorylation [392] (Figure 29C). They validated this using Smad4 (a known substrate of GSK3β) as an example [392]. In addition, the same group showed for the first time that the process of endocytosis was involved in Wnt signaling [392][393][394]. Mechanistically, PRMT1 and GSK3β co-localize into the same subset of vesicles upon Wnt3a stimulation and the methyl donor SAM was crucial for GSK3β to be sequestered into these vesicles (Figure 29C) [392,394]. Interestingly, they showed that the chemotherapeutic agent, methotrexate, functioned as a Wnt pathway inhibitor in this context [394]. Moreover, Wnt3a-induced sequestration of PRMT1 and GSK3β in vesicles was proposed as a novel mechanism for Wnt-driven cancer cells to acquire nutrients from the extracellular matrix by macropinocytosis since these vesicles fuse with lysosomes [393].

Other recent evidences suggest that PRMT1 is regulated by TCF7/L2 or MYC since the enhancer region upstream of PRMT1 was identified to be binding sites for both these transcription factors in chronic myeloid leukemia cells [395] (Figure 29C). Furthermore, a novel compound being developed as a PRMT1 inhibitor, compound9a, was found to downregulate the Wnt signaling pathway [396]. Therefore, PRMT1 is involved at multiple steps in regulating the Wnt signaling pathway, and this may be context dependent. 

Role in cancer

PRMT1 is overexpressed and/or aberrantly spliced in several cancer types such as breast [133,[397][398][399], prostate [400], lung and bladder [401], colon [402,403] cancer, and leukemia [404][405][406]. A study this year identified PRMT1 as one of the cancer driver genes for metastatic breast cancer using a machine-learning algorithm [407].

Breast cancer

As mentioned above, PRMT1 is overexpressed in breast cancer and has been more studied in ER+ positive than ER-breast cancer. Only one study has explored the role of PRMT1 in Her2+ tumors, where PRMT1 was found to drive tumorigenesis in a Her2+ mouse model by activating the PI3K/Akt pathway [291]. In TNBC cell line models, depleting PRMT1 decreased tumor growth [399] and using the pan-methylation inhibitor AMI-1 sensitized TNBC cells to an EGFR inhibitor, cetuximab [383]. PRMT1 further aids in breast cancer progression by methylating and inhibiting the tumor suppressive function of C/EBPα [399].

Thus far, only one study reports that PRMT1 could play a protective role in breast cancer. Upon irradiation, PRMT1 methylates BRCA1 and aids in DNA double-strand break repair [408]. 1.25.1.1 ER+ breast cancer PRMT1 contributes to the tumorigenesis of ER+ breast cancer by several mechanisms. For example, PRMT1 methylates progesterone receptor and increases its turnover, activating downstream target genes involved in breast cancer cell proliferation and migration [409]. Alternatively, inhibiting PRMT1 decreased Erα methylation and IGF-1 signaling in ERα+ breast cancer [410]. PRMT1-mediated hypermethylation of EGFR methylation causes activation of the non-genomic Erα pathway, leading to hyperactivation of signaling pathways like Akt in ERα+ positive breast cancer cells [273,411]. PRMT1 cooperates with its chromatin target CHTOP to induce ERα-related gene expression [196,412]. Further, in ERα+ breast cancer, tamoxifen or Adox treatment induces cell cycle arrest by reducing PRMT1 mRNA and ADMA levels and combination treatment was found synergistic [413]. 1.25.1.2 Role of PRMT1 isoforms in breast cancer PRMT1 isoforms expression could differ between breast cancer cells and normal mammary gland cells [358]. PRMT1v2 was identified as an oncogenic isoform and that it was responsible for the invasive phenotype of breast cancer cells [414,415]. The abundance of this isoform was regulated positively and negatively by two RBPs, RALY and SNW1, respectively and in breast cancer patients with poor survival, RALY was upregulated, causing an increase in PRMT1v2 [416]. 1.25.1.3 EMT, metastasis and drug resistance Many reports suggest that PRMT1 drives the metastatic phenotype of breast cancer and that it could contribute to drug resistance (Figure 30A). By interacting with pregane xreceptor (PXR), PRMT1 upregulates the expression of multidrug resistance 1 (MDR1) in MCF7 cells resistant to doxorubicin [417]. On the contrary, depleting PRMT1 aids in enhancing the apoptosis induced by the chemotherapeutic drug, paclitaxel, as PRMT1 methylates the Apoptosis signal-regulating kinase 1 (ASK1) which is typically upregulated during paclitaxel-induced cell death [418]. An induced effect of breast cancer is bone damage. Tang and colleagues demonstrated that the downstream target genes of phosphorylated RUNX1 were responsible for bone destruction [419] (Figure 30B). PAK4 phosphorylates RUNX1, promoting its translocation to the cytoplasm; here phosphorylated RUNX1 interacts with both HDAC1 and PRMT1 [419]. Besides, inhibiting methyltransferase activity using a nonhydrolysable SAM mimic, Sinefungin, decreased myofibroblast activity and breast cancermediated metastasis to the lung in mice [420]. Additionally, PRMT1 participates in the EMT of breast cancer cells by depositing the H4R3me2a mark on the promoter of ZEB1, a key gene involved in invasion, metastasis and EMT [421] (Figure 30B). Further, tumorassociated macrophages in breast cancer secrete the cytokine IL-6 to stimulate PRMT1 expression, thereby driving it to methylate EZH2 and stabilizing it, leading to a metastatic phenotype [422] (Figure 30C). Without this methylation, EZH2 would be ubiquitinated and degraded in the cell [422,423].

Other solid cancer types

Apart from breast cancer, PRMT1 also regulates other solid cancer types, like lung, colorectal, and brain cancer. Notably, we can observe many similarities in the molecular mechanisms by which PRMT1 drives all these cancer types. Similar to breast cancer, PRMT1 co-operates with CHTOP to induce gene expression of EGFR, AKT3, BRAF, and other genes involved in the tumorigenesis of glioblastomas [196]. PRMT1 (like PRMT5) regulates Myc stability in glioblastoma stem cells [424]. PRMT1 also methylates EGFR in colorectal (CRC) like in breast cancer, and methylated-EGFR is responsible for resistance to cetuximab in CRC and expressing a methylation-defective EGFR decreases CRC tumor growth in mice [194]. PRMT1 contributes to the EMT phenotype of lung cancer by methylating TWIST-1 (in BC, ZEB1 is methylated for the same phenotype) [425] or by controlling genes downstream of Src phosphorylation involved in EMT or migration [426]. PRMT1-mediated methylation of hnRNP A2 sequesters it in the nucleus [427]. The overexpression of cytosolic hnRNP A2 is a biomarker for lung cancer and is also observed in brain cancer [427]. Therefore, we can speculate that PRMT1 is playing a protective role in these cancer by methylating hnRNP A2 (causing its nuclear retention). High PRMT1 mRNA in lung cancer patients was found to correlate with poor prognosis [428]. Interestingly, in lung and pancreatic cancer cell models, the loss of PRMT1 sensitized these cells to PRMT5 inhibition [429], supporting the idea of crosstalk among PRMTs (see Crosstalk among PRMTs and substrate scavenging). More evidence points towards PRMT1 functioning in DNA repair mechanisms in lung cancer. Such as, PRMT1 could help overcome resistance to radiotherapy by methylating plakophilin 2, to activate genes required for the NHEJ pathway [430]. Otherwise, PRMT1 methylates FEN1, a protein critical in the BER pathway and contributes to drug resistance against chemotherapies like cisplatin [431]. Indeed, this suggests that combining chemotherapeutic agents with PRMT1 inhibitors could prove beneficial to lung cancer patients.

Hematological cancer

Since PRMT1 is required for normal hematopoiesis and is needed for the selfrenewal capacity of the hematopoietic stem cell compartment [432], it was speculated to be involved in hematological cancer as well. PRMT1 expression is elevated in AML [433], MLL [434], and Hodgkin's lymphoma [232]. PRMT1 directly controls the oncogenesis of leukemia by methylating the tyrosine kinase FLT3 or its internal tandem duplicate (FLT3-ITD) counterpart to maintain AML progression [433,434]. Both FLT3 and FLT3-ITD are genetic alterations frequently found in AML [433,434]. Consequently, inhibiting PRMT1 alone decreased AML cell proliferation and this effect was enhanced when PRMT1 was inhibited in combination with FTL3 inhibitor [433,434] (Figure 31A). Additionally, there is also some indirect evidence to implicate PRMT1 in the oncogenesis of leukemia (Figure 31B). For example, the tumor suppressor gene BTG1, which is often lost in leukemia, recruits PRMT1 to ATF4 to methylate it [435]. This methylation aids ATF4 to upregulate pro-apoptotic signals, but in the absence of BTG1, ATF4 activates pro-survival genes [435], and perhaps, this is what is happening in the leukemia cells deleted for BTG1. Otherwise, co-operativity between two transcription factors, TCF7L2 and Myc, on the PRMT1 genomic region during a blast crisis in CML could lead to tumor progression [395] (Figure 31C). Another vital factor in hematological cancer (also solid cancer) is the frequency of splicing factor (SF) mutations. Besides, a correlation between PRMT1 expression and that of the SF, SRSF1, was found in acute lymphoblastic leukemia (ALL) patients and SRSF1 was responsible for anti-apoptotic signals [404]. Cancer mutated for SF were envisioned to be more vulnerable to certain drug treatments by exploiting the concept of "synthetic lethality". An impressive recent study identified that indeed, leukemias mutated for splicing factors were more sensitive to combinatorial inhibition of PRMT5 and type I PRMTs than their wild-type counterparts [436] (Figure 31D). 

V. Coactivator-associated arginine methyltransferase 1 (CARM1)

We published a review article this year that focused on CARM1 in Trends in Cell Biology [437] (see ANNEXE I: CARM1/PRMT4: Making Its Mark beyond Its Function as a Transcriptional Coactivator) and the following section is a more detailed version of this review article.

CARM1 was discovered in 1999 as the first PRMT linked to transcriptional co-activation and hence its name [438]. Due to its sequence homology with the PRMTs family, it was renamed as PRMT4, but both names are used interchangeably in the literature.

Crystal structure of CARM1 1.26.1 Generalities of the structure

CARM1 contains 608 amino acids and is the only PRMT harboring a C-terminal domain [439]. The N-and C-terminal domains of CARM1 are not necessary for its methyltransferase activity but essential for its co-activator function [439]. The N-terminal domain may be important for the methylation of Arg2 and Arg26 on Histone H3 [440].

The first crystallographic structures of mouse CARM1 (mCARM1) were published in 2007 by two different teams [123,440]. The structure of the catalytic domain of CARM1, residues 140-4802 or 147-478, was solved on its own (apo form) and with the cofactor SAH [123,440]. These structures confirmed that CARM1 exists as a dimer [123,440] and that dimerization is necessary for its methyltransferase activity [441]. The structure of the N-terminal domain (residues 28-140) reveals the presence of a Pleckstrin Homology (PH)-like domain [123], which is involved in protein-protein or protein-RNA interactions (Figure 32). However, this PH-like domain diverges from those already known, suggesting that it may interact with specific CARM1 partners which need to be identified. The N-terminal domain on its own behaves as a dimer [123]. 1.26.2.2 Central catalytic domain with conserved features from PRMTs

The structure of the catalytic domain (residues 140-480) indicates the presence of two sub-domains connected by a proline residue (Pro-287) (Figure 32). The first subdomain contains two α helices (αX (residues 144-154) and αY (residues 157-164)) followed by the typical Rossman fold (residues 166-287) common to all PRMTs. This entire sub-domain comprises two of the four PRMT motif signatures (I and II) and the additional motif common to all type I PRMTs (YFxxY). The second sub-domain contains a β-barrel (residues 290-299 and 378-478), the dimerization arm (residues 300-338) and the THW loop (residues 413-417). The dimerization arm of CARM1 contains a unique insertion of 9/10 residues modifying the orientation of the two monomers in the final dimer structure. Further, these extra residues contain 5 acidic residues as compared to 20 acidic residues in the PRMT1 dimer [440]. Therefore, the central cavity of CARM1 is larger and less negatively charged than PRMT1, perhaps explaining why CARM1 has less affinity for basic Arg-rich motifs [123,440].

The cofactor and methyl donor for PRMTs, SAM, is converted to S-Adenosylhomocysteine (SAH) upon hydrolysis, i.e., when SAM is demethylated. This SAH molecule is buried in a deep pocket of the CARM1 catalytic domain and is surrounded by all PRMT motif signatures. The adenine ring, ribose moiety and homocysteine carboxylate of SAH are recognized in the cofactor pocket through hydrogen bonds to Glu244, Glu215 and Arg169, respectively, all of which are strictly conserved within the PRMT family. Few changes are observed between the apo and the SAH-complexed CARM1 structures of the catalytic domain of CARM1 [123,440]. For example, residues 144-154 which are disordered in the apo structure transform into a helix (αX) in the presence of SAH.

Catalytic-dead mutants

Mutating key residues in the catalytic domain could disrupt the methyltransferase activity of CARM1 (Figure 32). For example, mutating Val189, Leu190, and Asp191 to Ala shows complete loss of activity since these residues are important for SAM binding [438]. The more commonly used mutations to inhibit its enzymatic activity reported in the literature is changing Glu267 to Gln267 [188,442,443] or Arg169 to Ala169 [444][445][446].

Insights into ternary structures

The attempts to obtain a ternary complex comprising CARM1 and SAH with a substrate have been unsuccessful so far [440,447]. The first ternary complex composed of the catalytic domain of CARM1 with a peptide substrate has been obtained in 2016 using a non-hydrolysable SAM mimic (sinefungin) [447]. They used proline-rich peptide sequences from known CARM1 substrates such as histone H3 (Arg17), PABP1(Arg455), and PABP1(Arg460) [447]. The arginine residue bound in the substrate pocket makes several hydrogen bond interactions with the double E loop (Glu257, Glu266) and the THW loop (His414) [447]. These interactions allow for the presence of flanking proline residues, conformationally constrained compared to other amino acids, around the substrate arginine [447]. This may explain why, unlike most other type I PRMTs, CARM1 substrates tend to have proline residues flanking the substrate arginine. PABP1(Arg455) peptide was found in the CARM1 binding site when Arg455 was unmethylated and monomethylated [447]. When the Arg455 was dimethylated, only the monomethylated Arg460 bound in the CARM1 substrate site [447]. This agrees with the fact that CARM1 has less affinity to dimethylated compared to monomethylated products [447,448].

An alternative approach using peptide-based transition state mimics has been employed to obtain the structure of CARM1 with a peptide substrate [449]. Here, they covalently linked two PABP1 peptide sequences -PABP1(Arg455) and PABP1(Arg460)to an adenosine moiety (as in SAM) to mimic the transition state of the first methylation reaction catalyzed by CARM1 [449]. The molecules form stable complexes with CARM1 and inhibit its methyltransferase activity [449]. The conformations observed for the peptide components of the CARM1-bound transition state mimics are identical to those observed with unmodified PABP1 fragments bound to CARM1 since they do not induce perturbations to the SAM binding site (Boriak-Sjodin, 2016), unlike sinefungin [449].

CARM1 complexed with small-molecule inhibitors

The structure of CARM1 inhibitors complexed with the catalytic domain of CARM1 has been solved [124,343,344,450,451]. These inhibitors bind to the substrate-binding site interacting with the same residues as the substrate arginine, i.e., Glu257, Glu266 of the double-E loop and His414 of the THW loop.

Limitations of existing structures

So far, it has been almost impossible to obtain the full-length crystallographic structure of CARM1. In reality, it appears that constructs containing the C-terminal domain of CARM1 are prone to proteolysis possibly due to its unfolded characteristic [123,440,449]. The longest CARM1 structures that have been reported are those for CARM1 [123] and CARM1 (147-585) [440]. However, there was no electron density for the N-(residues 28-146) and the C-(residues 479-507) terminal domains [123], suggesting that both regions were disordered. Interestingly, the PH-like fold was observed only when the N-terminal domain was crystallized on its own and not when the N-terminal domain was combined with the catalytic domain of CARM1 suggesting that the PH-like fold may not be present in the full-length structure [123]. Nevertheless, obtaining the full-length structure would be valuable to the CARM1 community as we might be missing key interactions involving the N-and C-terminal domains which could play an important role in substrate recognition.

Alternatively spliced isoforms of CARM1

Several spliced forms of CARM1 have been reported, and this may explain some apparent discrepancies in the literature regarding CARM1 function and its involvement in cancer (Figure 33).

Five rat CARM1 isoforms (v1 to v5) have been isolated [134,452]: CARM1-v1 is the full-length version of CARM1 (referred to later as CARM1-FL), containing all 16 exons, whereas CARM1-v2 is generated by the retention of intron 15, CARM1-v3 by the retention of introns 14 and 15, CARM1-v4 by exon 15 skipping (referred to later as CARM1-ΔE15), and CARM1-v5, which includes a part of intron 15. In Xenopus, CARM1a (exon 14 skipping) and CARM1b (equivalent to CARM1-FL) have been reported, and only CARM1a activates the transcription of liganded thyroid hormone receptor [453]. So far very few studies have considered the presence of these two major CARM1 isoforms, although their apparent differential subcellular localization suggests compartment-specific functions. We still have a lot to learn about their common and specific roles and the physiological/pathological relevance of their existence.

Regulation of CARM1 1.28.1 Post-translational modifications

CARM1 catalyzes the methylation of proteins but is itself subjected to various PTMs, such as phosphorylation, O-GlcNAcylation, ubiquitination, and methylation (Figure 34). (CARM1-ΔE15) [458] has been shown to prevent nuclear localization of CARM1, leading to its accumulation in the cytosol. Furthermore, the authors of a study in Saccharomyces cerevisiae hypothesized that T413 (within motif IV) of human CARM1 could be phosphorylated, but this remains to be demonstrated [464]. 1.28.1.2 O-GlcNAcylation

Another PTM of S/T residues is O-GlcNAcylation, catalyzed by O-GlcNActransferase (OGT), which is also a CARM1 protein partner [465]. CARM1 is highly O-GlcNAcylated at four residues: S595 (corresponding to S572 of CARM1-ΔE15, also phosphorylated by p38y MAPK), S598, T601, and T603 [466]. O-GlcNAcylation of CARM1 does not alter its stability, nuclear-cytoplasmic distribution, dimerization capacity, or coactivator activity but may affect substrate specificity [466]. The overexpression of OGT prevents CARM1 phosphorylation (possibly on S216 and S228) and affects its localization (possibly on S572/S595 of CARM1-ΔE15/CARM1-FL) during mitosis [458,466,467]. Such crosstalk between phosphorylation and O-GlcNAcylation regulates the ability of CARM1 to methylate histone H3 at Arg17 [467]. 1.28.1.3 Ubiquitination CARM1 is also ubiquitinated [264,468,469], particularly on K470, by the SKP2containing SCF (SKP1-cullin1-F-box protein) E3 ligase complex [468,469]. 1.28.1.4 Methylation Finally, nearly 100% of CARM1-FL is auto-methylated on R550 (absent in CARM1-ΔE15) [454,470]. This modification does not affect methyltransferase activity [454,470] but is required for ERα-mediated transcription and pre-mRNA splicing [454,470].

CARM1 regulation by nucleic acids

It was previously thought that CARM1 could only interact with proteins and not RNA, but recent studies indicate it associates with several lncRNAs (Figure 35A). Indeed, the lncRNA termed suppressor of tumorigenicity 7 antisense RNA 1 (ST7-AS1) interacts to the N-terminal of CARM1 and protects it from ubiquitin-dependent degradation [471]. ST7-AS1 further promotes CARM1-induced Sox-2 methylation/self-association, thereby acting as an oncogenic factor in laryngeal squamous cell carcinoma [471]. CARM1 coexpresses and binds to lncRNA PVT1 in non-small-cell lung carcinoma (NSCLC) and is associated with radiosensitivity [472]. LincGET (endogenous retrovirus ERV-associated lncRNA) induces the nuclear localization of CARM1 which turns on inner cell mass (ICM)specific genes to bias embryo development [473]. Finally, the lncRNA NEAT1 recruits CARM1 to the paraspeckles and is itself negatively regulated transcriptionally by CARM1 [474,475].

In addition, at the mRNA level, CARM1 is regulated by another subset of RNAsthe microRNAs (miRNA/miR) (Figure 35B). CARM1 has been shown to be targeted by miR-195 and miR-195-5p in colorectal cancer cells [476, 477], by miR-424-5p in NSCLC [472] and by miR-223 in HSPCs [478]. In HSPCs, as part of a feedback loop, CARM1 also represses miR-223 expression by methylating RUNX1 [478]. The overexpression of miR-195, miR-195-5p, and miR-424-5p impairs cell proliferation [472, 476, 477]. It would be exciting to explore if there are more lncRNAs or other subsets of RNAs that interact with CARM1. 

The known methylome of CARM1

As previously discussed, CARM1 is unique among the PRMTs to preferentially methylate substrate arginines within a proline-rich [146] or a proline-glycine motif (PGM) [145] rather than a glycine-rich motif [143]. Here, I list all the known substrates of CARM1, which shed light on the diverse functions that CARM1 is involved in (see ANNEXE II: ). Like the members of the PRMT family, CARM1 also methylates histones on several arginine residues. The two major histone sites methylated by CARM1 are on histone H3 at Arg17 and Arg26 [159] (Figure 36A). Arg2 was also identified to be weakly methylated in vitro by CARM1 [159], but there have been no cellular implications or in vivo evidence associated with the H3R2me2a mark (Figure 36A). Bauer and colleagues were the first to show that the H3R17me2a mark was linked to gene activation [479]. Subsequently, almost all studies showing transcriptional activation by CARM1 via histone methylation has been through H3R17me2a (examples: [480, 481]). Methylation on Arg26 is also responsible for transcriptional activation [481][482][483], but also to transcriptional repression in one study [219]. Interestingly, a recent study showed that CARM1 prefers to methylate H3R17 over H3R26 [448], although the physiological relevance is still unknown. Since these histone marks were fundamental in defining CARM1 activity, they have often been used as a readout in CARM1 inhibition studies. However, it was always surprising that CARM1 inhibition never reduced the H3R17me2a mark [343,344]. This discrepancy was solved by the group of Bedford last year, when they showed that Arg17 was methylated both by CARM1 and PRMT6, as a possible compensatory mechanism [484]. Only a complete inhibition or knock-out of both CARM1 and PRMT6 could decrease the H3R17 methylation mark [484]. Substrate scavenging and compensation by other PRMTs is not new and has been known for other histone and non-histone substrates [152].

Major cellular functions 1.30.1 Transcriptional regulation

These arginine methylation marks often crosstalk with other histone modifications such as acetylation, lysine methylation and or ubiquitination to tightly regulate gene expression [482,485,486], and therefore CARM1 is considered an epigenetic "writer" part of the "histone code". For example, lysine acetylation on histone H3 at K18 and K23 by CREBbinding protein (CBP) allows binding of CARM1 to histone H3 and methylating R17 [486] (Figure 36A). 1.30.1.2 Chromatin remodelers and CARM1

CARM1 also regulates transcription by interacting with and methylating some components of the chromatin remodeling complex (Figure 36B). Chromatin remodelers are large, multiprotein complexes that hydrolyze ATP to restructure nucleosomes, thus allowing better access to the DNA, to enable transcription. CARM1 stimulates the ATPase activity of BRG1, a core component of the SWI/SNF chromatin remodeling complex, and this interaction activates ER-dependent transcription [487]. Further evidence has shown that CARM1 interacts with and methylates two other components of the chromatin remodeling complex, BAF155 [488] and Pontin [446], to activate transcription. These methylation events have downstream implications in the oncology of breast [488] and ovarian [489] cancer and autophagy [446]. Both these topics will be discussed in detail in later sections. 1.30.1.3 Co-activator function The well-known and fully characterized function of CARM1 is its role in transcriptional co-activation (Figure 37). This was how it was first discovered in 1999, as a co-factor bound to the c-terminal region of the nuclear hormone receptor GRIP1 and other members of the p160 family of co-activators [438].

Typically, CARM1 functions as a secondary co-activator with the p160 family, such as GRIP1, SRC-1, and AIB-1 proteins, to enhance their co-activator function on the nuclear receptors [275,438,490] (Figure 37). In other instances, CARM1 interacts with the histone acetyltransferases p300 and CBP, to synergistically enhance nuclear receptor (NR) function [442,491] (Figure 37). Several of these co-activators were later identified as substrates of CARM1, such as p300 [485,[492][493][494], CBP [485,495,496], , to name a few (see ANNEXE II: ).

CARM1 in complex with these co-activators binds and regulates the promoters of estrogen receptor (ER) [498,499], matrix metallopeptidase 9 (MMP-9) [500], cyclin E1 [482], and others. Further, CARM1 can bind to transcription factors such as p53 [501], myocyte enhancer factor 2C [502], β-catenin and TCF4/LEF1 [491], nuclear factor κ of Bcells (NF-κB) [188,189,503], and NF-E2-related factor 2 (Nrf2) [504] to activate transcription of their target genes (Figure 37). Though in most cases CARM1's methyltransferase activity is indispensable for its co-activator function, some evidence suggests the opposite. For example, NF-κB-mediated gene transcription required the presence of CARM1 in the complex for protein stabilization, independent of its methyltransferase activity [503], suggesting that CARM1 might also have scaffolding functions (Figure 37).

Apart from interacting with primary co-activators and transcription factors, as described above, CARM1 can also cooperate with PRMT1 to activate gene transcription [370,490,491] (Figure 37).

RNA metabolism

In addition to its function as a transcriptional co-activator, nuclear CARM1 regulates mRNA stability by promoting mRNA degradation of a subset of transcripts via the nonsense-mediated decay (NMD) pathway [253], pre-mRNA splicing (Figure 38) [114,134,145,253,277,326,436,470,505], and mRNA export through paraspeckles (Figure 39) [474].

1.30.2.1

Pre-mRNA splicing

The first study implying a role for CARM1 in splicing showed that amongst the five rat isoforms, only the minor isoform CARM1-v3 regulates splicing by promoting the use of a 5' distal splice site, independent of its methyltransferase activity [134]. In contrast, Chen et al. showed that CARM1-FL regulates splicing, possibly due to different experimental conditions, and depends on its methyltransferase activity [145]. CARM1-FL methylates several splicing factors (SmB, SF3B4, U1C, and CA150) and promotes exon skipping through the methylation of CA150 [145] (Figure 38). More recently, additional studies have highlighted the involvement of CARM1 in splicing: methylation of the splicing factor SRSF2 [114], exon skipping of VEGF [277], a requirement of automethylation of CARM1-FL for its splicing activity [470] (Figure 38), and involvement in other splicing events, such as intron retention in Arabidopsis thaliana [505]. Moreover, two major studies have shown that type I PRMT inhibitors and PRMT5 inhibitors alter splicing events and act synergistically when targeting cancer cells mutated for splicing factors [326,436]. However, the importance of specifically inhibiting CARM1 (a Type I PRMT) in this context is yet to be determined. 

mRNA export through paraspeckles

Paraspeckles are a new class of membrane-less structures located in the interchromatin space inside the nucleus organized around the lncRNA NEAT1. It recruits several RNA binding proteins such as paraspeckles protein 1 (PSPC1), p54nrb (also known as NonO), and Splicing Factor Pro/Glu-rich (SFPQ) [506]. More recently, it was shown that CARM1 is also recruited to this protein-RNA complex [474, 475] (Figure 39). Paraspeckles are rich hubs of RNA-protein interactions involved in the regulation of gene expression. These structures regulate gene expression by sequestering specific mRNA molecules, such as those containing inverted repeated Alu elements (IRAlus) in their 3'UTR, through their binding to p54nrb [474]. CARM1 regulates paraspeckle formation and function. On the one hand, CARM1 represses the transcription of NEAT1 by binding to its promoter, thus impairing paraspeckle formation [474,475] (Figure 39A). On the other hand, CARM1 methylates p54nrb, decreasing its binding affinity to IRAlus-containing mRNAs [474] (Figure 39A). This activity allows the export of these mRNAs from the nucleus to the cytosol, leading to their translation, and represents an additional molecular mechanism for CARM1 to regulate gene expression [474]. Inducing stress by treatment with polyinosine-polycytidylic acid (poly (I:C)) reduces CARM1 levels in paraspeckles, leading to the nuclear retention of IRAlus containing mRNAs [474] (Figure 39B). In addition, CARM1 appears to regulate paraspeckle localization of the splicing factor SRSF2, a potential CARM1 substrate [114], and p54nrb [475].

Autophagy

Autophagy is a lysosome-mediated cellular self-digestion process, which guarantees the quality of proteins and organelles by eliminating those that are damaged and allows cell survival during starvation and stress [507,508]. The role of CARM1 in autophagy is relatively new, first identified in a landmark paper by Shin and colleagues in 2016 [468]. Since then, many groups have identified certain nuances in the signaling axis, but the overall mechanism involving cytosolic and nuclear CARM1 has been highlighted in two studies [468,509].

Under normal/nutrient-rich conditions, CARM1 is degraded via two different mechanisms: nuclear CARM1 through SKP2-mediated ubiquitination (K470) and subsequent proteasomal degradation [468,469] and cytosolic CARM1 through C9orf72dependent lysosomal proteolysis [509]. By contrast, CARM1 accumulates in the nucleus under glucose-starved conditions [468, 509] (Figure 40).

Upon glucose starvation, AMPK level increases in the nucleus and it phosphorylates FOXO3a, which is then recruited to the promoter of SKP2, leading to its repression; nuclear CARM1 is no longer degraded and interacts with TFEB, inducing the expression of various autophagy and lysosomal target genes by methylating histone H3 (H3R17me2a) [468]. Alternatively, increased nuclear CARM1 methylates the chromatin remodeler, Pontin, and methylated-pontin binds to FOXO3a [446]. This interaction recruits the histone acetylase Tip60, increasing H4 acetylation, activating autophagy genes [446]. These studies suggest that nuclear CARM1 can directly (via TFEB) [468] or indirectly (via Pontin) [446] activate autophagy gene transcription. This pathway has since been reported as the AMPK-SKP2-CARM1 signaling pathway [468,469,510] (Figure 40).

C9orf72, which interacts with the PH-like domain of CARM1, regulates lipid metabolism [509] upon glucose starvation. The loss of C9orf72 prevents lysosomalmediated degradation of CARM1, leading to its accumulation in the cytoplasm and nucleus (Figure 1b) [509]. The nuclear localization signal identified within CARM1 is responsible for its translocation to the nucleus to induce the de novo biogenesis of lipids as a stress response [509] (Figure 40).

Metabolism

Normal cells metabolize glucose to carbon dioxide and water in the presence of oxygen but convert glucose to lactic acid in the absence of oxygen. A hallmark of cancer cells is that they have altered metabolism, whereby they metabolize glucose to lactate even in the presence of oxygen and this has been called the Warburg effect after Otto Warburg [39]. CARM1 regulates some of these metabolic pathways (oxidative phosphorylation, glycolysis, and glutamine metabolism) in different cancer (Figure 41). In breast cancer, CARM1-dependent methylation of PKM2 decreases the expression of inositol-1,4,5-trisphosphate receptors (InsP3Rs), therefore switching the metabolism from oxidative phosphorylation to aerobic glycolysis [511] (Figure 41A). Blocking PKM2 methylation increases the calcium flux from the endoplasmic reticulum to mitochondria leading to oxidative phosphorylation [511]. Upon glucose starvation in liver cancer cells, CARM1 is upregulated in an AMPKdependent manner and inhibits glycolysis through the methylation of glyceraldehyde-3phosphate dehydrogenase (GAPDH) [512] (Figure 41B).

In normal conditions, CARM1-mediated methylation of malate dehydrogenase 1 (MDH1) inhibits its activity and therefore glutamine metabolism [513]. Conversely, under stress conditions, the inhibition of CARM1 activity by reactive oxygen species (ROS), activates glutamine metabolism in pancreatic ductal adenocarcinoma [513] (Figure 41C). 42A). Interestingly, a CARM1 enzyme-dead knock-in mutant mouse phenocopies CARM1 KO mice [444], showing blocked thymocyte differentiation [444,515,516] and defective adipogenesis [444,517], indicating CARM1 activity is essential for development (Figure 42A). In parallel, substituting R17 on histone H3 with histidine causes developmental retardation at embryo day E4.5

Early-embryo development and cellular differentiation

[480]. A similar phenotype was observed with a C-terminal truncated CARM1 mutant [480], suggesting that certain CARM1 partners may also be involved in early embryogenesis (Figure 42B). 1.30.5.2 CARM1 biases cells towards an inner cell mass fate in early embryos

The function of CARM1 at earlier stages of mammalian development was unknown until an elegant study by Torres-Padilla et al. showed that CARM1 can contribute to cell fate decisions in the mouse four-cell-stage embryo [481]. CARM1 levels, along with its specific histone marks (H3R17me2a and H3R26me2a), varied between the four-cell blastomeres and higher levels of H3R26me2a were associated with a global increase in transcription [481]. During mammalian embryo development, the blastomeres have two lineages or fates, either to become part of the ICM or trophectoderm (TE), contributing to embryonic and extra-embryonic cells, respectively. CARM1 activity and expression biases the blastomeres towards an ICM fate by inducing the expression of Nanog,Sox2,Sox21,and Oct4 [481,483], while repressing the expression of Cdx2, a transcription factor for TE differentiation [483, 520] (Figure 42C). Additionally, CARM1-mediated methylation of BAF155 influences the cell fate towards ICM [521]. Unmethylated BAF155 induces the expression of TE differentiation markers, whereas methylated BAF155 switches on the expression of pluripotent markers, such as Nanog [521] (Figure 42C). The heterogeneous distribution of CARM1 in the four-cell stage embryo is also regulated by the microRNA miR-181a [522]. Interestingly, it is a balance in CARM1 levels that determines the resulting fate of the blastomeres [481,483,520,523].

Recent evidence suggests that CARM1 is involved in cell fate determination at earlier stages of the mouse embryo (two to four cells) by interacting with LincGET, an endogenous retroviral long-non coding RNA (lncRNA) [473] and localizing to the membrane-free nuclear body -paraspeckles [475] (Figure 42C). LincGET induces nuclear localization of CARM1 by interacting with its transactivation domain, resulting in high H3R26me2a levels and ICM-specific gene expression [473]. Moreover, the presence of CARM1 in paraspeckles is required for the methylation of histone H3 at R26 and to ensure proper lineage allocation to facilitate normal embryo development [475]. CARM1 is also present in other nuclear bodies called 'CARM1 speckles ' [475], but its function in such structures is yet to be elucidated. 1.30.5.4 CARM1 controls neuronal and skeletal muscle differentiation CARM1 is involved in both neuronal (Figure 43B) and skeletal muscle differentiation (Figure 43C). However, CARM1's role in neuronal differentiation is limited unlike in skeletal muscle. For example, CARM1-mediated methylation of histone H3 (H3R17me2a) enhances miR-92 expression, which is essential for the maintenance of the astroglial lineage [528]. On the other hand, CARM1 regulates myogenesis by several mechanisms. 

Role in cancer

CARM1 is overexpressed in several cancer types, such as breast [147,[531][532][533], ovarian [489,534], colorectal [476,535], prostate [536], bone [537], hematopoietic [232,478], oral [538], non-small cell lung [539] and melanoma [540]. CARM1 is required for the survival of many of these cancer types as its depletion impairs cell proliferation [476,489,536,537,539]. Moreover, in an attempt to identify cancer-driving genes, Buljan and colleagues recently identified a hotspot mutation at A202V of CARM1, which is located in its methyltransferase domain [541]. Hence, CARM1 is emerging as an attractive therapeutic target for cancer and has gained interest to characterize its tumorigenic potential.

Breast Cancer

CARM1 is more expressed in breast tumors compared to normal breast tissues or tissues adjacent to the tumor [147,[531][532][533]. High levels of CARM1 correlate with young age, high grade, ER and PR negative status, increased p53 expression, and high proliferative index that are all hallmarks of TNBC and with high Her2 expression [531,532] Among the different subtypes of breast cancer, CARM1 has been mostly studied in luminal breast cancer which express ER (Figure 44). ERα is a transcription factor that can be activated with ligands (i.e., estrogens) or in a ligand-independent manner (unliganded pathway). cAMP leads to activation of the unliganded ERα through the phosphorylation of CARM1 and LSD1 (histone lysine demethylase 1) by PKA [462]. Phosphorylated CARM1 binds to and activates ERα [462,463]. CARM1 dimethylates LSD1, allowing the binding of the deubiquitinase USP7, resulting in LSD1 stabilization [542]. LSD1 stabilization leads to an epithelial-to-mesenchymal transition which regulates invasion and metastasis [542]. The levels of methylated LSD1 correlate with tumor grade in human breast tumors [542].

PTGER4 is required for the proliferation of the luminal MCF7 breast cancer cells subjected to long-term estrogen deprivation (LTED), through PKA-mediated activation of CARM1, which binds to ERα and promotes ligand-independent activation of ER response genes Her2+ breast cancer

The oncogenic potential of some type I PRMTs (PRMT1, CARM1, PRMT6) has been evaluated in a Her2-driven mammary gland tumorigenesis model (NIC mice). Compared to NIC mice alone, PRMT1 and PRMT6 accelerated tumorigenesis and increased tumor growth [291]. However, CARM1 delayed tumor initiation but the tumors grew more quickly once the tumor was established suggesting that CARM1 might play a dual role in tumorigenesis, i.e., there might be a certain threshold level of CARM1 (or other proteins) which when exceeded causes rapid tumor growth [291]. The PRMT1-and PRMT6dependent tumorigenesis involved the PI3K/Akt pathway and the regulation of cell-cycle, but this was not the case for CARM1-dependent tumorigenesis [291]. CARM1 overexpression alone was sufficient to promote tumorigenesis, albeit with a long latency (>20months) period [291]. This elegant study demonstrates that CARM1 is involved in the tumorigenesis of Her2-driven breast tumors. 1.31.1.3 TNBC Very few studies have been performed in TNBC cells although higher expression of CARM1 mRNA has been associated with TNBC and Her2-positive breast tumors [531,533]. Nevertheless, CARM1 has been reported to be required for the migration of the TNBC cell line, MDA-MB-231 [147]. DNA double-strand breaks (DSB) are repaired by either error-free HR or errorprone non-homologous end-joining (NHEJ) pathways. MAD2L2, which activates the NHEJ pathway, is either silenced by EZH2 or activated by unmethylated BAF155 [549]. Promoter occupancy of MAD2L2 switches from BAF155 to EZH2 upon BAF155 methylation by CARM1, silencing MAD2L2 expression and thus NHEJ [489,549]. Therefore, high levels of CARM1 in cells will promote NHEJ silencing, which is reversed upon EZH2 inhibition [549] (Figure 45). Altogether, their results suggest that EZH2 and PARP inhibitors could be used in combination as a new treatment strategy for CARM1-high OC [549].

Other solid cancer

CARM1 depletion impairs colony formation and tumor growth in CRC [476]. The miRNAs -miR-195-5p and miR-195, target CARM1 for degradation in CRC, hence an overexpression of these miRNAs impair cell survival in CRC [476,477]. Further, CARM1 interacts with β-catenin and/or androgen receptors to enhance their respective transcription programs in CRC, prostate, and bone cancer [201,202,537,550].

In oral cancer, CARM1 depletion does not affect proliferation but rather impairs their migration [538]. Furthermore, CARM1 and the transcription factor YY1 co-regulate each other in oral cancer [538]. YY1 positively regulates the mRNA of CARM1, while CARM1 methylates YY1 and co-activates its transcription [538].

Hematopoietic cancer

CARM1 protein is overexpressed in Hodgkin Reed-Sternberg cells and Hodgkin's lymphoma [232] and CARM1 mRNA is upregulated in acute myelogenous leukemia (AML) patient samples [478]. CARM1 depletion minimally affects normal hematopoiesis but strongly impairs leukemogenesis by regulating cell-cycle progression, myeloid differentiation, and apoptosis [455,478]. Small molecule CARM1 inhibitors (competitive for the substrate arginine binding pocket) impair proliferation, both in vitro and in vivo, in a multiple myeloma (MM) xenograft model [343], AML mouse model [455], and diffuse large B-cell lymphoma (DLBCL) model [551]; however, only a subset of MM [343,344] or DLBCL cells [551] are sensitive. The mutation of CBP/p300 sensitizes DLBCL cells to CARM1 inhibition [551]. Unsurprisingly, combining CARM1 and CBP/p300 inhibitors is lethal for DLBCL WT cells [551], suggesting that CARM1 inhibition could be more effective in tumors with certain mutational statuses. CARM1 methylates PRMT5 in human erythroleukemia cells, in vitro and in vivo, and such methylation is necessary for PRMT5 homodimerization and activity [154]. Therefore, CARM1 inhibition may also inhibit PRMT5, suggesting crosstalk between the various PRMTs. It has been recently shown that targeting both Type I PRMTs and PRMT5 specifically kill AML cells mutated for splicing factors [436]. Overall, these data suggest that targeting CARM1 could be a potential therapeutic strategy alone, or in combination, for a subset of hematopoietic tumors.

Liver and pancreatic cancer

In contrast to the above-mentioned cancer types, CARM1 protein is found at lower levels in human liver cancer [512] and pancreatic ductal adenocarcinoma (PDAC) [513] than in normal tissue. CARM1 regulates glycolysis in liver cancer through the methylation of GAPDH, delaying tumor cell proliferation in vitro and in vivo [512]. In pancreatic cancer, the inhibition of MDH1, through CARM1-mediated methylation, prevents glutamine metabolism and suppresses cell proliferation [513]. Thus, stimulating CARM1 activity has been proposed as a therapeutic approach against PDAC and liver cancer.

Concluding remarks

In almost 60 years, the vital role of protein arginine methylation has been highlighted in numerous processes central to the normal functioning of cells. PRMTs as a family are gaining tremendous importance in both the field of basic and translational research given their contribution in diseases conditions, particularly cancer. Nevertheless, we have barely scratched the surface of their cellular roles and by discovering the entire methylome of these enzymes, we will uncover novel mechanisms and pathways.

VI. ALIX: a multifunctional adaptor protein

A major finding in my thesis was identifying the protein ALIX as the principal protein partner of CARM1. Therefore, in this chapter, I will describe the structure, domains and known cellular functions of ALIX.

ALIX was first discovered by a yeast two-hybrid screen as an interacting protein to the apoptosis-linked gene 2 (ALG-2) and hence its name, ALG-2 interacting protein X (ALIX) [552,553]. It is often also referred to as ALG-2 interacting protein 1 (AIP1), programmed cell death 6 interaction protein (PDCD6IP), or Hp95. ALIX localizes to the cytosol, and it is highly conserved through evolution having orthologues in fungi, yeast, worm, fruit flies, and amphibians [553,554]. ALIX was identified to require the presence of calcium for its interaction with ALG-2 and the complex was involved in apoptosis [552]. It has now been described to play a role in apoptosis, multivesicular body (MVB) formation, organization of the actin network, budding of viruses, plasma membrane repair, and regulating mitotic spindle and cytokinesis [555,556]. ALIX serves as an adaptor protein for many of these above-mentioned functions, acting as a bridging molecule for downstream effectors, but has no enzymatic activity of its own [557].

Although ALIX is important for cellular functions it is not essential for development, since ALIX knockout mice and drosophila are viable [558][559][560]. However, ALIX KO mice have severe microcephaly and decreased brain volume since ALIX is required for the growth of neuronal progenitor cells [558]. This can be perhaps explained by the fact that there are proteins similar to ALIX in the cell that compensate for ALIX function, such as Brox and HD-PTP, which have similar domains and protein partners as ALIX [561, 562] (Figure 46). Figure 46: ALIX-related proteins in humans. Domain architecture of ALIX, HD-PTP, and Brox sharing homology domains (Bro1, V, and Pro-rich). HD-PTP contains a larger pro-rich domain than ALIX and an additional protein tyrosine phosphatase domain (PTP) and a PEST motif (Pro-Glu-Ser-Thr; putative signal peptide for protein degradation). Brox contains a thioester-linkage site of isoprenoid lipid (CAAX motif; C, Cys; A aliphatic residue; X any residue).

Structure, domains and the interactome of ALIX

ALIX has 868 amino acids and sequence alignment shows that it was highly similar to the yeast protein, Bro1 [552]. It is composed of three domains: an N-terminal Bro1 domain (homologous to the yeast Bro1p), a central V domain and a C-terminal prolinerich domain (PRD or PRR -proline-rich region) [563] (Figure 47). The Bro1 and V domains are found to be discrete entities but none of the constructs that contained the PRD was well-expressed in E. coli suggesting that the PRD is disordered [563]. In fact, to date, the crystal structure of full-length ALIX (including all residues of the PRD) has not been solved owing to the disorderliness of the PRD. However, recently, Elias and colleagues successfully obtained the nuclear magnetic resonance (NMR) spectrum of the PRD by splitting it into two fragments, N-terminal (residues 703-800) and C-terminal (residues 800-868) [564]. 

Bro1 domain of ALIX

The Bro1 domain is highly similar in sequence and structure to Bro1p of yeast [565]. Like yeast Bro1p, ALIXbro1 is organized around a core tetratricopeptide repeat (TPR) within its helical hairpin regions [563] (Figure 48A). The most crucial part of the Bro1 domain is the two exposed hydrophobic patches it contains that are centred around Phe199 (patch 1) and Tyr319 (patch 2) [563] (Figure 48B). 

V domain

The V domain of ALIX forms an actual "V-shaped" structure with two asymmetric "arms" connected by a loop region [563,572,573] Moreover, ALIX dimerizes via its V domain and mutating residues in this interface prevents dimerization leading to an elongated structure [574,575]. ALIX function is thought to be regulated partially by its conformation state (open or closed) and dimerization [574,575]. The open conformation and dimerized ALIX are considered as the active form, as they interact with their protein partners successfully for downstream functions [574,575]. This domain has a high affinity for proteins containing the LYPXnLXXL motif, such as GAG proteins in retroviruses [563], G protein-coupled receptors (PAR1, P2Y1) [576,577], and adaptor proteins (Syntenin) [578].

Proline-rich domain

Possibly, the most important domain for ALIX is its PRD, as this is the region where most of its protein-protein interactions occur. These interactions include ALG-2 [579, 580], ESCRT-I complex (Vacuolar Protein Sorting factor 37-VPS37, Tumor Susceptibility Gene 101 -TSG101) [581,582], Src (SH3 domain) [569], Centrosomal protein 55 (Cep55) [583][584][585], CD2-associated protein (CD2AP) [585,586], Cbl-interacting protein of 85kDa (CIN-85) [587], Endophilins [588], and Arrestins [589] (Figure 47A). As previously mentioned, owing to the disordered nature of this region, there is no solved crystal structure containing this domain. In the recent NMR analysis of the PRD, they identified a few key features of the PRD in solution [564]. The N-terminal fragment (703-800) has three PTAP like motifs that all compete to bind to the UEV domain in the ESCRT-I protein, TSG101, and it is P 717 SAP 720 that is the primary contact site with TSG101 [564]. Further, the C-terminal fragment (800-868), rich in tyrosine residues appears to aggregate in solution forming rope-like structures [564]. Aggregation could possibly be important for enhancing ALIX's binding to the ESCRT proteins,CHMP4 and TSG101 [564], but remains to be elucidated in vivo. Interestingly, the tyrosine kinase Src not only binds to ALIXbro1 but also to the PRD via its SH3 domain to phosphorylate this region [569]. 

Consequences of protein-protein interactions at the PRD

ALIX regulates cellular functions such as viral budding, biogenesis of exosomes or MVB formation and others by interacting/recruiting several effector proteins, particularly through its C-terminal PRD.

The PTAP motif, P 717 SAP 720 at the N-terminal of the PRD interacts with TSG101 (Figure 50) with a low affinity [564,582,585,590,591] but dimerization of ALIX significantly improves their binding [564,584]. Further, ALG-2 has been shown to promote ALIX binding with TSG101 or indirectly with the other ESCRT-I complexes (VPS37) in a Ca 2+ dependent manner [581]. The interaction between ALIX and TSG101 is important for cytokinesis but dispensable for virus budding [584], suggesting that different combinatorial interactions between ALIX and its partners help in the regulation of these processes.

The residues surrounding Arg 745 (P 740 xPxPR 745 ) are the binding region for two partners, CD2AP [585,586] and CIN-85 (also known as SETA or Ruk) [587,592,593] (Figure 50). CD2AP and CIN-85 are homologues of each other, containing SH3 domains that aid in binding to the PRD of ALIX and function as adaptor proteins [586]. Despite their similarity, they aid in different downstream functions of ALIX. For example, by interacting with CIN-85, ALIX blocks the internalization/ubiquitination of EGFR [594]. CD2AP, on its own, is required for MVB biogenesis [595] and cytokinesis [596], but the functional impact of the interaction between ALIX and CD2AP is yet to be studied. The ALIX (P 744→A R 745→A ) mutant which can no longer bind CD2AP, fully rescues cells cytokinetic defects, such as abnormal midbodies or multinucleated cells [584]. CD2AP can also interact with TSG101 [585], perhaps explaining why the ALIX/CD2AP interaction was dispensable for cytokinesis, leading to the speculation that when CD2AP can no longer bind to ALIX, it interacts with TSG101, to perform the same function (although the function of CD2AP in cytokinesis is unknown).

Possibly the most crucial interaction occurring at the PRD is with Cep55, at least from the context of cytokinesis, since it is Cep55 that recruits ALIX to the midbody structure (see Cytokinesis) [583]. Cep55 binds to the c-terminal end of the PRD (G 800 PP 802 ) (Figure 50) and when the proline is mutated (G 800 VD 802 ), Cep55 can no longer recruit ALIX and causes major cytokinetic defects [584,585].

The residues surrounding Arg757 (P 755 xR 757 PPPP 761 ) provide the binding motif for the Endophilins, A1, A2, and A3 (Figure 50) and understandably, mutating R 757→A P 758→A impairs this binding [563,588].

Arrestin-related proteins (ARRDC 1, 2, and 3) bind to the PRD domain at an as yet unknown motif and could regulate viral budding [589], but has no implications in cytokinesis, yet. Some protein partners that interact with the different domains of ALIX, such as Src kinase or Nedd4-1 ubiquitin ligase are also involved in regulating the function of ALIX by changing its conformation and this will be discussed in the next section.

Post-translational modifications and their repercussions

The major post-translational modifications occurring on ALIX are phosphorylation and ubiquitination, with one report suggesting palmitoylation (Figure 51). 

Phosphorylation

The Src family kinases like Src [569,597], Hck [598], and Fyn [598] have been shown to bind to the PRD region of ALIX, particularly via the motif P 752 QPPAR 757 [569] (Figure 50). However, apart from Y319 [569], no other tyrosine residue has been specifically mapped to be methylated by Src family kinases. However, the c-terminal region of the PRD (residues 800-868) is rich in tyrosines (14 residues), and is phosphorylated by Src, in vitro, and mapped to Tyr 803,806,829,833,and 837 [564]. Further, Src-mediated phosphorylation on these residues helped in dissolving the aggregates observed in the solution [564]. This might have important physiological implications, particularly in binding to different partners to regulate cytokinesis/viral budding but is yet to be demonstrated. Notably, Y727 in the PRD is phosphorylated (102 references) by several large-scale studies as indicated in PhosphositePlus (www.phosphosite.org) [599], but the kinase responsible is yet to be identified. As mentioned above, Src binds to both the Bro1 and PRD domain of ALIX (and the V domain aids in bringing these two extremities close together), but when Y319 in the Bro1 domain is mutated (Y 319→F ), the interaction and phosphorylation are lost [569,600]. In Xenopus, the homolog of ALIX ( xp95) is phosphorylated on T745 by an unknown kinase, and sequence homology identified T741 of human ALIXPRD to be correspondingly modified [601]. This phosphorylation impaired xp95 binding to CIN-85 in Xenopus [601], but we do not know if this is true for human ALIX/CIN-85 interaction. During mitosis, two serine residues within the PRD (S718, S721) are phosphorylated by at least Polo-kinase 1 (PLK1) and Protein kinase D (PKD) (but also other kinases active during mitosis) [575]. This phosphorylation event causes the "activation" of ALIX by opening its conformation (Figure 51B). ALIX is shown to have an auto-inhibitory role when the hydrophobic patch 2 in its Bro1 domain intramolecularly binds to the TSG101 site within the PRD [575,600,602]. Thus, the open or closed conformation of ALIX affects its binding to partners like CHMP4B or TSG101, thereby impacting its role in cytokinesis or viral release [575,600,602].

Ubiquitination

Another PTM that "activates" ALIX is ubiquitination (Figure 51B). Several E3 ubiquitin ligases modify ALIX, such as Ned44-1 [571], POSH [603], Ozz [604], and WWP2 [605]. Although the exact lysine residues are still unknown, we know the domains ubiquitinated by some of these E3 ligases (WWP2 site is still unknown). Nedd4-1 modifies in the Bro1 domain [571], Ozz possibly in the V domain [604], and POSH both in the Bro1 and PRD regions [603]. However, unlike the most common notion that ubiquitinated proteins are targeted for degradation, ubiquitinated ALIX serves several functions like enhancing the release of viruses [571,603] or regulating remodeling of the cytoskeleton (ALIX dependent) [604]. Further, ALIX also interacts directly with ubiquitin monomers or polyubiquitin chains of Lys63 via its V domain [606,607] and this interaction induces ALIX dimerization, in vitro [606], further reinforcing the idea that ubiquitin activates ALIX.

Notably, ALIX can bind to ubiquitinated EGFR to regulate its sorting through MVBs [608]. On the contrary, ALIX interacts with the deubiquitinase AMSH [601], possibly responsible for ALIX deubiquitination, and thus its deactivation, but yet to be demonstrated.

Palmitoylation

A recently identified modification is S-palmitoylation on Cys231 in the Bro1 domain by an unknown Palmitoyl transferase [609] (Figure 51A). This modification aids in the interaction between ALIX and the exosome membrane marker CD9, and possibly also in ALIX dimerization [609].

Methylation

Apart from the above-mentioned modifications, several large-scale proteomic studies have identified lysine and arginine residues on ALIX to be methylated and many of these (not all) have been documented on the Phosphosite website (https://www.phosphosite.org). However, it must be noted that these have not been manually validated and their functional relevance is not yet known. As my thesis focuses on arginine methylation and not lysine methylation, I will only list the arginine sites reported to be methylated (Table 1). These arginine methylation sites, particularly those within the PRD suggest that ALIX could be a substrate for CARM1 or other PRMTs (see the footnotes) and that methylation could be a novel post-translational modification occurring on ALIX.

Together, this suggests that the PTMs occurring on ALIX are controlling its various protein-protein interactions and thus regulating its function in the different cellular processes.

Cellular functions

ALIX is a multifunctional protein and functions as an adaptor protein mainly to link the different ESCRT subunits to aid in different membrane deformation processes like the budding of retroviruses, formation of exosomes and MVBs, membrane repair and cytokinetic abscission (Figure 52). The major functions involving the ESCRT family and ALIX all share the same membrane topology, similar protein complexes and many parallels between these processes can be observed [555,556,614,615]. Although most of the protein complexes are the same, there is usually one protein unique to each process. For instance, during viral budding, it is the viral Gag proteins that recruit ALIX and TSG101, which in turn recruit ESCRT-III subunits while during cytokinesis, it is Cep55 which does the function of the Gag proteins [584]. Interestingly, all the cellular processes that ALIX is associated with depends on the function of its interacting partners. For example, ALIX is implicated in apoptosis (by interacting with ALG-2) [552,553], growth factor receptor recycling (through CIN-85 binding) [594], and cytoskeletal remodeling (binding to actin/F-actin) [559,592,604,616,617]. ALIX directly binds to actin, cortactin, and alpha-actinin [592,616] or perturbs the filamentous actin (F-actin) network [604,616,617]. In ALIX KO mice, several abnormalities in the epithelium are observed like asymmetrical size and shape of cells, the abnormal beating of cilia, and others indicating that ALIX is needed to ensure proper cellcell junctions [559]. Further, ALIX negatively regulates cell adhesion [592]. Both ALIX and CIN-85 localize to focal adhesion points [587] and associate with the tyrosine kinases FAK and Pyk2 [592]. While overexpressing CIN-85 promotes cell adhesion, this effect is reversed when ALIX is overexpressed [592].

Similarly, by interacting with CIN-85, ALIX negatively regulates the recycling of growth factor receptors like EGFR [594] (Figure 53). Briefly, ALIX directly binds to CIN-85 via its PRD [587,618], disrupting the interaction between the ubiquitin ligase Cbl and CIN-85 or another region in the PRD of ALIX interacts with the endophilin's [588], which could interrupt the CIN-85/endophilin complex (Figure 53A). Thereby, ALIX promotes signaling by EGFR. Conversely, activated EGFR binds to the ubiquitin ligase Cbl which ubiquitinates EGFR and recruits the adaptor CIN-85 and endophilins, causing downregulation of EGFR activity (by endocytosis and then lysosomal-mediated degradation) [619] (Figure 53B). This process occurs by Src-mediated hyperphosphorylation on the ALIX PRD which impairs its interaction with CIN-85, thereby promoting EGFR internalization [569] (Figure 53B). Since it was discovered as an interacting partner of ALG-2 [552, 553], a protein required for inducing apoptosis [552], ALIX is thought to promote apoptosis. While increased endogenous expression correlates with cell death, overexpressing ALIX elicits pro-apoptotic signals [580,620]. Surprisingly, a truncated form of ALIX (lacking its Bro1 domain) shows anti-apoptotic activity [552,580,620]. But the exact mechanism behind this is still not understood, though there is speculation that this process could be mediated by endosomes [557].

Budding of viruses

We now know that viruses hijack several cellular machineries of the host cell for their replication cycle [621]. One such machinery that is hijacked is the ESCRT complex [622,623]. Three types of mechanisms are used by the viruses, but ALIX is implicated only in two of these: (i) exit from the outer nuclear membrane (Figure 54a), and (ii) budding from the plasma membrane (Figure 54c) (not implicated in the formation of viral replication compartment, Figure 54b) [556]. The first mechanism is used by the herpes simplex virus (HSV) and Epstein-Barr virus (EBV) to bud across the nuclear membrane (Figure 54a). In HSV-1, several viral proteins form the nuclear egress complex (NEC) to aid in the membrane budding across the inner nuclear membrane (INM) [624,625]. Membrane On the other hand, retroviruses like HIV-1 and EIAV or other pathogenic viruses (Ebola, hepatitis C) hijack the ESCRT machinery to bud out of the plasma membrane [556] (Figure 54c). In HIV-1, the P(T/S)AP motif located in the p6 region of its gag protein recruits TSG101 through its UEV domain (the region where ALIX interacts with TSG101 also) [629,630]. TSG101 is thought to then recruit ESCRT-III and VPS4 for the scission and final release of the viral particles [631]. But, when either the Gag-TSG101 interaction is interrupted or TSG101 is depleted, the YPXnL motif in the Gag protein recruits the ALIX V domain to help in the completion of the above process [563,590,632]. Parallelly, EIAV uses this ALIX-dependent mechanism by binding to the ALIX V domain through the YPXnL motif in its Gag protein to bud out of the cells [563,566,573,590].

These examples illustrate how ALIX functions in the viral budding process but also reflects some compensatory effects between ALIX and TSG101, which as we will see in the upcoming sections, is a common observation.

Intracellular membrane vesicle trafficking

The similarity between ALIX and its yeast counterpart, Bro1p, implicates ALIX in cargo sorting through the MVBs (Figure 55). Like Bro1p, ALIX can directly bind to ubiquitin, which regulates ALIX activity (see Ubiquitination) but is also required for the budding of lentiviruses [606]. Alternatively, through its interaction with the lipid LBPA, ALIX is suggested to play a direct role in the intraluminal membrane (ILV) formation within the late endosomes (vesicles entering the cell) that depends on the ESCRT machinery [570,633]. The counterpart of endosomes are vesicles secreted out of the cell, called exosomes, and ALIX is now a well-established protein found in exosomes [634,635], that is often used as an exosome marker protein. A well-studied role of ALIX in receptor recycling is EGFR, as described in an earlier part of this section (see Figure 53). A recent study showed that ALIX regulated EGFR activity and the surface presentation of PD-L1 in breast cancer cells, and is the only one so far showing a direct role for ALIX in breast cancer [637] (Figure 56). It was previously shown that ALIX could indirectly bind to EGFR and sustain its downstream signaling, while ALIX depletion promoted the endocytosis of EGFR [594]. However, in this report, they show the 123 opposite wherein knocking down ALIX led to increased phosphorylation of EGFR, and therefore prolonged signaling [637]. Perhaps, this discrepancy could be explained using different cellular models or a cancer-specific role of ALIX. Further, ALIX is shown to control the sorting of the receptor, PD-L1 into exosomes, and therefore its presentation on the cell surface [637]. In the absence of ALIX, more PD-L1 is presented on the surface of breast cancer cells leading to higher immunosuppression in these cells [637]. Given the clinical importance of both PD-L1 and EGFR for breast cancer (see page 44 and 50), it is interesting to note that ALIX is the protein that integrates these two signaling pathways. Moreover, ALIX depletion, in vivo, shows enhanced tumor growth due to both sustained EGFR signaling and high PD-L1 at the surface [637]. Therefore, it would be worth testing the efficacy of drug combinations using EGFR and PD-L1 in these breast tumors.

Cytokinesis

All mammalian cells undergo the process of cell division (mitosis). The final step during cell division is a process known as cytokinesis, through which the two daughter cells are physically separated (Figure 57). Cytokinesis is initiated by the formation of a cleavage furrow (driven by an actomyosin ring) which in turn leads to the formation of an intracellular bridge (ICB) composed of microtubules, and several proteins are required for this process [638]. At the center of this ICB is an electron-dense structure termed the midbody, which is highly rich in proteins, such as the ECSRT machinery, ALIX, VPS4, and others [638,639]. The last step is membrane scission, called abscission, to divide the two daughter cells and the midbody structure could either remain in the extracellular matrix as a remnant or sometimes can also be ingested by one of the daughter cells to be degraded [640]. The midbody remnant (MBR) has been purified by some groups where proteomic analysis has been performed and has been a gold mine for the community to identify novel proteins involved in cytokinesis. The first study was done in 2004 using CHO cells [641] and subsequently, in recent years three studies have been done in HeLa [642,643] and the colon cancer cell line SW620 [644]. Interestingly, some PRMTs have been identified in the proteomes of these studies. Capalbo and colleagues used several known midbody proteins as baits to identify new interactors and found CARM1 when GFP-KIF14 was used as a bait (protein score: 33, number of peptides found: The second role of ALIX is in the cytokinetic checkpoint [648] (Figure 59). In the presence of lagging chromosomes (presence of DNA in the intracellular bridge) or defects during segregation, the cells employ a checkpoint to delay abscission [651][652][653][654][655][656]. The main player in the abscission checkpoint is Aurora B kinase. Aurora B phosphorylates CHMP4C and phosphorylated CHMP4C inhibits the ATPase activity of VPS4 on the ESCRT-III polymers at the abscission site, thereby preventing abscission [657,658]. In this context, Christ and colleagues showed that it was ALIX which recruits CHMP4C to the midbody, highlighting its role in the abscission checkpoint [648]. Although we understand the spatial and temporal control of cytokinetic abscission, particularly those involving ALIX, as explained before, the cells do not rely completely on ALIX for the completion of this process, since TSG101 can act parallelly to recruit the downstream ESCRT proteins.

Concluding remarks

Since its discovery in 1999, ALIX is understood as a multifunction adaptor protein involved in fundamental cellular functions. One key aspect that has not been wellexplored is other post-translational modifications occurring on ALIX or the downstream functional effect of already known modifications apart from impairing partner interactions. Exploring this could help us further understand the roles of ALIX in cellular contexts where it is essential, and not compensated for by similar proteins (like Brox, HD-PTP, see Figure 46) or TSG101. Notably, like ALIX, HD-PTP has also been found to be monomethylated on several arginine residues within its pro-rich domain (R950, R1595, R1615, R1618) [114,610,611], but we did not identify this protein as a partner of CARM1.
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This chapter is divided into two parts, each part focusing on one PRMT studied in my thesis.

Part 1 is the manuscript entitled "PRMT1 regulates the EGFR and Wnt signaling pathways" which describes the results obtained for PRMT1 in the context of TNBC, followed by a discussion and conclusion and corresponding future direction.

Part 2 contains the manuscript entitled "The ESCRT-binding protein ALIX is a novel CARM1 substrate" which details the results obtained so far for the study regarding CARM1 in TNBC and followed by a discussion, conclusion, and future direction.

CHAPTER 2: PART I Preface

Previous members of the lab (Dr. David Silvestre, Amélie Brisson, Bérengère Marty-Provoust) started this study that was initially submitted and in revision in Cancer Research. That initial study explored (1) PRMT1 as a therapeutic target using 2 poorly specific PRMT1 inhibitors (they were the only ones that were available at the time of the experiments; they have been removed in the new manuscript) and ( 2) the interaction between PRMT1 and EGFR (since it has now been published by others, has also been removed in the new version of the manuscript).

I have modified/continued that study focusing on another signaling pathway, the Wnt signaling pathway, and have used two recently developed Type I PRMT inhibitors, one of which is currently being evaluated in clinical trials (GSK3368715).

My contribution to this manuscript has been to validate the effect of PRMT1 on the Wnt pathway and uncover the mechanism. Further, with the help of Solène Huard, we performed all the experiments using the Type I PRMT inhibitors in vitro and drug combination analysis. Lastly, in collaboration with the preclinical investigation laboratory (LIP) at Institut Curie, we evaluated the in vivo efficacy of one of the Type I PRMT inhibitor.

PRMT1 regulates the EGFR and Wnt signaling pathways

Samyuktha Suresh 1,2,3 , Solène Huard 1,2,3 , Amélie Brisson 1,2,3 , David C. Silvestre 1,2,3 , Fariba Nemati 1,2,5 , Coralie Poulard 7 , Mengliang Ye 1,2,3 , Bérengère Marty-Prouvost 1,2,3 , Elise Martel 1,6 , Didier Meseure 1,4 , André Nicolas 1,4 , Cécile Reyes 1,2,6 , David Gentien 1,2,6 

Introduction

Breast cancer (BC) is a heterogeneous disease with molecularly distinct subtypes having different clinical outcomes and responses to therapies [659]. However, the subgroup of patients with "triple-negative" BC (TNBC, lacking the expression of estrogen and progesterone receptors and Her2 overexpression) have a poor prognosis and has been challenging to treat, owing to their heterogeneity, high relapse rate and resistance to chemotherapy [660]. Therefore, alternative treatments are needed to bypass these challenges and to improve the survival rate of TNBC patients.

Protein arginine methylation, catalyzed by members of the Protein Arginine Methyltransferase (PRMT) family, is a post-translational modification regulating several fundamental cellular pathways including signal transduction and transcription regulation [161,163]. PRMT1, the major type I PRMT, [352] that generates asymmetric dimethyl arginine (ADMA) and is overexpressed in various cancer types, including BC, and has been proposed as a potential therapeutic target [164,272,661]. However, the role of PRMT1 in estrogen receptor (ER) negative BC subtypes (such as Her2 and TNBC) is limited [291,383].

A key signaling pathway that is responsible for chemoresistance of TNBC cells and in the renewal of TNBC cancer stem cells, is the Wnt/β-catenin signaling pathway [95,662]. Wnt pathway is often dysregulated in TNBC, not through genetic mutations like in colorectal cancer, but rather through an overexpression of its transmembrane receptors, Frizzleds and co-receptors low-density lipoprotein receptor-related proteins (LRP6 and LRP5) [95]. Both FZD6 and FZD7 can be potential therapeutic targets for TNBC since reducing their expression decreases tumorigenic features like cell proliferation and invasion [100,101]. We and others have previously shown that LRP5/6 [103-106] and LRP8 [108] could also be potential therapeutic targets for TNBC.

PRMTs regulate several signaling pathways, including the Wnt and EGFR signaling pathways [161,163]. However, there are opposing reports for the role of PRMT1 in regulating the Wnt pathway. PRMT1 can both activate (via G3BP1, G3BP2) [388,389] and inhibit (via Axin and Disheveled) [386,387] Wnt signaling. PRMT1 regulates the EGFR signaling pathway by directly methylating it [194] and PRMT1mediated methylation of EGFR was impaired upon PRMT1 knockdown, decreasing the proliferation of the MDA-MB-468 TNBC cells [383]. Further, PRMT1 inhibition using a nonspecific PRMT1 inhibitor (AMI-I) was shown to sensitize this TNBC cell line to an EGFR inhibitor (cetuximab) [383].

In this study, we found that PRMT1 is more expressed in the four BC subgroups than in normal tissue. Decreasing PRMT1 levels or inhibiting its activity reduces cell viability. We identified the EGFR and Wnt signaling pathways to be de-regulated upon PRMT1 depletion and described for the first time PRMT1-mediated regulation of two Wnt-pathway related genes (LRP5 and PORCN). We observed synergistic effects, in vitro, between two type I PRMT inhibitors (MS023, GSK3368715) and the EGFR inhibitor (Erlotinib). Additionally, we also observed synergy with different chemotherapies (such as cyclophosphamide, camptothecin, cisplatin) but not with others (doxorubicin, paclitaxel, and docetaxel) used to treat TNBC patients. Together, our results show that PRMT1 activity is necessary for BC cell survival and that targeting PRMT1, alone or in combination with other drugs, may represent a novel regimen for the management of BC, particularly in TNBC patients.

Results

PRMT1 is overexpressed in breast tumors

In the lab, we had previously performed gene expression profiling on a cohort of 154 human breast cancer (BC) biopsies composed of 35 luminal A, 40 luminal B, 46 triple-negative (TNBC), 33 Her2+ and 18 normal breast tissues and identified several novel therapeutic targets for TNBC [106,108,301,663,664]. Transcriptomic analysis showed that PRMT1 mRNA is more expressed in all BC tumors compared to normal tissues with the highest expression in TNBC (Figure 60A, left panel). Higher expression of PRMT1mRNA in TNBC was also confirmed from the publicly available database -the cancer genome atlas (TCGA) cohort (Figure 60A, right panel). We examined whether variations in PRMT1 expression could arise from genomic alterations by analyzing DNA microarrays. The PRMT1 locus showed more gains in TNBC than the other BC subtypes (Figure 60B). However, there was no significant correlation between PRMT1 mRNA and gene copy number within the TNBC subtype (Figure 61A), suggesting that the high levels of PRMT1 RNA is not linked to genomic gains.

To understand the clinical significance of PRMT1 expression, we plotted survival outcomes from the KM-plotter database (www.kmplot.com) [665] and used the best performing threshold as the cut-off. High PRMT1 mRNA expression was associated with poor recurrence-free survival (RFS) in luminal B (LB, p<0.01), and luminal A (LA, p<0.001) (Figure 61C, top panel). Although this trend was seen in the Her2+ subtype, it was not statistically significant (p=0.13) perhaps due to a lesser sample size (n=515) (Figure 61C, right bottom panel). Conversely, in TNBC, high PRMT1 expression showed better RFS (p=0.02) (Figure 61C, left bottom panel) which may be linked to the highly proliferative nature of TNBC. In the curie cohort, PRMT1 mRNA positively correlated with the mRNA of the proliferation marker, Ki67 (Figure 61B, p<0.001) in the whole breast population, but the correlation was not significant within TNBC alone (Figure 61B, p=0.382). Since the survival outcomes were plotted using the KM-plotter database, we asked if there was a correlation between Ki67 and PRMT1 in this sample set which contained more TNBC tumors. Indeed, we found a positive correlation (Table 2) in the TNBC samples, suggesting the high PRMT1 tumors (more proliferative) might respond better to chemotherapy and display better survival outcomes. Next, we studied PRMT1 protein expression in BC and normal tumors. We first validated an anti-PRMT1 antibody for immunohistochemistry (IHC) staining in a TNBC cell line (MDA-MB-468) fixed in the same method as the tissue samples (Figure 61D). This antibody recognizes residues 298-318 located in the C-terminal region of human PRMT1. IHC analysis confirmed that PRMT1 is highly expressed in all BC subtypes compared to normal tissue (Figure 60C). In contrast to the mRNA expression levels, no significant difference was observed for PRMT1 protein expression between the different BC subtypes. PRMT1 was found localized mainly in the nucleus and the cytoplasm. However, membrane staining was also observed with a greater proportion of staining mainly in the ER-negative tumors, TNBC and Her2+ (Figure 60C).

Together, our results are in accordance with previously published data indicating that PRMT1 is overexpressed at the mRNA [133,398] and protein [398,399] levels in BC compared to normal breast tissue. In contrast to Mathioudaki et al. (who reported predominantly cytoplasmic staining for PRMT1), we observed both nuclear and cytoplasmic staining. This difference could be due to a difference in antibodies used or a difference in the tumor samples since breast cancer is highly heterogeneous. We used a commercially available antibody as described above while in their study, they used an in-house raised polyclonal antibody targeting amino acids 332-351 within the C-terminal region of PRMT1. Further, they do not specify the number of samples analyzed by IHC nor quantifications to support that PRMT1 was predominantly cytoplasmic. Furthermore, we are the first ones to report membrane staining of PRMT1 in these tumors. 

RNAi-mediated depletion of PRMT1 decreases BC cell viability, clonogenicity and induces apoptosis

Next, we wanted to explore if PRMT1 could be a therapeutic target in BC. We depleted PRMT1 using two siRNAs (PRMT1#7, PRMT1#8) in a TNBC cell line MDA-MB-468, first validated for their specificity and efficiency in this cell line (Figure 63A). We observed that cell viability was significantly decreased upon PRMT1 depletion in MDA-MB-468 cells (Figure 62A), in a time-dependent manner, but also in other BC cell lines (3 TNBC, 2 Her2+, 2 luminal, and 2 non-tumorigenic) (Figure 63B), suggesting the effect was not specific to a BC subtype. PRMT1 depletion decreased colony number in MDA-MB-468 cells when they were cultured on plastic (Figure 62B) or in an anchorageindependent growth assay in soft-agar (Figure 62C), indicating that PRMT1 depletion decreased the tumorigenicity of this TNBC cell line. We also observed a decrease in colony number when other BC and non-tumorigenic cells were cultured on plastic (Figure 63C) indicating that PRMT1 was important for the proliferation of these cells. In order to understand the mechanism through which PRMT1 affected cell viability, we probed PRMT1-depleted cells for apoptotic markers such as the cleavage of caspases and PARP. We found that caspases 3, 7, and PARP were cleaved (Figure 62D) after 72 and 96h of PRMT1 depletion, indicating that PRMT1 depletion induced apoptosis. We further confirmed the induction of apoptosis by analyzing caspase 3/7 activity (Figure 62E) and the staining of annexin-V, present on the outer leaflet of the plasma membrane (Figure 62F). Moreover, we observed that depleting PRMT1 also increased the phosphorylation of histone H2AX (on serine 139) which is a known marker of DNA damage, particularly DNA double-strand breaks (Figure 62D). Induction of apoptosis upon PRMT1 depletion has been verified in other BC cell lines (HCC70, MDA-MB-231 SKBr3, T47D) (Figure 63D).

Depleting PRMT1 has been previously shown to decrease colony formation in MDA-MB-231 cells [399,415] and a decrease in proliferation of MDA-MB-468 cells [383]. Here, we have shown that PRMT1 controlled cell proliferation in a larger panel of both BC and non-tumorigenic cell lines. Notably, these non-tumorigenic cell lines are the most proliferative cells in our culture conditions. We also demonstrate that PRMT1 depletion induces apoptosis in several BC cell lines. Together, this suggests that PRMT1 is an important protein required for BC cell survival. 

Type I PRMT inhibitors decrease cell viability, colony formation and show antitumor effects

Since we and others have shown that depleting PRMT1 impaired BC cell viability (this study, [383,399]), we sought to explore if the enzymatic activity of PRMT1 was necessary for BC cell survival.

To answer this, we used two recently developed type I PRMT inhibitors -MS023 and GSK3368715. MS023 is a non-competitive inhibitor for both SAM and substrate binding regions [350] while GSK3368715 is a more potent and newly developed Type I inhibitor that is SAM uncompetitive [326]. GSK3368715 is in Phase I clinical trials for diffuse large B-cell lymphomas and solid cancers (NCT03666988). Both these inhibitors are known to target all type I PRMTs (PRMT1, PRMT2, PRMT3, CARM1, PRMT6, and PRMT8) but are more specific to PRMT1, PRMT6 and PRMT8 inhibition [326,350]. Hence, we first verified their specificity against PRMT1 activity in MDA-MB-468 cells. Both inhibitors decreased the PRMT1-specific histone mark H4R3me2a from 62.5nM (Figure 64A) and showed no effect on H3R17me2a (histone mark specific to CARM1 and PRMT6) or the methylation of PABP1 (CARM1-specific substrate) (Figure 64A), suggesting that PRMT1 activity was specifically inhibited at these concentrations. However, we did not check the methylation status of substrates specific to other type I PRMTs such as PRMT6 or PRMT8.

Both type I PRMT inhibitors decreased cell viability in MDA-MB-468 (Figure 64B) with half-maximal inhibitory (IC50) concentrations in the micromolar range: 2.61±1.75 µM (MS023) and 2.62±1.99 µM (GSK3368715). This indicated that there was a ten-fold difference between the concentration at which PRMT1 activity was inhibited (around 60nM) and the concentration at which these inhibitors affected cell viability (> 1 µM). This implies that inhibiting PRMT1 activity alone was not sufficient to kill cells, and the effect we observe on cell viability could be due to the inhibition of several type I PRMTs.

In contrast, in a colony-forming assay when cells were cultured on plastic, we observed smaller sized colonies when MDA-MB-468 cells were treated with lower doses of the inhibitors (Figure 64C), at which they specifically target PRMT1 (Figure 64A). This suggests that inhibiting PRMT1 could decrease the colony-forming ability of MDA-MB-468 cells. Considering both these assays (i.e., cell viability and colony formation), we clearly see a difference in the concentrations at which the inhibitors exhibit an effect. In the first assay where the metabolic activity is used as a measure of cell viability (Figure 64B), we can speculate that inhibiting PRMT1 alone (i.e., low doses of the type I inhibitors) is not enough to impair active cell metabolism (maybe due to a compensatory mechanism by the other PRMTs), and thus required higher doses in the micromolar range to inhibit cell viability. In contrast, in the colony formation assay (Figure 64C), which is essentially a measure of cell survival (and proliferative ability of individual cells), PRMT1 inhibition (as seen at low inhibitor concentrations) was sufficient to impair colony formation, similar to the observation of PRMT1 depletion.

Then, we wanted to evaluate the anti-tumor effect of inhibiting PRMT1, in vivo.

To do this, we have focused our study on the PRMT1 inhibitor (GSK3368715) which is currently being evaluated in clinical trials (NCT03666988) for other cancer types. First, we injected Swiss-nude mice with MDA-MB-468 cells and once the tumor was established (tumor size >60mm 3 ), we grafted them into two groups of mice and randomly distributed them into the study (GSK3368715 treated) and control (vehicletreated) groups. GSK3368715 was administered once daily at 80mg/kg once the tumors were palpable. We first tested this inhibitor at 100mg/kg for a period of 18 days and observed no visible toxicity in the mice in terms of mortality or body weight loss (Figure 65B). After 7 weeks of treatment, we observed a significant decrease in tumor growth (Figure 65C,D). The in vivo efficacy of this PRMT1 inhibitor (GSK3368715), has been previously tested in the same MDA-MB-468 model where the mice were administered with a higher dose (150mg/kg) of the inhibitor [326]. In our study, we confirm their results using lower doses (80mg/kg) of the same inhibitor, and by treating mice engrafted with tumors, instead of mice injected with cells [326]. Our experiment shows that a lower dose of GSK3368715 was sufficient to delay tumor growth.

Altogether, our results show that depending on the readout used to measure cell proliferation (standard MTT assay or colony formation), the inhibitor concentrations at which we observe an effect varied. This suggested that maybe PRMT1 activity is required for BC cell survival, but we will have to test a larger panel of BC cells to extend this hypothesis. Most importantly, type I PRMT inhibition using GSK3368715 decreased tumor volume at half the dose than previously reported (80mg/kg in this study, 150mg/kg [326]), suggesting that this inhibitor could represent a new drug to treat BC patients, although this has to be verified in other in vivo models (to account for the heterogeneity of BC), by using in BC patient-derived xenograft models. ) cells were injected into three swiss-nude mice and once tumors grew to a reasonable size (60-80mm 3 ), they were subcutaneously grafted onto 12 mice, then divided into two study groups. The mice (n=6) were administered GSK3368715 (80mg/kg), once daily (orally), and control mice were treated with vehicle (n=6). Tumor volume was measured twice weekly with calipers. Growth curves were obtained by plotting relative tumor volume mean versus time ± SEM. P-value was calculated using a Mann-whitney U test. (D) Images of tumors excised from the two study groups, control (vehicle, n=5) and treated (GSK3368715, n=6) at the end of the 7-week treatment.

EGFR and Wnt pathway identified in the transcriptome of PRMT1-depleted cells

Next, as one of the main functions to be reported for PRMT1 is in transcriptional regulation [164], we sought to understand the pathways that might be regulated by PRMT1 in TNBC cells and if they could contribute to BC cell survival. For this purpose, we performed a transcriptomic analysis in MDA-MB-468 cells depleted for PRMT1 using 2 different siRNAs for 24h and 48h using HTA 2.0 microarrays (Affymetrix). We found a greater number of genes up-and down-regulated using siRNA PRMT1#7 than PRMT1#8 (Figure 66A), most probably due to a more efficient knock-down using siRNA #7 (Figure 66C). Hence, we chose to focus on the genes that were commonly up-or down-regulated between both siRNAs.

We performed a gene enrichment pathway analysis on the list of genes that were differentially regulated (common to both siRNAs) after 48h using the REACTOME database. The top 15 pathways (ranked by adjusted p-value) revealed several that have been previously reported to be regulated by PRMT1 such as growth factor receptor signaling (like PDGF, EGFR), developmental biology, and immune system, to name a few [162,163]. Notably, the EGFR signaling pathway (p = 1.16 × 10 -42 ; Figure 66B) is regulated by PRMT1 by either directly methylating EGFR [383] or controlling its transcription [381]. We observed that EGFR mRNA was downregulated after PRMT1 depletion in the Affymetrix analysis (Figure 66C) and we validated this observation by qPCR (Figure 67A). Further, we identified that PRMT1 was enriched on the promoter of EGFR when we immunoprecipitated the chromatin from MDA-MB-468 cells (which express high levels of EGFR) using an anti-PRMT1 antibody (Figure 67B). Our results are consistent with Yao and colleagues who described that PRMT1 depletion decreased EGFR mRNA in a colorectal cancer model and that PRMT1 co-operated with the transcription factor SMARCA4 to activate EGFR transcription [381]. Additionally, our results demonstrate a more direct role of PRMT1 in regulating EGFR transcription since we show directly its recruitment to the EGFR promoter.

Moreover, we also noticed that the Wnt signaling pathway, a pathway studied in our laboratory for several years [106,108,664], was significantly deregulated upon PRMT1 depletion (p=1.12 × 10 -9 ) (Figure 66B). We found several genes involved in the Wnt pathway to be regulated by PRMT1 (Figure 68) and among these were LRP5 and Porcupine (PORCN) (Figure 66C, Figure 68), which are direct and important players in this pathway. LRP5 (with LRP6) is a co-receptor that interacts with the transmembrane protein Frizzled to activate Wnt signaling [95]. PORCN is a palmitoyl-transferase that acylates the Wnt ligands in the endoplasmic reticulum [95]. This modification aids in the transport and secretion of the Wnt ligands, thereby activating Wnt signaling by binding to Frizzled-LRP5/6 receptors [666]. As these two genes are important to Wnt signaling and were identified as commonly downregulated between the two PRMT1 siRNA, we pursued further analysis on these two genes. 

PRMT1 activates the canonical Wnt signaling pathway

After identifying two crucial genes (LRP5 and PORCN) in the Wnt pathway to be regulated by PRMT1, we wanted to further understand how PRMT1 regulates their mRNA expression and what is the consequence of PRMT1 depletion on Wnt signaling activity. First, we confirmed that PRMT1 depletion decreased the mRNA level of LRP5 and PORCN by qPCR in the MDA-MB-468 cells (Figure 70A). We also validated this in another BC cell line, T47D (Figure 70B), showing a decrease in LRP5 mRNA upon PRMT1 depletion, but the results were inconclusive for PORCN expression (data not shown), due to a reproducibility issue between the two experiments (additional trials might yield conclusive results). As RNA and protein expression do not always match, we wanted to analyze the protein expression level of LRP5 and PORCN upon PRMT1 depletion. LRP5 protein level decreased when PRMT1 was silenced using siRNA in MDA-MB-468 (Figure 69A) and T47D (Figure 70C) cells. Unfortunately, we were unable to check the porcupine protein level since we did not find a specific antibody for western blotting. Together, this showed that PRMT1 controlled the expression of LRP5 at the mRNA and protein levels and PORCN at the mRNA level.

Next, we sought to understand how PRMT1 regulates the transcription of LRP5 and PORCN. Since the PRMT family are well-known for their function in transcriptional activation/repression [164], by directly or indirectly binding to the promoters of their target genes, we performed chromatin-immunoprecipitation (ChIP) in the MDA-MB-468 cells using an anti-PRMT1 antibody. For analyzing the ChIP by qPCR, we designed specific primers targeting regions upstream of both LRP5 and PORCN genes that were putative binding sites for PRMT1 based on previously published ChIP-sequencing (ChIP-seq) data [362]. Here, we observed an enriched binding of PRMT1 as compared to the control (IgG) on both LRP5 and PORCN promoter regions (Figure 69B).

Therefore, these results suggested that PRMT1 was regulating LRP5 and PORCN expression by directly binding to their promoter regions.

As mentioned before, both LRP5 and PORCN are crucial genes that activate the Wnt signaling cascade. Given that PRMT1 regulates their expression, we sought to evaluate if PRMT1 could also control Wnt signaling activity. For this, we performed two different assays, (i) assessing Wnt target gene expression by qPCR and (ii) the goldstandard β-catenin activated reporter (BAR) assay. Our previous work revealed Axin2, APCDD1, and NKD1 as the three top Wnt target genes that were upregulated upon Wnt3a stimulation in MDA-MB-468 cells [664]. Hence, we chose these target genes and observed that depleting PRMT1 using siRNA decreased the expression of all three genes (Figure 69C, top panel). We further confirmed that PRMT1 depletion decreased Wnt signaling activity using the BAR assay (Figure 69D). We used siRNA targeting LRP6 as a positive control for both Wnt target gene expression and BAR assays. Therefore, our results indicated that PRMT1 positively regulates the canonical Wnt signaling pathway.

Next, to understand if the enzymatic activity of PRMT1 was required for regulating Wnt activity, we inhibited PRMT1 using MS023 and GSK3368715 (at 0.1μM and 0.5μM) for 72h in the MDA-MB-468 cells and measured Wnt activity by the BAR assay. We first verified that PRMT1 activity was inhibited in this assay by analyzing the expression of the histone mark H4R3me2a (Figure 69E). Similar to depleting PRMT1, inhibiting its activity also decreased Wnt signaling in a dose-dependent manner (Figure 69F). This suggests that PRMT1 enzymatic activity is required for Wnt signaling, maybe by methylating histones (to activate downstream target genes) or directly methylating Wnt players.

Collectively, our results showed that PRMT1 regulated the transcription of two important genes involved in the Wnt pathway: LRP5 and PORCN, by directly being recruited to their promoter regions. Further, PRMT1 silencing also decreased Wnt target gene expression and β-catenin dependent Wnt signaling. This implies that when PRMT1 protein is no longer present in the cell, Wnt signaling was inhibited by two mechanisms: (i) by regulating the transcription and protein expression of LRP5, therefore, decreasing the amount of LRP5 available at the membrane to activate downstream signaling, (ii) regulating the mRNA expression of PORCN, possibly leading to a decrease in its protein causing less Wnt ligand secretion. Moreover, we show that the methyltransferase activity of PRMT1 was required for its function in Wnt signaling activity, supporting previous work by Bikkavilli et al. where PRMT1-mediated methylation of two proteins (G3BP1, G3BP2) activated the Wnt pathway [388,389]. This also suggests that PRMT1 activity could be important for regulating LRP5 and PORCN expression, maybe by methylating histone H4 (H4R3me2a) on their promoter regions. This could be explored and validated in the future by performing a ChIP using an anti-H4R3me2a antibody. 

Synergistic interaction between Type I PRMT inhibitors and Erlotinib/standard of care chemotherapy

A major challenge in treating TNBC patients is their acquired drug resistance and therefore, drug combination therapy has gained popularity to combat this issue. Our results indicated that depleting PRMT1 was sufficient to induce BC cell mortality. On the other hand, the concentration at which PRMT1 inhibition decreased cell proliferation depended on the type of assay used to determine cell viability. Nevertheless, PRMT1 inhibition decreased cell proliferation. Hence, we sought to investigate several drug combinations using these Type I PRMT inhibitors with the standard of care chemotherapies routinely used in the clinic to treat BC patients (such as cyclophosphamide, cisplatin, taxanes, doxorubicin, and camptothecin). We first identified the IC50 concentration for each of the chemotherapeutic agents in the cell line of interest (MDA-MB-468, Table 3). Then, we treated the MDA-MB-468 cells with the different drug combinations using approximately twice the IC50 values for the chemotherapy drugs and Type I PRMT inhibitors for 7 days (equivalent to 4 mitotic cycles) and measured cell viability using the CellTiterGlo assay. To calculate the synergy between each drug pair, we used the Combenefit software [669] and applied the Loewe additivity model since this model allows the possibility that the two drugs could have interacting modes of action [670]. The drug interaction matrix using the Loewe model showed additivity between the two Type I PRMT inhibitors and cyclophosphamide (Figure 71A), camptothecin (Figure 71B) and cisplatin (Figure 71C). It must be noted that we treated the MDA-MB-468 cells with the active metabolite form of cyclophosphamide known as 4-hydroperoxy cyclophosphamide (4-HPCy) because cyclophosphamide needs to be metabolized and in vivo, this occurs in the liver [671]. More importantly, we observed additive interactions between the above-mentioned chemotherapies and the type I PRMT inhibitors at low doses (i.e., concentrations where PRMT1 activity is specifically inhibited), therefore indicating that the additive effects could be specific to PRMT1 inhibition.

On the other hand, for the other three chemotherapeutic agents (docetaxel, paclitaxel, and doxorubicin), the interaction matrix indicated no additivity as none of the values were statistically significant (cells colored in green, Figure 72A,B,C). To get a global overview (additivity/synergy) of the interactions occurring between each of these drug pairs, we exploited a metric that the Combenefit software generates, the "SUM_SYN_ANT" metric. This is defined as the sum of synergy and antagonism observed in concentration logarithmic space [669]. Then, we described net synergy based on another study [672], where scores >+2.0 are considered to be synergistic, <-2.0 to be antagonistic and between -2.0 and +2.0 to be neutral (Figure 72D). For the drug pairs that showed additivity, we observed "SUM_SYN_ANT" metric > 2.0, namely cisplatin (+29.0 with GSK3368715 and +5.9 with MS023), cyclophosphamide (+27.3 with GSK3368715 and +20.1 with MS023), and camptothecin (+31.1 with GSK3368715 and +27.7 with MS023) suggesting that they were highly synergistic (Figure 72D).

EGFR has been proposed as a potential therapeutic target for TNBC since it is overexpressed in >70% of these tumors [673]. As we and others have shown that PRMT1 activates the transcription of EGFR in BC and CRC (Figure 66, Figure 67, [381]) and downstream signaling by methylating EGFR [382,383], we sought to explore the drug interactions between the two Type I PRMT inhibitors and an EGFR inhibitor (erlotinib). Similar to the combination with the chemotherapies, we treated the MDA-MB-468 cells with twice the IC50 concentration of erlotinib (Table 3). The drug matrix showed several cells that were significantly additive (in blue, Figure 71D), suggesting that the interaction between erlotinib and the two Type I PRMT inhibitors were highly synergistic. Indeed, we obtained the highest SUM_SYN_ANT metric for this drug combination (+45 with GSK3368715, +54 with MS023, Figure 72D) as compared to all the other drug pairs tested. This concurs with the fact that PRMT1-mediated methylation of EGFR contributes to resistance against cetuximab treatment (a monoclonal antibody targeting EGFR) [194,383]. Therefore, co-inhibiting PRMT1 and EGFR could prove beneficial to TNBC patients overexpressing EGFR.

Lastly, we tested another drug pair combination, Type I PRMT inhibitors with a Wnt pathway inhibitor (namely LGK-974, which inhibits PORCN) especially since the Wnt signaling pathway is a known contributor to chemoresistance in TNBC [95,662]. We used LGK-974 as it is being evaluated in phase I clinical trials for several Wnt liganddependent solid cancer, including TNBC (NCT01351103). We treated the MDA-MB-468 cells at the IC50 value for LGK-974 (Table 3) and observed no significant additive interaction between the inhibitors (data not shown) indicating that the effect was neutral between PRMT1 inhibitor and the PORCN inhibitor. Presented matrices for each drug pair are from one experiment done in biological triplicates and are representative of three (A, B) independent experiments. The matrix in (C) shows one experiment done in biological triplicates out of two independent experiments. (D) The "SUM_SYN_ANT" metric is defined as the sum of synergy and antagonism observed in concentration logarithmic space [669]. This metric was used to define synergy or antagonism based on another study performing a similar analysis [672]. Synergy was defined when the SUM_SYN_ANT metric >+2.0, and antagonism when the metric was <-2.0. All scores between -2.0 and +2.0 were defined as neutral interactions, shown in the graph using the dashed lines on the y axis (at +2.0). 4-HPCy: 4-hydroperoxy cyclophosphamide. The metric is calculated from one experiment done in triplicates but representative of two (for cisplatin) or three (all other chemotherapies) independent experiments.

Discussion

Targeted therapy for breast cancer has greatly improved in recent years, but not for all subtypes, especially TNBC. The standard of care treatment is still chemotherapy and there is a dearth of therapeutic targets for this aggressive subtype. The PRMT family of enzymes have recently emerged as attractive druggable targets in various cancer types since they are often found overexpressed and several specific inhibitors have been developed [117]. In this study, we focused on PRMT1, the major type I PRMT and confirmed that it was indeed overexpressed in BC as compared to healthy breast tissue at the RNA and protein levels [133,398,399]. We report for the first time a membrane staining of PRMT1 in BC tumors more specifically with a higher proportion in TNBC and Her2+ BC subtypes. Further, we evaluated its therapeutic potential in breast cancer using siRNAs and the two recently developed type I inhibitors, MS023 and GSK3368715 [326,350]. Indeed, we have demonstrated that PRMT1 depletion (i) decreased breast cancer cell viability, (ii) blocked their clonogenic potential and (iii) induced apoptosis in several breast cancer cell lines. This is concurrent with previous results in two TNBC cells [383,399], luminal BC cells [409], and other cancer cell lines [381,[674][675][676][677].

To date, there are no PRMT1 specific small-molecule inhibitors, but rather inhibitors that target all type I PRMTs [326,340,350]. Unlike AMI-1 (a nonspecific pan PRMT inhibitor), the two newly developed type I inhibitors (MS023, GSK3368715) have been shown to be specific towards PRMT1 activity (but also PRMT6 and PRMT8) at low concentrations [326,350]. Here, we validated the specificity of both inhibitors towards PRMT1 activity in MDA-MB-468 cells and ruled out the effect on PRMT8 as it is a neuronal-specific PRMT [132]. However, we never tested for the histone specific mark of PRMT6 and hence cannot exclude its influence on the observed cellular effects. Specifically, MDA-MB-468 cell viability (with IC50 concentration around 2μM) and colony-forming ability (around 120nM) were decreased, upon treatment with both inhibitors. MS023 has been shown to decrease cell viability in other cancer cell lines at similar concentrations (between 1-4 μM in leukaemia cells [434], 2-5 μM in HT-29 colon cancer cells [678]) or greater concentrations (125 μM in DLD1 and HCT116 colorectal cancer cells [679]) as our study. On the other hand, GSK3368715 has been shown to induce only cytostatic effects (and not cytotoxic) in a large panel of BC and several other cancer cell lines [326]. Moreover, this inhibitor (in phase I clinical trial) significantly decreases tumor volume in lymphoma, pancreatic and one BC tumor model (MDA-MB-468 derived xenograft) [326]. Here, we have shown that this inhibitor impairs tumor growth (in the same BC model) at half the inhibitor concentration as compared to Fedoriw and colleagues [326] and in mice grafted with tumors (not in mice injected with cells as in [326]).

Altogether, we propose that PRMT1 could be a potential therapeutic target in BC. PRMT1 has been previously proposed as a therapeutic target for other cancer types, such as renal cell carcinoma [674], hepatocellular cancer [676] and head and neck cancer [677].

A major function of PRMT1 lies in transcriptional regulation (activation/repression) [164]. Previously, PRMT1 has been shown to be important for cell survival, by regulating the transcription of relevant genes such as ATF5 in glioblastoma [680] or cyclin D1 in BC [399]. Hence, to explore how PRMT1 was responsible for BC cell survival in our study model, we analyzed the transcriptome of PRMT1 in MDA-MB-468 cells and identified several pathways involved in BC progression, such as constitutive Akt signaling, signaling by growth factor receptors (PDGF, EGFR) or Wnt signaling pathway. We chose to focus on the EGFR and Wnt signaling pathways as discussed below.

EGFR signaling is of clinical importance, especially for TNBC, since EGFR is overexpressed in more than 70% of TNBC patients [673], associated with a metastatic phenotype of TNBC and contains several oncogenes within this pathway (e.g., PI3KCA) that are pivotal in TNBC progression [681]. However, targeting EGFR alone (using available EGFR inhibitors) have shown only modest to low efficacy in clinical trials for TNBC patients [40]. PRMT1 has been previously observed to modulate EGFR signaling by two mechanisms: (i) activating transcription of EGFR in CRC and glioblastoma cells [196,381] and (ii) methylating its extracellular domain in CRC and TNBC cells [194,383]. We confirmed that EGFR mRNA expression was regulated by PRMT1 as previously described [381]. In addition, we show that PRMT1 was directly recruited to and enriched on the EGFR promoter, unlike previous studies where only the PRMT1-specifc histone mark, H4R3me2a, was shown to be enriched [196,381]. Besides, inhibiting PRMT1 using nonspecific inhibitors such as furamidine or AMI-1 has been shown to sensitize MDA-MB-468 cells [383], colorectal cancer cell lines [194], or non-small cell lung carcinoma [682] to EGFR inhibition (using erlotinib or cetuximab). Here, we found that combining PRMT1 and EGFR inhibitors displays high synergism on the viability of MDA-MB-468 cells, a TNBC cell line overexpressing EGFR. Similar synergistic interactions have been described using a PRMT5 inhibitor, as well [301]. This is not surprising since EGFR is a substrate of both PRMT1 [194,383] and PRMT5 [195]. To be able to generalize our findings to TNBC, we will have to test this combination in additional TNBC cell lines, as well as in TNBC patient-derived xenograft models. Overall, this indicates that combining anti-EGFR and anti-Type I PRMT inhibitors might be therapeutic for TNBC patients (at least those that overexpress EGFR), especially since anti-EGFR as a monotherapy is not efficient. Moreover, we report for the first time, that targeting PRMT1 in combination with certain chemotherapeutic drugs (cisplatin, cyclophosphamide, and camptothecin) were synergistic, in the MDA-MB-468 TNBC cell line. Previous studies indicate that Type I PRMT inhibitors synergized with chemotherapies in other cancer cell line models. For instance, a study published last year showed that pretreating the ovarian cancer cell line SK-OV-3 with the PRMT1 inhibitor (MS023) sensitized these cells to cisplatin treatment and proposed PRMT1 inhibition as a mechanism to overcome cisplatin-resistance [364]. Therefore, the synergistic effects we demonstrate between PRMT1 inhibition and cisplatin treatment could possibly be extended beyond breast cancer cells and tested in other cancer types that are treated using cisplatin. Further, another study showed that PRMT1 inhibition using the nonspecific inhibitor AMI-1 enhanced the antitumor effect of doxorubicin in mice injected with MCF7 cells resistant to doxorubicin [417]. In our study, we observed no interaction between Type I PRMT inhibitors and doxorubicin, in vitro, suggesting that the effect observed by Li et al., might not be PRMT1 dependent since AMI-1 is not a PRMT1 specific inhibitor. In order to generalize our findings to all BC, we will have to test this combination in additional BC cell lines, as well as in BC patient-derived xenograft models. Taken together, this advocated that PRMT1 inhibition might prove beneficial to overcome chemotherapyassociated resistance in not only breast cancer but also other cancer types. PRMT1 inhibition (using MS023) with PARP inhibitors was shown in a study published this year to be synergistic against non-small cell lung cancer cells and ovarian cancer cells resistant to PARP inhibition [683]. Overall, this indicates that combination therapy using Type I PRMT inhibitors with either chemotherapy or with targeted therapies is emerging as an attractive treatment strategy for many cancer types.

A major limitation while treating TNBC patients is their acquired resistance to chemotherapy. One of the underlying causes of chemoresistance has been attributed to the Wnt signaling pathway [94,95]. Wnt signaling is required to maintain the stemness (i.e., self-renewing ability) of a subset of cancer cells (sometimes called tumor initiating cells (TIC), cancer stem cells (CSC), drug-resistant cells) [94,95]. These CSCs are thought to be one of the drivers for intra-tumor heterogeneity in breast cancer [94]. In TNBC, overexpression of Wnt receptors (like Frizzleds and LRPs) causes activation of this pathway, rather than mutations of CTNNB1 (β-catenin gene), which is rare in breast cancer [684]. Further, several genes involved in the EMT phenotype (e.g., Snail, Slug, Twist1, ZEB1) are downstream targets of Wnt signaling activity and they contribute to the EMT (leading to metastasis) phenotypes in breast cancer [94,95,685]. Therefore, targeting the Wnt signaling pathway has been proposed to be beneficial for TNBC patients and one Wnt pathway inhibitor (LGK-974, a PORCN inhibitor) is in clinical trials for TNBC (NCT01351103). In our study, we tested this inhibitor in combination with the type I PRMT inhibitors but observed only neutral effects. Notably, LGK-974 alone did not induce cell death up to micromolar concentrations (IC50 around 10μM). PORCN inhibitors would only be effective in Wntligand dependent cancer, since blocking PORCN, an enzyme that modifies Wnt ligands before their secretion, would essentially block the ligand-mediated activation. Given that we do not observe an efficient cytotoxic effect of LGK-974 in one TNBC cell line, maybe hints that targeting PORCN may not be efficient in TNBC. A possible reason could be that not all TNBC are Wnt-ligand dependent, and the pathway can be activated in a ligand-independent manner (for example, LRP6 overexpression). This could be verified by testing LGK-974 in a large panel of BC cell lines to check which cell lines are sensitive to this inhibitor. Maybe targeting the Wnt pathway using other Wnt inhibitors in combination with type I PRMT inhibitors might yield positive results.

In this study, we found the Wnt signaling pathway to be significantly deregulated upon PRMT1 depletion. PRMT1 has been previously described to regulate Wnt signaling, but with opposing roles. The Wnt signaling is inhibited by PRMT1 when it methylates two antagonists of this pathway (i) Axin in HEK293 and L929 cell lines [386] and (ii) Dishevelled in HEK293, B2b, and F9 cell lines [387]. On the contrary, the same team has reported that PRMT1 activates the Wnt signaling pathway by methylating two Dishevelled-binding components: G3BP1 in F9 cells [388] and G3BP2 in F9,HEK293 and SW380 cells [389]. This indicated that maybe depending on the context, the role of PRMT1 on Wnt signaling since the above studies were performed in different cell lines (non-TNBC).

Notably, unlike previous studies, we investigated the function of PRMT1 on Wnt signaling at the transcriptional level without checking if any of the Wnt components mentioned above were substrates for PRMT1 in our cellular model. Here, we found that PRMT1 activated Wnt signaling in MDA-MB-468 cells and that it regulated the transcription of LRP5 (a transmembrane receptor) and PORCN (enzyme modifying Wnt ligands), two important genes involved in activating the Wnt pathway. Further, inhibiting the methyltransferase activity of PRMT1 (using low doses of two Type I inhibitors) led to a decrease in Wnt signaling activity. It has been previously reported that the Wnt signaling activity was inhibited using Adox, a global inhibitor of methylation [392]. Also, the phosphorylation of LRP6 (required to activate Wnt signaling) was blocked when arginine methylation was inhibited using Adox [389]. However, it must be noted that Adox is a nonspecific inhibitor that impacts all cellular methylation events, including arginine, lysine and DNA methylation. Furthermore, in vascular smooth muscle cells, LRP6 was identified as a PRMT1 partner [391].

Altogether, this connoted that PRMT1 could regulate the Wnt signaling pathway by (i) transcriptional activation (this study) or (ii) post-translation modifications [386][387][388][389].

Recent research from the team of Prof. Edward De Robertis has shown a novel function for Wnt signaling, in nutrient scavenging and macropinocytosis [392][393][394]. They showed that within minutes of Wnt pathway stimulation using Wnt3a, there was a rapid formation of multivesicular bodies in which the kinase GSK3 was sequestered along with PRMT1 [392,394]. This process was shown to be highly dependent on arginine methylation since adding Adox to cells completely blocked this process [392].

In addition, they have shown evidence involving the methionine cycle in Wnt signaling [394], which is highly relevant to our study because the methionine cycle generates the global methyl donor in cells, SAM, that is required by methyltransferases (including PRMTs) to catalyze the methylation reaction (Figure 73). Methionine deprivation or inhibition using methotrexate inhibited Wnt signaling [394]. This is interesting because both methionine-deprivation and using methotrexate could also inhibit PRMT activity by inhibiting SAM production (Figure 73). Considering this, it suggests that methotrexate (chemotherapy used to treat BC patients) might function as a dual inhibitor (Wnt pathway and PRMTs). Therefore, we can speculate that coinhibiting PRMT1 with methotrexate might be beneficial in Wnt-dependent cancer. 

Conclusion and future perspectives

In conclusion, we have evidence supporting the idea that targeting PRMT1, alone or in combination with certain chemotherapeutic agents or targeted therapy, could be beneficial for the treatment of breast cancer patients. Further, we show an additional way by which PRMT1 regulates the Wnt signaling pathway (i.e., via transcription). Nevertheless, many follow-up questions remain to be answered.

(i) Is PRMT1 inhibition effective as a monotherapy for all breast cancer patients?

In our results, we observed that targeting PRMT1 alone, decreased tumor growth in MDA-MB-468, the only BC cell line we have examined. First, we would need to test this in vitro, in a large panel of BC cell lines (belonging to the different subtypes). Next, this would need to be validated, in vivo, in other mouse models such as using patient-derived xenografts (PDX) of breast cancer (including TNBC).

(ii) Can anti-EGFR/anti-PRMT1 combination be used as a treatment for breast cancer patients?

In vitro, we observed the highest synergistic interaction between anti-EGFR and anti-PRMT1 treatment in one TNBC cell line, MDA-MB-468. As these cells express high EGFR levels, it would be interesting to test if this synergy is limited to only high EGFR expressing cells or not by extending the study to other TNBC and BC cell lines, in vitro, and in vivo. This would help us to understand if this combination therapy would be beneficial to only a subset or all BC patients.

(iii) Can PRMT1 inhibition be combined with chemotherapy in vivo?

The synergy observed between Type I PRMT inhibitors and chemotherapeutic agents such as cisplatin, cyclophosphamide, and camptothecin warrant validation in other BC cell line models and in vivo in BC-PDX models. Especially since the abovementioned chemotherapeutic drugs are routinely used in the clinic to treat BC.

(iv) Does PRMT1 regulate the secretion of Wnt ligands?

One result of this study was that PRMT1 regulated the transcription of PORCN, the enzyme modifying Wnt ligands. This raises the question whether PRMT1 could in turn modulate the secretion of the Wnt ligands. We tested out this hypothesis using an ELISA assay for Wnt3a ligands as previously described [686] but we were not successful to detect the Wnt3a ligands from the supernatant of the TNBC cell lines tested (MDA-MB-468 and SUM149, results were in the background range). However, if more sophisticated/sensitive assays are developed in the future, it would be interesting to test this. It would help us understand if PRMT1 can indeed affect the secretion of Wnt ligands, providing another mechanism by which PRMT1 can regulate the Wnt pathway.

(v) Is the regulation of Wnt signaling by PRMT1 specific to MDA-MB-468? What

is Wnt activity status in our BC cohort?

We have shown here that PRMT1 regulated Wnt activity in the MDA-MB-468 cell line (or the luminal T47D for LRP5 expression). This would need to be investigated in other BC cell lines to exclude the possibility of a cell-type dependent phenotype.

By investigating the expression of activated β-catenin (nuclear β-catenin) in the Curie BC cohort, we can understand the status of Wnt signaling activation. Although observing activated β-catenin has been challenging, it would help us to stratify the BC patients into Wnt-dependent and Wnt-independent.

(vi) Does PRMT1 regulate the Wnt signaling pathway in colorectal cancer or hepatocellular carcinomas? Can Type I PRMT inhibitors be beneficial in these cancer types?

PRMT1 has been shown to promote oncogenesis in colorectal cancer (CRC) by activating EGFR signaling [381], inducing CRC differentiation [678] or by methylating the protein NONO [675]. PRMT1 is also shown to be a prognostic marker in hepatocellular carcinoma (HCC) [687]. Further, the Wnt pathway is known to be hyperactivated in CRC or has increased activity in HCC owing to mutations in this pathway (e.g., APC for CRC or CTNNB1 and AXIN1 for HCC) [688]. Therefore, it would be interesting to explore if PRMT1 regulates the Wnt pathway in these cancer at the transcriptional level (as we have shown in this study) or by post-translational modifications (as shown by others, [386][387][388][389]). If yes, the Type I PRMT inhibitors could be tested in these cancer cells to see if they are efficient in inducing cell death.

CHAPTER 2: PART II Preface

CARM1 is a type I PRMT like PRMT1 and is thought to be oncogenic in several cancer types, including breast cancer. However, the role of CARM1 in TNBC has not been studied so far. Therefore, the objective here was two-fold: (a) to analyze CARM1 expression pattern in TNBC and assess if it could be a potential therapeutic target and (b) characterize its function in TNBC. For the first objective, we investigated the RNA and protein expression of CARM1 in a large panel of breast tumors and evaluated the effect of depleting or inhibiting CARM1 on TNBC cell survival. For the second objective, we characterized the CARM1 interactome by mass spectrometry (MS) analysis in collaboration with the MS platform at Institut Curie and identified ALIX as the major partner of CARM1. As one of the main functions of ALIX is in cytokinesis (the final step in cell division), we explored the consequences of the interaction between CARM1 and ALIX on this function. For this purpose, we collaborated with the team of Dr. Arnaud Echard, Institut Pasteur, who has expertise in cytokinesis. This entire work was conceived and started during this thesis. However, the full story is still incomplete, particularly in illustrating the role of CARM1 in cytokinesis and this is currently being pursued by another PhD student in our lab, Solène Huard.

Introduction

CARM1 (also known as PRMT4), belongs to the family of protein-arginine methyltransferases (PRMTs) and catalyzes the reaction of adding methyl groups on arginine residues [438]. It belongs to the type I PRMT as it generates asymmetric dimethylarginine (ADMA) and is involved in various cellular processes such as transcriptional regulation, RNA metabolism, and autophagy, to name a few [437]. Similar to other PRMTs, CARM1 is overexpressed in several cancer types, including breast tumors [147,[531][532][533].

Breast cancer (BC) is a heterogeneous disease that is comprised of different intrinsic subtypes, luminal (hormone receptor-positive, HR+ and human epidermal growth factor receptor-positive/negative, Her2+/-), Her2+ (HR-and Her2+), and triple-negative (TNBC, HR-and Her2-) [659]. CARM1 has been extensively studied in the luminal subtype, particularly because CARM1 functions as a co-activator for the estrogen receptor (ER) transcription factor (ERα) [437]. However, very few studies have explored the role of CARM1 in the TNBC subtype. CARM1 has been shown to promote the migration in TNBC cell lines by methylating proteins like Protein kinase M2 or BAFF155 (a chromatin remodeler). TNBC is an aggressive subtype of BC and patients diagnosed with this disease have poor survival outcomes [660]. A major challenge in treating TNBC patients is their acquired resistance to chemotherapy and a high rate of relapse [660], thus, the identification of novel treatment strategies is crucial.

In this study, we found that CARM1 was highly expressed in BC as compared to normal tissue at the mRNA and protein levels. Silencing CARM1 levels decreased cell viability and induced apoptosis. However, inhibiting CARM1 activity did not affect the viability of cells. We identified a novel major partner of CARM1, ALIX, and this interaction was robust. ALIX is a multifunctional adaptor protein that is involved in several cellular processes like cytokinesis, budding of retroviruses, plasma membrane repair, biogenesis of multivesicular bodies [557]. We demonstrated that ALIX is monoand di-methylated mainly on two arginine residues (Arg745 and Arg757) located within its C-terminal domain. We focused our study on cytokinesis and found that silencing CARM1 induces defects in cytokinesis, like binucleation. However, whether this role of CARM1 in cytokinesis is mediated through ALIX interaction and/or methylation remains to be demonstrated.

Results

CARM1 mRNA is overexpressed breast tumors

While analyzing the mRNA expression of the different PRMTs in our previously described curie cohort [301,663], we observed that CARM1 was more expressed in breast tumors than in healthy breast tissue (Figure 74, left panel). Moreover, we observed a higher CARM1 expression in the two ER-negative subtypes (TNBC and Her2+) as compared to the luminal subtypes and healthy breast (Figure 74, left panel). Further, given the heterogeneity of TNBC, we also explored if CARM1 mRNA was differentially expressed among the different TNBC subgroups, but no significant variation was observed (data not shown).

We confirmed that CARM1 mRNA was more expressed in all BC subtypes as compared to normal tissue (Figure 74, right panel) by analyzing the data from the publicly available TCGA sample set. Similar to the Curie cohort, both ER-subtypes expressed more CARM1 than the other subtypes, with higher expression in TNBC than Her2+ (Figure 74, right panel). We also observed that in contrast to the TCGA cohort, no difference was observed between the luminal subtypes and normal tissue in the Curie cohort (Figure 74). These differences could be due to the difference in sample sizes between the cohorts or the nature of the tumors in these sample sets. 

Higher CARM1 expression correlates with worse prognosis in Her2+ and LA BC subtypes

Next, we analyzed the distant metastasis-free survival outcomes for CARM1 using KM plotter (www.kmplot.com), for each subtype individually, since they have different prognoses. We used the best performing threshold as the cut-off to stratify the samples into high and low CARM1 and observed that CARM1 expression did not correlate with prognosis in the TNBC subtype (p=0.63) or the luminal B (LB, 0.14) (Figure 75). In contrast, higher CARM1 showed a worse prognosis in the Her2+ (p=0.042) and Luminal A (LA, p=0.059) (Figure 75). Previously it has been shown that in ER+ tumors (i.e., luminal subtype), higher CARM1 protein expression was associated with worse survival [532]. Here we observe the same for CARM1 mRNA expression in luminal A (Figure 75), but not luminal B, possibly because mRNA and protein expression may not always correlate. In another study, they reported that higher CARM1 mRNA correlated with worse prognosis in the whole breast population [147], similar to what we observe for LA and Her2+ (Figure 75). Together, this suggested that targeting CARM1 might have therapeutic value in a subset of BC. Next, as RNA and protein expression levels do not always correlate, we examined CARM1 protein expression and its localization in BC samples and normal breast tissues. We used a cohort called the PIC-BIM from Institute curie (different from the curie cohort mentioned above) composed of 360 tumors (74 TNBC, 125 luminal A, 104 luminal B and 57 Her2+). We performed immunohistochemistry using an anti-CARM1 antibody that recognizes residues 550-585 located in the C-terminal domain of CARM1. We first validated the antibody in a TNBC cell line (BT-549), depleted or not for CARM1, that was fixed in a similar method as the tumor samples (Figure 76A). At the protein level, CARM1 was more expressed in all the BC subtypes when compared to the normal tissue; however, unlike at the mRNA level, there were no significant differences between the BC subtypes (Figure 76B). Higher CARM1 protein level in BC than in normal tissues has been previously reported [531,533,544]. We observed nuclear and cytoplasmic staining of CARM1 as previously described [456,531,533]. Also, we observed CARM1 staining in the stroma in contrast to another study where they reported little to no stromal staining [456]. Interestingly, we found higher CARM1 nuclear staining in TNBC as compared to the other BC subtypes (p=0.026) (Figure 76C). This is in an apparent contradiction with previous reports where high nuclear CARM1 was associated only with the Her2+ subtype (n=105, her2+ [533]; n= 23, her2+ [531]; n=57, our study for Her2+ tumors). This could arise due to a few reasons, (i) difference in the tumor samples, (ii) difference in antibodies used, or (iii) difference in CARM1 isoforms recognized/stained. CARM1 is expressed in breast tumor cells as two main alternatively spliced isoforms, a full-length (FL) form or exon 15 deleted (ΔE15) form [454]. Our CARM1 antibody used for IHC recognizes residues 550-585 and therefore should recognize both CARM1 isoforms, whereas, we do not have this information for the antibodies used in the published studies (antibody used here has been discontinued by the supplier [533]; no reference of antibody stated [531]). Together, our data confirm previously observed results that CARM1 is indeed overexpressed in BC at the mRNA [147] and protein levels [531,533,544] as compared to healthy breast tissue. A striking observation from our IHC analysis of CARM1 protein is the higher nuclear expression in TNBC (compared to other subtypes) and the staining observed in stromal cells, which to our knowledge is being reported for the first time.

CARM1 depletion decreases cell proliferation, colony formation and induces apoptosis

Given the overexpression of CARM1 in BC, particularly in TNBC, we wanted to evaluate its potential as a therapeutic target. We first validated two siRNAs targeting CARM1 (CARM1#4, CARM1#5) in MDA-MB-468 cells for their specificity and efficiency to deplete CARM1 (Figure 78A,B). Then, to account for TNBC heterogeneity, we chose two TNBC cell lines belonging to two different TNBC subtypes -mesenchymal (BT-549) and basal-like 1 (MDA-MB-468) -and observed that depleting CARM1 using siRNA decreased cell proliferation in a time-dependent manner (Figure 77A). This effect was not limited to these two cell lines but was also observed in other TNBC cell lines (Figure 78C). Noticeably, we observed a similar effect in the non-tumorigenic cell line, MCF10A (Figure 78C). This could be because these cells are highly proliferative in our culture conditions (in fact, the most proliferative cells, so not behaving like "normal" cells), suggesting that the depletion of CARM1 simply impairs the proliferation of any proliferative cell line. CARM1 silencing also decreased the colony-forming ability of TNBC cell lines when cultured on plastic (Figure 77B). To understand the mechanism through which CARM1 silencing impaired cell viability, we looked for apoptotic markers by western blotting. In both TNBC cell lines, cleavage of PARP was induced 48h following CARM1 depletion, suggesting an induction of apoptosis (Figure 77C). Moreover, we also observed an increase in the phosphorylation of histone H2AX, a known marker of DNA double-strand breaks (Figure 77C).

Depleting CARM1 has been reported by others to decrease cell proliferation in the luminal cell lines MCF7 [288,547,690] and ZR75 [288] while no effect was observed on cell proliferation in the TNBC cell line, MDA-MB-231 [690]. In contrast to Al-Dhaheri et al., we have shown that depleting CARM1 decreases cell proliferation in the MDA-MB-231 cells (also other TNBC cell lines, Figure 78C). This discrepancy might be due to the method used to deplete CARM1, transient transfection (our study) or stable infection with shCARM1 [690], and maybe these stably infected cells have found an alternative mechanism to divide independently of CARM1. This is the first report to evaluate the effect of CARM1 depletion on cell survival in more than one TNBC cell line. Therefore, our results indicate that CARM1 is important for the survival of all the BC cells tested. 

CARM1 inhibition does not impact cell viability of two TNBC cell lines

As CARM1 protein was shown to be important for TNBC cell survival (Figure 77), we sought to evaluate if its enzymatic activity could be required. For this, we used the two recently developed CARM1 specific inhibitors. TP-064 is >100 fold selective for CARM1 over the other PRMTs and binds to the substrate-binding pocket of CARM1, although it is unclear if it is substrate-competitive [344]. EZM2302, another specific CARM1 inhibitor, more potent than TP-064, is non-competitive for cofactor binding and binds in the substrate-binding region [343]. We also tested both inhibitors in one TNBC cell line (MDA-MB-468) to verify if they inhibited CARM1 activity. After 96h of inhibitor treatment, we could see a decrease in the methylation of PABP1 (a CARM1specific substrate, [691]) by both inhibitors (Figure 79A), but at different inhibitor concentrations (i.e., around 5μM for TP-064 and 100nM for EZM2302). Then, we evaluated their potential on TNBC cell proliferation and observed that both TP-064 and EZM2302 had very high IC50 values (>10µM, Figure 79B) suggesting that the cell lines tested (BT-549, MDA-MB-468) were resistant to CARM1 inhibition. This was concurrent with Drew and colleagues who developed EZM2302 as they reported that IC50 values were >20µM in the breast cancer cell lines tested (2 luminal: ZR75, MCF7, 1 Her2+: BT-474 and 1 TNBC: . Moreover, both CARM1 inhibitors have been shown to decrease cell proliferation only in a subset of myeloma cell lines (with no effect on other hematopoietic or solid cancer cell lines) [343,344]. Our results thus indicate that only CARM1 depletion and not its inhibition impaired BC cell proliferation implying that CARM1 was modulating TNBC cell survival in an enzyme independent manner. There is evidence to suggest that certain CARM1 functions are independent of its methyltransferase activity, for example when it acts as a co-activator for NF-κB mediated transcription, and its enzymatic activity is not required [503]. This raised the question of whether protein partners that interact with CARM1 might be involved in TNBC cell survival.

ALIX was identified as the principal protein partner of CARM1

Since our results suggested that CARM1 could be modulating BC cell survival independent of its enzymatic activity and therefore perhaps through protein-protein interactions (i.e., acting as a scaffolding protein, for example), we sought to search for its protein partners. For this purpose, we first chose a TNBC cell line that expresses high endogenous CARM1 levels (HCC1187, Figure 81A). Then, we used three antibodies against CARM1 that each recognized different domains/regions of CARM1 (Figure 81B). We immunoprecipitated (IPed) CARM1 using these three antibodies and used isotypematched IgG antibodies as controls and subsequently analyzed the precipitated proteins by mass spectrometry. Surprisingly, we found very few partners of CARM1 that were common among the different antibodies (Figure 80A). On performing a gene ontology (GO) analysis for biological processes, we found several processes associated with cell cycle or mitosis (Figure 80B). The top partner identified with all three CARM1 antibodies, was the protein ALIX, with 48 (Ab1), 54 (Ab2), and 48 (Ab3) peptides (and >50% peptide coverage) (Figure 80C) and zero peptides in the IgG control. The number of peptides obtained for ALIX was almost equivalent to that obtained for CARM1 itself suggesting that most of CARM1 was bound to ALIX. CARM1 is around 63kDa while ALIX is 100kDa, so the number of peptides obtained for each protein (when compared to their respective molecular weights), suggested almost a 1:1 molecular interaction between the two partners.

We performed a similar MS/MS analysis under stringent detergent conditions (1% of NP40), and the association between ALIX and CARM1 was still preserved (data not shown), indicating the robustness of the interaction. We analyzed the CARM1 interactome in another TNBC cell line (BT-549) that expressed lower endogenous CARM1 (Figure 81A). Similar to the interactome observed in HCC1187 cells, we obtained few partners (Figure 81C) and as expected, identified ALIX as the major partner, validating the robustness of this interaction (Figure 81E). Further, the GO analysis revealed processes involving ALIX, like exocytosis and vesicle-mediated transport (Figure 81D). As expected, we confirmed the interaction between endogenous CARM1 and ALIX by immunoblotting with an anti-ALIX antibody after IP-CARM1 (Ab1) in HCC1187 (Figure 80D), and BT-549 (Figure 81F) cells.

Next, as described before, CARM1 has two alternatively spliced isoforms (CARM1-FL and CARM1-ΔE15) and thus far only one protein, Pax7, has been identified as an isoform-specific partner (binding to CARM1-ΔE15) [458]. Therefore, we were curious to see if ALIX could be an isoform-specific partner and performed MS/MS analysis in HEK293T cells transfected with either Flag-CARM1-FL or Flag-CARM1-ΔE15. It must be noted here that we used the HEK293T cells instead of TNBC cells since TNBC cell lines are difficult to transfect with DNA. We found even fewer partners with exogenous CARM1 (Figure 80E), but ALIX emerged again as the top hit and bound equally to both CARM1 isoforms (Figure 80E). We confirmed this interaction by co-IP using an anti-Flag antibody in HEK239T cells transfected with both isoforms (Figure 80F).

Next, to characterize the cellular compartment where the interaction between ALIX and CARM1 was occurring, we performed in situ proximity ligation assays (PLA).

PLA is a powerful tool to detect protect-protein interactions if they are in close proximity (40nM) [692]. In this technique, two proteins are recognized by antibodies raised in different species (e.g., mouse and rabbit), and then coupled to specific probes conjugated with oligonucleotides that bind to these antibodies [692]. The oligonucleotides undergo hybridization and amplification by rolling-circle amplification, which is visualized by fluorescence microscopy [692]. For this, we depleted CARM1 and/or ALIX using siRNA in the BT-549 cells and used antibodies that recognized mouse-CARM1 and rabbit-ALIX. We observed the CARM1/ALIX complex in the cytosolic compartment (Figure 80G) and the fluorescent signal of the PLA dots (which represents the interaction between CARM1 and ALIX) was significantly decreased when either CARM1 or ALIX was depleted (Figure 80G, right panel), validating the specificity of the interaction.

Our results showed that ALIX interacted with both endogenous and exogenous CARM1. ALIX was found to interact with both the isoforms of CARM1 (CARM1-FL and CARM1-ΔE15) with an equal propensity, suggesting that it was not an isoform-specific partner. Further, given the number of peptides identified for ALIX in our MS/MS analysis, suggested that the majority of CARM1 was bound to ALIX, and it could be an important protein for CARM1 function. Previously, in some large-scale proteomic studies, ALIX has also been shown to interact with PRMT3 and PRMT5 (apart from CARM1) [153]. However, in our MS analysis performed after an IP anti-PRMT1 or IP anti-PRMT5/MEP50, we did not retrieve ALIX as a partner (data not shown); suggesting that in our hands and the cell lines studied, ALIX only interacted with CARM1 and not PRMT1 or PRMT5. the number of peptides found in the IP was divided by the number of peptides found in the immunoglobulins (IgG) to obtain a ratio and only those proteins with a ratio ≥3 was considered. For the proteins where no peptides were found in the IgG, we replaced 0 with 1 to be able to calculate this ratio. (B) Gene ontology of biological processes using all the proteins found in enriched CARM1 interactome using ShinyGO (software developed by Institut Curie -https://github.com/iDEP-SDSU/idep/tree/master/shinyapps/go) [693]. The p-values were logarithmically transformed (-log base 10) and the pink bars represent all the processes involving ALIX. (C) CARM1 interactome plotted as a function of the molecular weight of the proteins identified (kDa) after subtracting the background (i.e., the number of peptides found in the IgG). The proteins found with each CARM1 antibody are shown in red (Ab1), blue (Ab2), and green (Ab3). CARM1 and ALIX are highlighted and an example of a known CARM1 partner (PABPC1) is marked. (D) CARM1 was IPed in HCC1187 cells using Ab1 and immunoblotted using anti-ALIX and anti-CARM1 antibodies. 1% of the total protein lysate was loaded as input control. (E) CARM1 interactome plotted as a function of the molecular weight of the proteins identified (kDa) from HEK293T cells transfected with either Flag-CARM1-FL (orange), Flag-CARM1-ΔE15 (blue), or Flag empty vector (grey) for 48h. CARM1 and ALIX are highlighted. (F) Co-immunoprecipitation using anti-Flag antibody in HEK293T cells transfected with Flag-CARM1-FL, Flag-CARM1-ΔE15, or Flag empty vector for 48h and immunoblotted with anti-ALIX and anti-Flag antibodies. 5% of the total protein lysate was loaded as input control. (G) Proximity-ligation assay using mouse-anti-CARM1 and rabbit-anti-ALIX antibodies. BT-549 cells were transfected with control siRNA (CTRL), or with siRNA targeting CARM1 (#5) and ALIX for 48h and fixed in 4% PFA, permeabilized with 0.1% triton. Images were captured at 40X magnification using a Deltavision epifluorescence microscope and the maximum intensity z-projection is presented. Quantifications of the PLA dots (which represents the interaction between CARM1/ALIX) were performed using ImageJ software from two independent experiments (n > 100 cells per experiment, per condition). P values from a Student t-test are represented as ***p < 0.001. Isotype matched immunoglobulins (IgG) were used as controls for the IP reactions (D, F). 

CARM1 interacts with the proline-rich domain of ALIX

Next, we sought to characterize the domains within ALIX through which the interaction with CARM1 was occurring. ALIX contains three domains, an N-terminal Bro1 domain, a central V domain and a C-terminal proline-rich domain (PRD) and each domain is important for protein-protein interactions (see page 113). We co-transfected the HEK293T cells with the different ALIX domains containing an N-terminal mcherry tag (mcherry-ALIX-FL, mcherry-ALIX-Bro, and mcherry-ALIX-V-PRD) with Flag-CARM1-FL and immunoprecipitated ectopically expressed CARM1 using anti-Flag antibodies. CARM1-FL interacted with ALIX-FL and the construct containing the V-PRD domains but not with the construct containing the Bro1 domain (Figure 82A, indicated with the arrowhead). To narrow down the binding site within V-PRD, we designed constructs that expressed either the V or the PRD domain only and performed an immunoprecipitation as described above. We observed that CARM1-FL bound specifically to the PRD domain as no interaction was observed with the V domain (Figure 82B). This conclusively showed that CARM1 interacted with the C-terminal PRD domain of ALIX. , and ALIX-V-PRD (418-868) were co-transfected with Flag-CARM1-FL or empty vector in HEK293T cells for 48h. Flag-CARM1 was immunoprecipitated using an anti-Flag antibody and immunoblotted with either anti-mcherry or anti-Flag antibodies. (B) HEK293T cells were co-transfected with Flag-CARM1-FL and mcherry-ALIX-V or mcherry-ALIX-PRD for 48h. CARM1 was immunoprecipitated using an anti-Flag antibody and immunoblotted using an anti-mcherry or anti-Flag antibody. 1% of total protein lysates were loaded as input controls. Isotype matched immunoglobulins (IgG) were used as controls for the IP reactions. Arrowhead indicates ALIX and asterisk marks CARM1 in all figures. Pictures are representative of at least two independent experiments.

Enzymatic activity of CARM1 is required for interaction with ALIX

When we examined the exogenous CARM1 interactome in HEK293T cells, a surprising finding was that ALIX was not found to interact with the enzyme-dead mutant of CARM1 (irrespective of CARM1 isoforms, data not shown). We confirmed this observation in the HEK293T cells transfected with wild-type (CARM1-FL or CARM1-ΔE15) or the enzyme-dead mutant of CARM1 (CARM1-FL E266Q or CARM1-ΔE15 E266Q ; Figure 83A andB). These enzyme-dead mutants were generated by mutating the glutamic acid 266 residue to glutamine within the critical double E loop motif (common to all PRMTs) which is also the substrate-binding site for CARM1 (see page 85). We then generated another enzyme-dead mutant by changing arginine 168 to an alanine that is located within the cofactor (SAM) binding site and once again observed that ALIX only interacted with the wild-type and not the mutant (Figure 83A,B). This indicated that ALIX was binding within the substrate-binding region of CARM1 and might be methylated. 

ALIX is monomethylated in cells and the methylation is dependent on CARM1

From the above results (Figure 83), suggested that ALIX might be methylated and could be a substrate for CARM1. Indeed, several large-scale proteomic studies have previously shown that ALIX is methylated in non-BC cell lines [114,148,610,611] or luminal BC cell lines [147]. Moreover, two of these studies showed that ALIX methylation was abolished in MCF7 CARM1 KO [147] cells or CARM1 depleted cells [148]. Given this evidence, we examined whether ALIX was methylated in our TNBC cell line, BT-549. For this, we performed immunoprecipitation using the same panmonomethyl arginine (MMA) antibody used by the proteomic studies [610,611]. Indeed, we observed endogenous ALIX was monomethylated in BT-549 cells (Figure 84A). Then, to verify if this methylation was CARM1-mediated in this cell line, we inhibited CARM1 (using TP-064 and EZM2302) and performed a similar IP as above and observed a decrease in ALIX monomethylation as compared to the DMSO-treated cells (Figure 84B). It must be noted here that initially we used high inhibitor concentrations (5μM of TP-064 and EZM2302) since we did not know the inhibitor concentration at which ALIX methylation might decrease considering the fact that these inhibitors decrease the methylation of different CARM1 substrates at different inhibitor concentrations (e.g., 0.67μM for BAF155 whereas only 74nM for MED12 [344]). Subsequently, we have also verified that ALIX monomethylation decreased at lower doses of the CARM1 inhibitor (EZM2302, 400nM, data not shown), showing that low inhibitor concentration was sufficient to inhibit ALIX methylation. Altogether, we showed that endogenous ALIX was methylated in TNBC cells (BT-549) in agreement with previous studies and that this methylation was dependent on CARM1. A recent study has also shown that ALIX monomethylation was decreased upon PRMT5 or PRMT7 depletion [148]. As we have not tested the effect on ALIX methylation upon depletion (or inhibition) of these two PRMTs in our cells, we cannot rule out the possibility that ALIX is monomethylated by PRMTs in our cells. were immunoprecipitated from untreated BT-549 cells using a pan-MMA antibody and immunoblotted using an anti-ALIX antibody. (B) CARM1 was inhibited in the BT-549 cells using two specific inhibitors at 5μM (TP-064, EZM2302) for 48h and monomethylated arginine proteins were immunoprecipitated using a pan-MMA antibody. The IPs were then immunoblotted using an anti-ALIX antibody. 1% of total lysates were loaded as input control. Isotype matched immunoglobulins (IgG) were used as controls for the IP reactions. Pictures are representative of at least two independent experiments (A, B).

Endogenous ALIX is mono-and di-methylated on Arg745 and Arg757

Once we showed that endogenous ALIX was monomethylated in our TNBC cells, we sought to identify the arginine resides on which the methylation occurred. The large-scale proteomic studies which have previously reported ALIX was methylated have shown that this methylation occurred on several arginine residues (e.g., Arg322, Arg456, Arg606, Arg745, Arg757, and Arg767), but only two of these residues were frequently found to be methylated [114,147,148,610,611]. As these sites were only identified by high throughput studies, we sought to specifically validate whether these two arginine sites (Arg745 and Arg757) were methylated in cells. We immunoprecipitated ALIX from HeLa9 cells and then digested the samples using the enzyme LysargiNase (instead of the commonly used trypsin). This was because, unlike trypsin, LysargiNase could cleave peptides that contained methylated or dimethylated lysine/arginine residues, emerging as a valuable tool to identify methylated sites by MS [694]. Upon MS/MS analysis, we have demonstrated that the two arginine residues Arg745 and Arg757, located within the PRD of ALIX, were both monomethylated (Figure 85A) and dimethylated (Figure 85B), at the endogenous level. This experiment could be performed in cells inhibited for CARM1, to validate that both Arg sites are methylated by CARM1, endogenously. 

CARM1 mono-and di-methylates ALIX on Arg745 and Arg757, in vitro

Next, we wanted to verify, in vitro, if these two sites were methylated by CARM1.

For this purpose, we produced recombinant GST-CARM1 in baculovirus-infected insect cells using the Bac-to-Bac system to generate an active enzyme with all its posttranslational modifications intact. Using this GST-CARM1 as the enzyme source, we performed in vitro methylation reactions with short synthetic peptides of ALIX that contained either Arg745 or Arg757 and analyzed them by MS (Figure 86A). In parallel, we performed in vitro methylation reaction using recombinant histone H3 and GST-CARM1 in the presence (or absence) of SAM, to validate that the recombinant CARM1 was active. At the end of the incubation, the methylation reaction was verified by a dot blot using antibodies against the CARM1-specific histone mark (H3R17me2a) and total histone H3 (Figure 86B). The MS/MS spectrum obtained for each reaction using the ALIX peptides was compared to a spectrum of a synthetic peptide chemically modified to contain either a monomethylated or dimethylated arginine (i.e., Arg745-MMA/DMA or Arg757-MMA/DMA, Figure 86A). The spectrum obtained for each methylation reaction perfectly matched the spectrum of the synthetic methylated peptide (mono-and dimethylated) (Figure 86C), demonstrating unambiguously that both Arg745 and Arg757

were mono-and di-methylated by CARM1, in vitro, validating earlier proteomic studies [147,148]. However, it remains to be shown if CARM1 methylates the full-length ALIX protein, in vitro (for example, by the classical radioactive in vitro methylation assay). 

CARM1 regulates cytokinetic abscission in HeLa cells

Subsequently, we investigated the functional relevance of the interaction between CARM1 and ALIX. ALIX is implicated in several cellular processes, but its major functions are in topologically equivalent processes such as in vesicular trafficking, budding and release of retroviruses, and cytokinesis (see page 118). We explored all these functions in parallel by collaborating with different teams for the relevant expertise, including Dr. Clothilde Thery, Institut Curie (for exosome functions), Dr. Greg Towers, University College London (for HIV budding), and Dr. Arnaud Echard, Institut Pasteur (for cytokinesis). We focused on the role of CARM1 on cytokinesis as preliminary results were more promising compared to the others (see CHAPTER 3:

ADDITIONAL RESULTS AND DISCUSSIONS).

Attempts to decipher the proteome of the midbody have revealed that few PRMTs, including CARM1, are present [642][643][644]. Addi and colleagues purified the midbody remnants (MBR) and identified CARM1 to be present in the total MBR fraction (termed total flemmingsome in their article) [643]. Rai and colleagues analyzed the proteome of secreted MBRs and found CARM1 in this fraction (with 16 spectral counts; KIF14 protein, a known midbody marker was found with 128 spectral counts) [644]. Capalbo and colleagues purified the midbody using HeLa cells that stably expressed GFP-KIF14 and found CARM1 (with a protein score of 33; KIF14 protein score was 36,060) [642]. Due to these pieces of evidence from the literature, we probed to see if endogenous CARM1 localized to the midbody. For this, by immunofluorescence (IF) technique, we stained HeLa cells (a well-established model to study cytokinesis) for CARM1 and used an anti-ALIX antibody to mark the midbody (Figure 87). Significant staining using the CARM1 antibody could be observed at the midbody (Figure 87). To validate the specificity of this staining, we depleted the HeLa cells using siRNA targeting CARM1. Unfortunately, depleting CARM1 only decreased the overall expression of CARM1 (within the nucleus and cytosol), but not its intensity at the midbody as compared to the control conditions (data not shown). The midbody is a highly protein rich region, therefore, it is possible that the CARM1 antibody recognizes another protein within this region and what we observe here (Figure 87) is an artefact. Another possible reason could be that the depletion of CARM1 was not adequate (i.e., transfection efficiency was not 100%), and the staining observed was that of the residual CARM1. Alternatively, we can hypothesize that the CARM1 remaining in the cell after depletion localizes to the midbody since it could be a crucial protein that is required for cytokinesis to complete. Therefore, the generation of a CARM1 knockout HeLa cell line would help us to validate the specificity of the staining towards CARM1 that we observed at the midbody (currently being investigated by Solène Huard). Until now, we have not been able to demonstrate unambiguously the presence of CARM1 at the midbody. However, as previous proteomic studies have indicated its presence at the midbody [642-644], we sought to evaluate if CARM1 could be involved in the process of cytokinetic abscission. Cytokinetic abscission has been previously shown to be regulated by ALIX [585,643] where silencing ALIX causes severe defects in cytokinesis such as failure in abscission leading to binucleated/multinucleated cells [585]. Hence, to test if CARM1 was required for abscission, we depleted HeLa cells using control siRNA, or siRNAs targeting CARM1 or ALIX (as a positive control). We observed that CARM1 depleted HeLa cells displayed a reproducible (in four independent experiments) increase of binucleated cells compared to control cells (Figure 88A). As expected, we also observed a significant increase of binucleated cells upon ALIX depletion (Figure 88A), with a percentage of binucleated cells similar to the study from the team of Arnaud Echard [643], but lower from another study using another type of HeLa cells (HeLa-Kyoto) [585]. CARM1 depletion in these HeLa-Kyoto cells also increased the number of binucleated cells (Figure 88B). Together, our results suggested that CARM1, like ALIX, might regulate cytokinetic abscission.

Further, a recent study showed that ALIX was required for the localization of the ESCRT-III subunit, CHMP4B, to the abscission site (located on either side of the midbody where membrane scission occurs) and this was one mechanism by which ALIX regulated this process [643]. To understand if CARM1 was involved at this step, we depleted the HeLa cells for CARM1 or ALIX and quantified the percentage of intercellular bridges (i) with no CHMP4B (corresponding to early bridges), (ii) with CHMP4B at the midbody (i.e., late bridges), and (iii) CHMP4B at the midbody and the abscission site (indicative of bridges about to undergo abscission), as done by [643]. CARM1 depleted HeLa cells showed a significant decrease of early bridges (i.e., with no CHMP4B staining) (Figure 88C). Then, similar to ALIX depletion, silencing CARM1 led to an increase in the proportion of bridges containing CHMP4B at the midbody and a decrease in the percentage of bridges with CHMP4B at the midbody + abscission site (Figure 88C). This suggested that CARM1, like ALIX, might regulate the localization of ESCRT-III subunits to the abscission site and therefore regulating cytokinetic abscission.

Altogether, our results show that CARM1 could regulate cytokinetic abscission. We observed similar phenotypes upon CARM1 and ALIX depletion i.e., (i) an increase in binucleated HeLa cells or (ii) preventing the localization of the ESCRT-III subunit, CHMP4B, to the abscission site (Figure 91). Additional work is needed to fully characterize the molecular mechanisms CARM1 regulate cytokinesis. 

Discussion

CARM1, a member of the protein arginine methyltransferase family, is overexpressed in several cancer types and has merited the need to understand its oncogenic potential in cancer progression. Also, CARM1 is one of the few members of the PRMT family for which specific and potent small-molecule inhibitors have been developed [343,344].

CARM1 as a potential therapeutic target for TNBC

Previously, CARM1 overexpression at the mRNA [147] and protein [531-533] level has been described in breast cancer, but functional and mechanistic aspects of its oncogenic potential have only been studied in the ER+ luminal subtype. The reason for this is that CARM1 binds to Erα (the main transcription factor of this pathway) and enhances/activates Erα-mediated transcription [147,438,462,463,497,543]. In contrast, very few groups have studied the functions of CARM1 in Her2+ [291] or TNBC [531-533] BC subtypes. Therefore, the main aim of our study was to comprehend this aspect of CARM1 in TNBC, the most aggressive subtype of breast cancer. Indeed, we observed that CARM1 was overexpressed, as previously described, at the mRNA [147] and protein level [531,533,544] in BC as compared to healthy breast tissues.

More importantly, we report for the first time that higher CARM1 mRNA was found in the ER-tumors (i.e., Her2+ and TNBC), which was not explored by Peng et al. (they only compared BC vs normal without differentiating the subtypes) [147]. We also show that a higher CARM1 mRNA expression was associated with lower probabilities of distant metastasis-free survival in the Her2+ and luminal A subtype (not in TNBC or luminal B). Similar results were reported for higher CARM1 protein expression [532] in the luminal BC and for higher CARM1 mRNA in the whole breast population (without differentiating for the subtype) [147].

At the protein level, overall, we observed higher CARM1 expression in BC vs normal breast tissue. Whereas, when observing the expression among the BC subtypes, we saw no significant difference in the expression level, but certain variations (between our data and previous studies) in the sub-cellular localization of CARM1 protein. For instance, we report a higher nuclear CARM1 expression in TNBC when compared to the other subtypes but no difference in the cytoplasmic staining among the BC subtypes. In contrast, two studies showed that the highest nuclear CARM1 expression was found among the Her2+ subtype [531,533]. This can be explained by few possible reasons: (i) difference in antibodies used, (ii) difference in the tumor samples (BC is known to be highly heterogeneous), or (iii) differential expression level of CARM1 isoforms. As previously discussed, CARM1 exists mainly as two alternatively spliced isoforms, CARM1-FL and CARM1-ΔE15 (Figure 89) in breast [454] and hematopoietic [455] cancer cell lines. Depending on the cell line, the isoform abundance can vary, for example: in AML cell lines, HEL cells have more CARM1-FL than CARM1-ΔE15 but HL-60 cells have more CARM1-ΔE15 than CARM1-FL [455]; in BC cell lines, BT-549 cells express 80% of CARM1-ΔE15 while CAL51 has an equal proportion of both [454]). However, overall, the predominant isoform has been shown to be CARM1-ΔE15 [454,455]. We do not have sufficient information regarding the binding sites for the antibodies used by Cheng et al., and Davis et al. (no references indicated in their studies), but the CARM1 antibody used in our IHC analysis recognizes the C-terminus region. We hypothesize that this antibody might recognize both isoforms of CARM1. However, since a part of the sequence recognized by the antibody is located within the exon15, it suggests that this antibody might preferentially recognize CARM1-FL (Figure 89). We must verify whether this antibody recognizes both isoforms by performing a western blot using the recombinant proteins we generated (GST-CARM1-FL and GST-CARM1-ΔE15). This could potentially explain the difference in CARM1 sub-cellular localization between our study and others [531,533]. Interestingly, CARM1-FL has been suggested to be predominantly nuclear while CARM1-ΔE15 to be cytoplasmic [456]. Perhaps the higher nuclear CARM1 observed in our analysis is indicative of CARM1-FL staining, but this would have to be confirmed using isoformspecific antibodies.

Figure 89: Major CARM1 isoforms in human cell lines and biding site of CARM1 antibody used in our IHC analysis. CARM1-FL contains 16 exons and produces a protein of 608 amino acids (aa). The alternatively spliced form, CARM1-ΔE15, is generated by exon15 skipping, corresponding to aa 539-561 and produces a shorter protein of 585 aa. The CARM1 antibody used in our immunohistochemistry (IHC) analysis is a polyclonal antibody that recognizes residues 550-585 as indicated (in green).

The novel finding of our IHC analysis is the staining of CARM1 in stromal cells, which has not been reported, so far. Shlensky and colleagues reported that they observed little staining in the stroma, but this might have been due to the very small sample size (12 tumors) or the antibody used in their study [456] as compared to ours (360 tumors). The identification of the specific cell types stained for CARM1 in the stroma is currently being pursued in collaboration with a team of pathologists at Institut Curie. This might help us understand if there is a contribution of CARM1 in the stroma to tumor progression.

As CARM1 was overexpressed in TNBC, our study is the first to evaluate its potential as a therapeutic target in TNBC. We observed that depleting CARM1 decreased cell proliferation and colony-forming ability in two TNBC cell lines (MDA-MB-468 and BT-549). We also observed similar effects on cell proliferation in other TNBC (MDA-MB-231, Hs578t, HCC70) and non-tumorigenic (MCF10A) cell lines. MCF10A cells are highly proliferative in our cell culture conditions (although nontumorigenic), therefore suggesting that CARM1 affects cell proliferation of all cell lines tested. Similar to our findings, CARM1 depletion also impaired cell proliferation in other cancer types ; CRC [476]; prostate [536]; bone [537]; NSCLC [539]). Moreover, depleting CARM1 induced apoptosis and DNA damage in our two TNBC cell lines. This has been demonstrated in acute myeloid leukemia [455] cells, lung [695] and colorectal [477] cancer cells. Overall, this advocates that CARM1 could be an important protein for cell survival.

As mentioned above, two potent small-molecule inhibitors (TP-064 and EZM2302) have been recently developed, that specifically target CARM1 [343,344]. Upon testing both these inhibitors in our TNBC cell lines, we observed no effect on cell proliferation (with IC50 >10μM). EZM2302 has been tested in a few BC cell lines (ZR751, BT-20, BT474, MCF7) and shows a similar effect as our data (IC50 >20 μM). Notably, previous reports have shown that both CARM1 inhibitors are efficient in only very few cell lines, particularly those of hematopoietic lineages, with virtually no effect on any of the solid cancer cell lines tested [343,344]. This suggested two hypotheses: (i) CARM1 enzymatic activity is not responsible for cell proliferation in these cancer cells or (ii) there is an underlying mechanism that is rendering some cells sensitive (and not others) to CARM1 inhibition. The second hypothesis was demonstrated by a study last year where non-Hodgkin lymphoma cells that were mutated for CREBBP and EP300 were more sensitive to CARM1 inhibition [551].

To summarize, CARM1 is overexpressed in various cancer types like ovarian [489,534], colorectal [476,535], prostate [536], bone [537], hematopoietic [232,478], oral [538], non-small cell lung (NSCLC) [539], melanoma [540], and breast (our study, [147, 531-533]). Together, this suggests that depleting CARM1 could be an attractive therapeutic target; however, CARM1 inhibition, at least as a monotherapy, might be efficient only in a subset of hematopoietic cancer [343,455,551]. Therefore, identifying either underlying mechanisms or evaluating the available CARM1 inhibitors in combination with chemo-or targeted therapies (as previously described [551], might prove beneficial for breast and other cancer patients.

The CARM1-interactome reveals a novel partner and new function for CARM1

As discussed above, the TNBC cells tested in this study were resistant to CARM1 inhibition, indicating that the proliferation of TNBC cells was independent of the methyltransferase activity of CARM1. Hence, we searched for the endogenous interactome of CARM1 in TNBC cells by immunoprecipitation followed by MS analysis. Here, we identified a major novel partner for CARM1, the protein ALIX, a multifunctional adaptor protein that is involved in endocytosis, multivesicular body biogenesis, membrane repair, cytokinesis, apoptosis, and maintenance of tight junction integrity [556]. The interaction observed between CARM1 and ALIX in our study is strong, and this interaction was not lost even under stringent detergent conditions.

Moreover, based on the number of peptides retrieved for each protein (when compared to their molecular weights) suggests that most molecules of CARM1 were bound to ALIX. A similar type of interaction is known for PRMT5 with its cofactor, MEP50, where they form a heterooctamer [696]. MEP50 functions as an adaptor protein between PRMT5 and its substrates and enhances PRMT5 activity [696]. Hence, ALIX may behave similarly to CARM1 (like MEP50 for PRMT5) especially since ALIX is an adaptor protein [557]. Here, we have confirmed their endogenous and exogenous binding in two TNBC cell lines (HCC1187 and BT-549) and the HeLa cells (data not shown) or the HEK293T cells, respectively. Further, we found that ALIX was a common partner for both the CARM1 isoforms (CARM1-FL and CARM1-ΔE15). Moreover, we also immunoprecipitated ALIX followed by MS analysis and indeed found CARM1 as a partner (data not shown). However, CARM1 was not the top hit in IP-ALIX, but we still retrieved 30 peptides (vs 221 peptides for ALIX) for CARM1. Taken together, we can infer that CARM1 might always be complexed to ALIX, but the inverse is not true, suggesting that some ALIX functions are independent of CARM1 interaction.

Besides, evidence from the literature suggested that ALIX could be a binding partner for other PRMTs, in particular, PRMT3, PRMT5 [153]. In our experience, ALIX was exclusively interacting with CARM1 (and not PRMT1 or PRMT5), but we have not verified for the other PRMTs. Therefore, without further experiments, we cannot exclude the possibility that ALIX interacts with other PRMTs.

Our study is the first, so far, to search for the endogenous CARM1 interactome. However, a major drawback from our MS analyses (endogenous or exogenous CARM1) was the limited number of partners retrieved commonly among all CARM1 antibodies. This could be because most of the protein-protein interactions occurring between CARM1, and its partners are transient and not captured during an IP/MS type of analysis. Recently developed techniques like the BioID or TurboID [697] which use a biotin-based proximity labeling might be better suited for CARM1 partner identification. This technique was employed by a study this year on all PRMTs and have identified numerous putative PRMT substrates [153]. Many of the earlier studies that searched for CARM1 substrates faced a similar problem i.e., few substrates were identified apart from two large-scale studies [146,147]. All these high throughput studies performed immunoprecipitation using pan-methylarginine antibodies (that recognized glycine-arginine rich motifs) followed by MS analyses [114,146,147,610,611,[698][699][700]. This was their main limitation because we now know that CARM1 prefers to methylate arginines within a proline-rich region [146,147] or a prolineglycine rich motif (PGM) [145,691]. Thus far, less than 30 CARM1 substrates have been functionally validated (see ANNEXE II: Known CARM1 substrates). Therefore, identifying new partners and substrates of CARM1 will be of great help to the community.

An interesting finding in our study was that the novel CARM1 partner, ALIX, did not interact with the enzyme-dead mutants. We used two different CARM1 mutants here, one where the Glu266 was mutated to Gln (within the substrate-binding pocket of CARM1) and the other where Arg168 was mutated to Ala (located within the SAM binding pocket). Both mutants failed to bind to ALIX, suggesting that ALIX was binding to CARM1 through its substrate-binding pocket. We confirmed this by inhibiting CARM1 using one inhibitor (EZM2302) which has been shown to mimic substratebinding [343] and observed that indeed the interaction between CARM1 and ALIX was lost (data not shown). Further, the fact that ALIX also failed to bind to the R168A mutant (located within the SAM binding site), hinted at the possibility that SAM binding may be required for ALIX to bind to CARM1. Kinetic studies have demonstrated that methylation by CARM1 is distributive meaning that CARM1 can either bind SAM first and then the substrate or vice-versa [448]. Given this distributive mechanism, we can speculate that the R168A mutant impairs SAM binding and therefore the interaction with ALIX. However, generating a crystal structure of CARM1 complexed with ALIX would be required to fully map these interactions. Further, the idea that ALIX binds within the substrate-binding pocket of CARM1, and that the majority of CARM1 is bound to ALIX suggests that ALIX might be an inhibitor of CARM1, like the SAM analogue molecule, MTA for PRMT5 [324]. It would be interesting to explore in the future if this is true. Several large-scale proteomic studies have identified that ALIX is methylated on many arginine residues (e.g., Arg322, Arg456, Arg606, Arg745, Arg757, and Arg767) [114,147,148,610,611]. All these studies were performed mainly using a pan-monomethyl arginine (MMA) antibody in non-BC cell lines [114,148,610,611] or the luminal MCF7 cell line [147]. Arg745 and Arg757, have been found to be frequently methylated compared to the other sites. However, these sites were only identified by large-scale studies and have not been manually confirmed. Here, we confirmed that ALIX was methylated in TNBC cells and that these two sites (Arg745 and Arg757) were mono-and di-methylated. Further, upon CARM1 inhibition, ALIX monomethylation decreased, confirming previous studies where ALIX methylation (on Arg745 and Arg757) was abolished when CARM1 was knocked out [147] or depleted [148]. Decreased ALIX methylation on these two Arg sites has also been shown in PRMT5 or PRMT7 depleted cells [148]. Furthermore, by using synthetic peptides, we have demonstrated in vitro that CARM1 both mono-and dimethylated these residues. However, this still needs to be proved, in vivo. More importantly, Arg745 and Arg757 are located within a proline-rich motif (PPTPAPR 745 TMPP; PQPPAR 757 PPPP) suggesting that ALIX could preferentially be methylated by CARM1 and not the other PRMTs, as CARM1 prefers to methylate arginines within a proline-rich motif.

Interestingly, when we investigated the domains of ALIX that were bound to CARM1, we mapped it to its proline-rich domain (PRD). The PRD of ALIX is a rich hub of protein-protein interactions (Figure 90), through which ALIX mediates several cellular functions such as membrane trafficking, retroviral budding, cytokinesis, to name a few [557]. Notably, some of the ALIX partner interactions like CD2AP/CIN85 [585-587, 592, 593] or Src/Endophilins [563,569,588] occur through the motif where CARM1 methylates ALIX, i.e., on Arg745 and Arg757, respectively. It has been shown that mutating these Arg residues can impair the binding to its partners, for example, when Pro744 and Arg745 are mutated to Ala744,745, CD2AP can no longer bind to ALIX [584]. Otherwise, mutating Arg757Pro758 to Ala757,758 impaired ALIX binding to the three Endophilins (A1, A2, A3) [563,588]. Thus far, the functional impact of these mutations is unknown. Given that CARM1 methylates both arginine residues, we can speculate that this methylation might also affect partner binding thereby regulating ALIX function. This will have to be explored in detail to understand the functional relevance of CARM1-mediated methylation on ALIX.

As mentioned above, one cellular function of ALIX is in cytokinesis, particularly during the last stage (i.e., cytokinetic abscission). Cytokinesis is the final step in mammalian cell division, where the two daughter cells physically separate. This is a highly concerted process where numerous proteins are involved to ensure proper division [638]. ALIX is recruited by a centrosomal protein, Cep55 to the midbody, located at the middle of the intercellular bridge (ICB) [583][584][585]614]. Then, ALIX binds to the ESCRT-III subunit, CHMP4B to initiate ESCRT-III polymerization from the midbody to the site of abscission (the localization where the final membrane cut occurs) [643,[647][648][649]. In our study, we aimed to explore if CARM1 could be involved in this process of cytokinetic abscission. Recent evidence indicated that CARM1 (as well as a few other PRMTs, PRMT1, PRMT3, PRMT5) might be present in this midbody structure, from proteomic studies done on midbody remnants [642][643][644]. When we stained HeLa cells for CARM1, although we observed intense staining at the midbody, we have not been successful so far to demonstrate that this staining was specific to CARM1. Regardless of its presence at the midbody, we chose to explore if CARM1 regulated cytokinesis and observed cytokinetic defects when CARM1 was silenced. In CARM1 depleted HeLa cells there was an increase in binucleated cells (a common readout of a cytokinetic defect) as compared to control cells. This indicated that CARM1 might be required for the proper completion of cytokinesis (Figure 91A). As previously discussed, ALIX was required for recruiting CHMP4B to initiate ESCRT-III polymerization, a crucial step to ensure abscission completion [643]. Here, we demonstrated that CARM1 might also be involved in this process, because we observed a phenotype like ALIX depletion, i.e., an increase in the proportion of intercellular bridges (ICB) with CHMP4B at the midbody and a decrease in the proportion of ICB with CHMP4B at the midbody and abscission site when CARM1 was depleted. The implication was that CARM1 could be required for the correct localization of the ESCRT-III proteins at the abscission site Figure 91B). As CARM1 depletion caused binucleated cells and hindered the localization of CHMP4B to the abscission site, it implied that CARM1, like ALIX, might be causing a delay in abscission, rather than a failure to cut. To confirm this hypothesis, we could perform live-imaging of HeLa cells depleted or not for CARM1 and calculate the time taken for cells to complete abscission (known as abscission timing). Altogether, we show evidence that implicates CARM1 in the process of cytokinetic abscission (a previously unknown role for CARM1), but further research is indeed needed to support this and to gain a comprehensive understanding of how CARM1 is regulating cytokinetic abscission. When ALIX is depleted, CHMP4B remains at the midbody site and cannot be transported to the abscission site, causing a delay in abscission (bottom panel) [643]. We observe a similar phenotype (bottom panel) upon CARM1 depletion (CHMP4B at midbody), but we do not know yet if this induces a delay in abscission.

Conclusion and future perspectives

In this study, we have explored two different aspects of CARM1, a clinically relevant function (as a potential therapeutic target for TNBC) and a fundamental cellular function (in cytokinetic abscission). Though both aspects have been individually explored in different cellular models (TNBC cells for the first and HeLa cells for the latter), we can speculate that both processes are linked. From our results, we can hypothesize that at early time points following CARM1 depletion, it causes defects in cytokinesis. Subsequently, maybe the accumulation of these cytokinetic defects become lethal to the cells causing them to undergo apoptosis-mediated death.

Further, there is evidence from the literature to support the notion that one of the causes of tumor progression is through the accumulation of cytokinetic defects [701]. For example, failure of cytokinesis leads to binucleated/multinucleated cells which can subsequently lead to aneuploidy (i.e., containing multiple copies of the chromosome). As aneuploidy is a trait observed in many cancer types [701], this can be thought to arise through cytokinetic failures. In contrast, excessive defects in cytokinesis may not be beneficial/sustainable for the tumor cells. Therefore, there could be a threshold level up to which tumor cells can tolerate (maybe even benefit from) cytokinetic failures. However, if this threshold is crossed, the accumulated 203 cytokinetic defects might become unsustainable for the tumor cells, and they undergo cell death. We may hypothesize that CARM1 is involved at this threshold (Figure 92). Altogether, we have two main conclusions from our study:

(i) CARM1 is more expressed in breast cancer compared to normal tissue and its depletion impairs TNBC cell proliferation and induces apoptosis. Conversely, CARM1 inhibition exhibits no effect on TNBC cell proliferation. Therefore, CARM1 depletion may represent a potential therapeutic target but warrants the identification of the underlying reason for resistance to CARM1 inhibition in breast cancer cells.

(ii) CARM1 interactome revealed ALIX as the major partner of CARM1 and is a novel substrate. We have discovered a new function for CARM1 in the process of cytokinesis. This implies that cytokinesis may be regulated through post-translational modifications like arginine methylation. Indeed, the results obtained and presented here require additional efforts and research for gaining a complete understanding of the molecular mechanisms at play.

(i) Is CARM1 important for the cell survival of all breast cancer cells?

In our study, we depleted a subset of TNBC cells for CARM1 and observed a decrease in cell proliferation. However, TNBC and BC are highly heterogeneous. Therefore, we would need to verify if CARM1 depletion decreases cell proliferation in a large panel of BC cells to understand the importance of CARM1 on cell survival.

(ii) What are the cell types in the stroma that express CARM1? Does CARM1 in the stroma influence tumor progression?

We observed staining of CARM1 in the stroma during our IHC analysis and observed a higher tendency in the Her2+ BC subtype (p>0.05). We would have to explore a larger cohort of Her2+ tumors to validate that CARM1 staining is indeed higher at the stroma in these tumors as compared to the others. Further, we are currently investigating with a team of Pathologists at Institut Curie to identify the cell types in the stroma that express CARM1. As a next step, we could explore how CARM1 present in the stroma might be regulating the surrounding tumor cells (in Her2+ subtype or all breast cancer).

(iii) Are there underlying mechanisms contributing to CARM1 inhibition resistance in BC cells?

We have shown that few TNBC cells are resistant to CARM1 inhibition. Previously, other BC cell lines (2 luminal, 1 Her2+, and 1 TNBC) [344] are also resistant to CARM1 inhibition, indicating BC cells, in general, might be resistant to CARM1 inhibition. Almost most of the cancer cell lines (particularly solid cancer) tested so far are resistant to CARM1 inhibition [343,344]. Hence, it would be interesting to know the underlying cause that contributes to the resistance to CARM1 inhibition. Further, we could also test if CARM1 might function as a biomarker of drug response in these tumors as shown previously in ovarian cancer cells [549].

(iv) Can CARM1 inhibition potentiate cell death when combined with other inhibitors/chemotherapies (used in the clinic)? CARM1 inhibition on its own has been efficient only in a subset of myeloma cell lines, but maybe co-inhibition with other inhibitors like PRMT5 inhibition or chemotherapies used in the clinic to treat BC patients might prove synergistic. For example, PRMT5 inhibition synergizes with type I PRMT inhibition in leukemia cells [326] and PRMT5 inhibition has proven to decrease cell proliferation in a subset of BC cells [301]. Hence, we can speculate that combining CARM1 and PRMT5 inhibition may be synergistic.

Moreover, high CARM1 expressing ovarian cancer cells are sensitive to PARP inhibition when combined with an EZH2 inhibitor [549]. This study also showed that ectopic expression of CARM1 homologous recombination activity [549]. Therefore, it would be interesting to check if CARM1 inhibitors can synergize with PARP inhibitors in HR-proficient breast cancer cells.

(v) Does ALIX influence the methyltransferase activity of CARM1?

We observed a strong interaction between CARM1 and ALIX in our study leading to the speculation that ALIX may function as an adaptor to mediate (similar to MEP50) the interaction between CARM1 and its substrate. We could explore if ALIX enhances/inhibits the methyltransferase activity of CARM1.

(vi) What are the other cellular functions of the CARM1/ALIX complex besides cytokinesis?

In our study, we only explored the role of the CARM1/ALIX complex in cytokinesis. We performed some preliminary experiments to study if this complex could be involved in the other known functions of ALIX such as multivesicular body biogenesis or budding of retroviruses (see CHAPTER 3: ADDITIONAL RESULTS AND DISCUSSIONS). This can be pursued further to fully understand the cellular role of the CARM1/ALIX complex.

(vii) What is the role of CARM1 in cytokinesis?

We have evidence now to suggest that CARM1 regulates cytokinetic abscission, but we still do not know the molecular mechanisms that are involved. Does CARM1 depletion delay abscission? Is the enzymatic activity of CARM1 required for its function in cytokinesis? These are some outstanding questions that need to be addressed (pursued by Solène Huard).

(viii) Does ALIX methylation impact its partner interactions? Does the methylation impact the conformation of ALIX?

The two arginine residues methylated by CARM1 (Arg745 and Arg757) are located within the proline-rich domain of ALIX where several important proteinprotein interactions occur. We need to understand if the methylation on these residues impacts the interactions with these partners, such as CD2AP, CIN85, etc. Moreover, ALIX has been shown to exist in two conformations, an open and closed form which is mediated by post-translational modifications (see page 114). Does CARM1-mediated methylation of ALIX regulate this switch in conformation? This could be answered by crystalizing ALIX mutants (mutating Arg745 and/or Arg757 to Lys, to abolish methylation or Phe to mimic mutation).

(ix) Can ALIX methylation be compensated for by other PRMTs (in CARM1 KO condition)?

As there is evidence from the literature to suggest that ALIX could be methylated by other PRMTs, such PRMT5 or PRMT7, this aspect can be explored to understand if these methylation events only occur in the absence of CARM1 (as a compensatory mechanism) or if ALIX is a shared substrate between these PRMTs as is the case for few other proteins (e.g., histone H4 [156][157][158]).

(x) What is the role of ALIX in BC? Does ALIX methylation correlate with BC progression?

The function of ALIX in the context of cancer in general, or breast cancer, has not been studied thus far. Preliminary analysis from our cohort of tumors (Curie) suggests that like CARM1, ALIX is overexpressed in all BC as compared to the healthy breast samples at the mRNA level (data not shown). This can be explored further to understand the clinical relevance of ALIX and the CARM1/ALIX complex. For example, a previous report has shown that CARM1-mediated methylation of MED12 could be used to predict the sensitivity of breast cancer cells to chemotherapy [702]. We could thus analyze the methylation status of ALIX in tumors by performing IHC using antibodies that recognize mono-and dimethylated ALIX to see if this can be used as a biomarker. We attempted to generate antibodies that recognized mono-and dimethylated ALIX (on Arg 745 and Arg757) with Covalab, but only the monomethylated antibodies were successfully generated (not the dimethylated). These antibodies will have to be first validated for their specificity towards methylated ALIX and then for IHC technique, before we can answer the above question.

CHAPTER 3: ADDITIONAL RESULTS AND DISCUSSIONS

In this chapter, I will discuss additional results obtained during this thesis that were not included in the two manuscripts described in chapter 2. This was because certain results were inconclusive, and more experiments were needed to answer the biological question or in other cases the topics were digressing away from the principal objective of the thesis. Nevertheless, the preliminary results described here are interesting and could be pursued further.

The function of CARM1 isoforms in breast cancer

Human CARM1 pre-mRNA is known to be alternatively spliced resulting in two isoforms -CARM1-FL and CARM1-ΔE15. Most studies exploring CARM1 function in breast cancer, including the major part of this thesis, do not differentiate between the two isoforms [437]. However, the existence of these isoforms implies a functional need in the cells. The following work was done in collaboration with the team of Dr. Ivan Bieche, Genetics department, Diagnostic and Theranostic Medicine division at the Institut curie.

Are both CARM1 isoforms expressed in BC?

The first question we asked was if both the CARM1 isoforms were well expressed in BC and if yes, which isoform was more expressed. Since there were no commercially available antibodies that recognized the isoforms individually, we chose to analyze the distribution of the CARM1 isoforms at the mRNA level. We analyzed a large panel of BC cell lines consisting of 11 luminal, 4 Her2+, 17 TNBC and 7 non-tumorigenic breast cell lines using primers designed to recognize CARM1-FL, CARM1-ΔE15 or both isoforms by qPCR (see Table 14). The first observation was that both isoforms were well expressed in BC cell lines and non-tumorigenic cells (Figure 93, middle and right panels). Further, we observed that CARM1-FL was more expressed in the BC cell lines vs nontumorigenic cells (Figure 93, middle panel) while there was no difference for CARM1-ΔE15 expression (Figure 93, right panel). The total CARM1 expression did not vary between the BC cell lines and the non-tumorigenic cell lines (Figure 93, right panel). All the expression values (total CARM1, CARM1-FL and CARM1-ΔE15) were first normalized to the house-keeping gene expression (TATA-binding protein, TBP) and subsequently normalized to a threshold CT value (i.e., CT 35 ; Figure 93). Using these normalized values, we could observe that CARM1-ΔE15 (values ranging from 100-1200 units) was more expressed in both the BC cell lines and non-tumorigenic cell lines when compared with CARM1-FL (values ranging from 20-200 units) in these cell lines (Figure 93, middle and right panels). Further, as this pattern is reflected in the total CARM1 expression (Figure 93, left panels), these results suggested that CARM1-ΔE15 is the major CARM1 variant in BC and non-tumorigenic cell lines. ΔE15 [454]. Our results support their data and show that CARM1-ΔE15 was indeed the major variant in a larger panel of BC cell lines but also in non-tumorigenic breast cell lines.

To extend our question to tumors, we analyzed a large panel of breast tumors in an in-house cohort called "Saint Cloud", consisting of 514 samples (98 TNBC,69 HER2+,292 Luminal A, 55 Luminal B, and 16 normal breast tissues). Similar to the cell lines, both CARM1 isoforms were well expressed in the normal breast tissue and BC tumors (Figure 94). Upon individual isoform comparison in BC tumors vs normal tissue, we observed that CARM1-FL (Figure 94, left panel) and CARM1-ΔE15 (Figure 94, middle panel) were more expressed, perhaps mirroring total CARM1 expression (as we have shown before in two BC cohorts, see Figure 74). For these tumor samples, CARM1-FL and CARM1-ΔE15 expression were normalized to the TBP housekeeping gene expression. When we compare this normalized expression between CARM1-FL and CARM1-ΔE15, we observe that CARM1-ΔE15 (values ranging approximately from 1-50 units) was more expressed than CARM1-FL (values ranging from 0.1-7 units; Figure 94). This is similar to what we observed for the BC and non-tumorigenic cell lines indicating that CARM1-ΔE15 was the major variant in breast tumors, as well. Shlensky et al. previously explored the abundance of CARM1 isoforms in 12 breast tumors but reported that neither CARM1-FL nor CARM1-ΔE15 was more expressed than benign fibroadenomas [456]. In contrast, we indeed observe that both CARM1 isoforms were more expressed in BC than normal breast tissue and that CARM1-ΔE15 is the major isoform. This difference could be due to the variation in sample sizes between both studies (12 in [456] vs 514 in ours). Next, when we stratified our BC samples according to their subtypes, the median expression of CARM1-FL was significantly different between all four subtypes (Kruskal Wallis test, p=0.0024; Figure 95, left panel). Further, the Her2+ subtype has a significantly higher CARM1-FL expression when compared to luminal A (Kruskal Wallis test, p<0.01; Figure 95, left panel) but did not statistically differ from the other subtypes (p>0.05). Median CARM1-ΔE15 expression also significantly differed between all four subgroups (p<0.0001; Figure 95, right panel) and luminal A expressed less CARM1-ΔE15 as compared to all the other subtypes (Figure 95, right panel). Shlensky et al. reported that the CARM1 isoform expression level was not different when the samples were stratified according to hormone receptor status [456]. However, in our study, we observed a significant difference for both CARM1-FL and CARM1-ΔE15 expression among the BC subtypes. These differences could probably be attributed to the skewness of their samples (6 luminal -HR+/HER2-; 6 TNBC -HR-/HER2-; no HER2+ tumors) [456]. CARM1-ΔE15 has previously been proposed by Shlensky et al. to be the oncogenic variant in all BC due to the following observations. They showed it to be the major isoform expressed in BC cell lines [454]. Further, knocking out CARM1 in the MCF7 BC cell line (that expresses around 85% of CARM1-ΔE15) decreased cell proliferation while overexpressing CARM1-FL in MDA-MB-231 cells (also expressing around 85% of CARM1-ΔE15) also decreased cell proliferation [456]. Together, they proposed that CARM1-ΔE15 might be the oncogenic variant while CARM1-FL plays a protective role.

Similar to Wang et al. [454], we showed here that CARM1-ΔE15 was the major variant in BC cell lines (but also in non-tumorigenic cell lines). In addition, we show that both CARM1 isoforms are well-expressed in BC and normal breast tissue with CARM1-ΔE15 being the major variant in all breast tumors. Furthermore, we also show that CARM1-FL and CARM1-ΔE15 are more expressed in the Her2+ subtype as compared to the other BC subtypes. Together, our data suggest that CARM1-ΔE15 might be the oncogenic variant in breast tumors at least at the RNA level, aligning with the hypothesis of [456]. However, we would need to explore if CARM1-ΔE15 expression correlates with clinical parameters (such as tumor grade, tumor size, metastasis, etc.) in our sample set to support the idea that this isoform has oncogenic potential. Interestingly, the abundance of CARM1 isoforms has been studied in hematopoietic cancer cell lines (in one study) where they observed that the isoform expression varied greatly depending on the cell line analyzed, but CARM1-ΔE15 appeared to be the major variant in many cell lines [455]. They also reported that the isoform abundance did not predict the sensitivity of the hematopoietic cells to CARM1 inhibition.

Altogether, this indicates that at least at the RNA level, CARM1-ΔE15 is more expressed than CARM1-FL, suggesting that CARM1-ΔE15 could be the canonical form and not CARM1-FL. Further research will be needed to understand why both isoforms are required in the cell and how they contribute to tumor progression.

Is CARM1 involved in other functions regulated by ALIX, apart from cytokinesis?

We identified the protein ALIX as a novel partner and substrate of CARM1 and focused on one cellular function of this complex, i.e., cytokinesis. Given the strength of their interaction and that this occurred in the cytosol, it is highly probable that the CARM1/ALIX complex could be involved in the other known roles of ALIX. Apart from regulating cytokinesis and abscission, ALIX also plays a role in the biogenesis of exosomes and the budding of HIV viral particles.

Does CARM1 play a role in the biogenesis of exosomes?

To characterize if the CARM1/ALIX complex could be involved in the biogenesis of exosomes, we first asked if CARM1 localized to the exosome fraction. We collaborated with Dr. Clotilde Thèry (head of the extracellular vesicles, immune responses, and cancer Team at Institut Curie), an expert in the biology of exosomes.

The first step was to validate the isolation of exosomes and other extracellular vesicles (EVs). We successfully isolated the different types of EVs and exosomes from HEK293T (Figure 96A) and BT-549 (a TNBC cell line) (Figure 96B). However, we failed to observe CARM1 in any of the isolated EV/exosome fractions from both these cell lines (Figure 96A,B). A possible reason could be that there was an insufficient quantity of proteins within these fractions to detect a protein like CARM1 which may not be enriched in exosomes. This is supported by the observation that ALIX was faintly detected in the exosome fraction in the BT-549 cells (Figure 96B), as compared to the total cell lysate. On the other hand, CARM1 is expressed at low quantities in the HEK293T cells (data not shown), and therefore could be the reason why we do not observe CARM1 in the exosome fraction (Figure 96A). However, we had reason to believe that CARM1 is present in EVs since there is some evidence from different proteomic studies of extracellular vesicles (EV). Three peptides of CARM1 protein have been identified in a pull-down using antibodies against the tetraspanin proteins (known markers of exosomes), i.e., anti-CD9 and in the flow-through fraction using anti-CD63 antibodies [703]. Further, CARM1 was found in a secreted EV upon HIV infection of Jurkat cells [704]. Other evidence from the literature to support the localization of CARM1 to exosomes include [643,644].

Then, we asked if CARM1 might be required for the localization of ALIX to the exosome. For this purpose, we depleted CARM1 using siRNA in the BT-549 cells, verified the efficiency of the depletion (Figure 96C) and isolated the EVs/exosomes. We observed a decrease of ALIX in the 100K fraction upon CARM1 depletion compared to the control-treated cells (Figure 96D), maybe suggesting that CARM1 was required for ALIX localization to the exosome, but this result needs to be confirmed. We also observed a decrease in CD9 protein expression in the total cell lysate fraction (no change in exosome fraction) when CARM1 was depleted (Figure 96D), but no difference in the expression of the other exosome markers (Figure 96D). This suggests that maybe CARM1 was regulating CD9 expression but not its localization to the exosomes.

Altogether, though we were unable to demonstrate that CARM1 localized to the exosomes or EVs, there is evidence in the literature to suggest otherwise. It is possible that the cell lines we used here had low CARM1 expression (at least for HEK293T cells) and hence could not be detected using the CARM1 antibodies available. For the BT-549 cells, we know they express CARM1, but perhaps the quantity of EVs isolated from this cell line was not sufficient to detect CARM1 in this fraction. Otherwise, we can speculate that western blotting was not the most sensitive technique to assess CARM1 expression in the EVs, especially since it is not a protein that appears to be abundant in this fraction from previous proteomic studies of EVs [643,644,703,704]. Therefore, we cannot rule out the possibility that the CARM1/ALIX complex co-localizes into the extracellular vesicles but further research is required to adequately confirm this. bona fide EV markers (Syntenin-1, CD9, Alix, and CD63) and CARM1. The 2K pellet corresponds to EVs greater than 150nm in diameter and the 10K and 100K pellets correspond to exosomes [703]. Arrowhead indicates the band corresponding to CD9. (B) EVs were isolated from the TNBC cell line, BT-549 and the 2K, 10K, and 100K pellets were immunoblotted for the EV markers and CARM1 side-by-side with the total cell lysates (CL) that produced these EVs. Arrowhead indicates the band corresponding to CARM1. (C, D) BT-549 cells were transfected with siRNA control (CTRL), against CARM1 (CARM1_5) or ALIX for 48h and the depletion was verified by fluorescent western-blotting using anti-CARM1 (shown in red) and anti-ALIX antibodies (in green) and fluorescent secondary antibodies (Starbright blue 520: green, Starbright blue 700: red) (C). (D) EVs isolated from the supernatant of the BT-549 cells depleted for CARM1 or ALIX were immunoblotted using the markers for EVs with the 2K, 10K, 100K pellets and corresponding CL fraction. Actin was used as a loading control for the CL fraction.

Is CARM1 necessary for the budding of HIV from the cells?

The second function of ALIX we investigated was in the budding of the HIV virus. ALIX, along with an ESCRT-I component TGS101, are essential for aiding in the release of the HIV viral particles (see page 120). For this, we collaborated with experts in HIV biology, the team of Dr. Greg Towers (Division of Infection and Immunity, University College London), and they provided all the necessary tools (see page 247) and guidance to answer our biological question. The first step was to validate the technique to observe HIV viral-like particle (VLP) release. To do this, we transfected HEK293T cells with plasmids containing HIV-gag pol, ALIX (176-869), and an enzyme dead mutant of the ATPase complex, VPS4 E233Q alone or together and analyzed the release of VLP by western blotting using an antibody that recognizes the HIV gag proteins (CA183). As expected, co-transfection of HIV-gag pol and ALIX exhibited a release of the VLP while the mutant VPS4 E233Q inhibited the viral release since the ATPase activity of VPS4 is required for the membrane scission process (Figure 97A).

Next, we asked if CARM1 could impact the release of these VLPs. For this, we cotransfected the HEK293T cells with HIV-gag pol and either CARM1-FL or enzyme dead CARM1-FL E266Q . We observed that both CARM1-FL and its enzyme-dead mutant aided in the release of the VLP (Figure 97B), similar to ALIX (Figure 97A). As we previously showed that ALIX could bind to both the CARM1 isoforms (CARM1-FL and CARM1-ΔE15), we tested if we could observe any differences in HIV release between the two isoforms. Interestingly, we found that, unlike CARM1-FL, CARM1-ΔE15 appeared to prevent HIV VLP release, particularly with the enzyme dead mutant CARM1-ΔE15 E266Q (Figure 97B) along with a decrease in the HIV-gag proteins inside the cell (Figure 97B, cell lysates). This suggested that the methyltransferase activity of CARM1-ΔE15 might be required in promoting HIV VLP release. The decrease in the HIV gag proteins produced inside the cells suggests that maybe CARM1 enzymatic activity might be needed for the assembly/oligomerization of these proteins within the cell, which is the first step prior to being released. and4) or co-transfected with HIV-gag and VPS4 E223Q or ALIX (lanes 5 and 6) in a 1:1 ratio. The viral-like particles (VLP) were isolated from the supernatant by ultracentrifugation at 100,000g and the VLPs with their corresponding cell lysates were immunoblotted for the HIV gag protein using an anti-CA183 antibody. (B) HEK293T cells were co-transfected with HIV-gag and empty vector (lane 1), CARM1-FL (lane 2), enzyme dead CARM1-FL (CARM1-FL E266Q , lane 3), CARM1-ΔE15 (lane 4), enzyme dead CARM1-ΔE15 (CARM1-ΔE15 E266Q ) or enzyme dead VPS4 (VPS4 E223Q , lane 6) for 48h in a 1:1 ratio. VLP and cell lysates were immunoblotted using an anti-CA183 antibody, arrowhead indicates the band corresponding to p24 capsid protein. The other bands observed in (B) could represent other gag proteins such as p55 Gag [705]. NT: non-transfected.

We have chosen not to follow up further with this study since we decided at that time to focus on a cancer-related function (cytokinesis). Nevertheless, these preliminary results are encouraging, especially since the two CARM1 isoforms seem to have opposing roles in the release of VLP. So far, no studies have explored the function of PRMTs on the release of the HIV virus from infected cells. Rather, there is evidence to show that certain PRMTs are involved in the replicative cycle of HIV-1. For example, PRMT1 and PRMT5 decrease the translation of the HIV-1 Tat protein [217] while PRMT6-mediated methylation of Tat inhibits its transactivation [221]. PRMT6 is known to act as a restriction factor in HIV-1 infection by methylating HIV-1 proteins (Rev, nucleocapsid protein p7) [223][224][225][226][227]. A recent study has shown that PRMT5 and PRMT7 could promote HIV-1 replication by stabilizing its Vpr protein [220]. The known role of CARM1 in HIV is that it decreases the transcription of the long-terminal repeat of HIV-1 by methylating histone H3 on R26 [219]. Therefore, it could be interesting to explore the direct function of CARM1 in HIV-1 release. In particular, how CARM1 is aiding/impairing the release of viral particles depending on the isoform in question and if this process is mediated in an ALIX-dependent function or not. This could potentially open a new area of research for CARM1.

MATERIALS AND

METHODS

CHAPTER 4 CHAPTER 4: MATERIALS AND METHODS

Cell lines and Cell culture

MDA-MB-468, BT-549, HCC-1187, and HEK293T cells were purchased from the American Type Culture Collection (ATCC). Murine cell lines L-cells, and L-Wnt3a cells were obtained from Servier, France. HeLa-ATCC Clone 2 and HeLa-Kyoto were a kind gift from Dr. Arnaud ECHARD, Institut Pasteur. Mouse embryonic fibroblast (MEF) cell lines WT and knockout (KO) for CARM1 were a kind gift from Dr. Jocelyn COTE, Ottawa, Canada. Ovarian cancer cell lines A1847 (WT and KO for CARM1) were a kind gift from Dr. Rugang Zhang, Wistar University, USA. MDA-MB-468, A1847-WT and KO cells were maintained in RPMI-1640 glutamax (Gibco, Lifetechnologies) supplemented with 10% fetal bovine serum (FBS) and 1% pen/strep (Gibco, Lifetechnologies). BT-549 and HCC-1187 were maintained in RPMI-1640 glutamax supplemented with 10% FBS, 1% pen/strep, 1.5 g/L Sodium bicarbonate, 10 mM Hepes, 1 mM Sodium pyruvate. HEK293T, HeLa-ATCC clone2, HeLa-Kyoto, L, and L-wnt3a, MEF-WT and KO cells were maintained in DMEM glutamax (Gibco, Lifetechnologies) supplemented with 10% FBS and 1% penicillin/streptomycin. All cell lines were authenticated in 2018 [301] by short tandem repeats and tested for mycoplasma using MycoAlert Mycoplasma Detection Kit (Lonza Biosciences).

Human samples and immunohistochemistry

Transcriptome microarray analysis for PRMT1 and PRMT4 were performed in the Curie cohort previously described [663] or in the publicly available TCGA breast invasive carcinoma (TCGA-BRCA) cohort [15]. The curie cohort was composed of 41 TNBC, 30 Her2+/ER-, 29 luminal A, 30 luminal B (chosen as Her2+), and 11 normal human samples. The TCGA-BRCA cohort was composed of TNBC (n = 157), Her2+ (n = 41), luminal B (n = 153, Her2+); luminal A (n = 663). The TCGA database includes 113 referenced normal breast tissue samples. Immunohistochemistry (IHC) was performed as previously described [301,663]. Briefly, tissue microarrays (TMA) containing alcohol, formalin, and acetic acid (AFA)-fixed paraffin-embedded tissues were prepared and stained for either PRMT1 or PRMT4 using specific antibodies (see Table 5).

The Curie cohort (described above) was used for the IHC of PRMT1.

For the PRMT4 IHC, the PIC-BIM cohort [689,706,707] comprising 360 invasive ductal carcinoma samples (74 TNBC, 125 luminal A, 104 luminal B, 57 Her2+) were obtained from patients who underwent initial surgery (before radiation, hormone, or chemotherapy) at the Institute curie between 2005 and 2006.

Analysis of all the above-mentioned human samples were performed in accordance with French Bioethics Law 2011-814, the French National Institute of Cancer Ethics Charter, and after approval by the Institut Curie Review Board and Ethics committee.

Plasmid constructs

pcDNA3.1(+) plasmid was obtained from Lifetechnologies (V79020). pcDNA3.1(+)-FLAG-hCARM1-FL and pcDNA3.1(+)-FLAG-hCARM1-FL-E266Q encoding for the coding sequence (CDS) of full-length CARM1, and its corresponding enzyme dead mutant (E266Q) were synthesized by GENEWIZ. pcDNA3.1(+)-FLAG-hCARM1-ΔE15 and pcDNA3.1(+)-FLAG-hCARM1-ΔE15-E266Q were generated by site-directed mutagenesis (Quickchange II XL kit, Agilent) (Table 6). pmcherry-ALIX-FL, pmcherry-ALIX-Bro, and pmcherry-ALIX-V-PRD were a kind gift from Dr. Arnaud ECHARD, Institut Pasteur. pmcherry-ALIX-V was generated by introducing a stop codon after the V domain in the pmcherry-ALIX-V-PRD plasmid (Quickchange II XL kit, Agilent) (Table 6). pmcherry-ALIX-PRD was generated by PCR amplifying (Table 6) the PRD domain from the pmcherry-ALIX-V-PRD plasmid and cloned into a pmcherry-C1 vector using EcoRI and BamHI restriction enzymes.

Small-interfering RNA (siRNA) transfection

Cells were seeded (Table 4) 24h (Day -1) prior to transfection in complete media to have 30-50% confluency for transfection. On Day 0, the seeding media was aspirated and replaced with fresh media. A 3X mix compared to the final concentration (20nM final for siRNAs and 1/500 for the transfectant interferin (PolyPlus)) is prepared in optiMEM (LifeTechnologies). One volume of transfectant mix is added to 1 volume of the siRNA mix and incubated for 10 min at room temperature (RT). Three volumes of optiMEM is added to the transfection mix, and the transfection mix is added slowly and homogeneously (dropwise) to the cells and cultured for the required timepoint.

For certain immunofluorescence experiments in the HeLa cells (ATCC and Kyoto), double shot of siRNA was used to sufficiently knockdown CARM1 protein level to observe cytokinetic defects such as binucleated cells and failure of CHMP4B to localize to the abscission site. Briefly, cells were seeded (Table 4) and transfected in complete media with 20nM of siRNA using Lipofectamine RNAimax reagent (LifeTechnologies). 24h after the first transfection, a second transfection was done using 20nM siRNA and cells were cultured for a total of 48h (starting from the first transfection) and 40nM final siRNA concentration.

Plasmid transfection

Cells were seeded (Table 4) 24h prior to transfection in media with antibiotics to have 80% confluency. On the day of transfection, seeding media is aspirated and fresh media is added. Typically, 2µg of DNA is used for a 6-well plate. 2µg of DNA is added to optiMEM and Xtremegene-HP (Sigma) is added at a 4:1 ratio (i.e., 4µl for 1µg of DNA) and incubated at RT for 20 min. The transfection mix is added slowly to the cells and media is changed 4-5 hours after transfection.

Wnt3a conditioned medium preparation

The murine fibroblast cell lines L-cells and L-Wnt3a cells were cultured to produce Wnt3a conditioned media. Once the cells reached ~ 80% confluency, they were split into 150cm 2 flasks and grown for 4 days (till confluency). The media was removed and filtered with a 0.22µm sterile filter (Sartorius) (called batch 1). 25ml fresh media (25 ml) was added and the cells were cultured for another 3 days. This media was removed and filtered using a 0.22µm sterile filter (called batch 2) and the cells were discarded. The media from batch 1 and batch 2 were mixed in a 1:1 proportion and the Wnt3a concentration in the conditioned media was measured by western blot using a standard curve of commercially available human recombinant Wnt3a (R&D systems). The conditioned media from both cell lines were appropriately aliquoted and stored at -80°C until further use.

Wnt target gene expression assay

Cells are seeded (Table 4) 24h prior to siRNA transfection and transfected as described above. 24h after siRNA transfection, the cells are washed once with 1X PBS and three times in media without serum and serum-starved overnight. The next day, fresh media without serum is added to the cells and the cells are stimulated using Wnt3a conditioned media (and the control media) at 100ng/mL for 6h. RNA is extracted from these samples using the RNeasy Mini Kit (Qiagen) following the manufacturer's protocol. Wnt target gene expression is analyzed by performing an RT-qPCR (see below for details).

Real-time -quantitative PCR assay (RT-qPCR)

RNA samples are diluted to 100ng/µl and 200ng of RNA are typically deposited into either MicroAmp Optical 96-or 384-well reaction plates (Applied Biosystems). Reverse-transcription and RT-qPCR are performed in a one-step reaction using the QuantiTect SYBR Green RT-PCR Kit (Qiagen). The reaction mix is set up using 2X QuantiTect SYBR Green RT-PCR Master Mix, 1X Quantitect Primer assay (Qiagen) or 0.2µM primers (forward and reverse) (Table 6), 1X QuantiTect RT Mix and RNase-free water to have a final volume of 15µl. The real-time cycler reaction is set up as 50°C, 30 min (for reverse transcription); 95°C, 15 min (initial PCR activation step); 94°C -15sec, 60°C -30sec, 72°C -30sec for 40 cycles. The acquisition is done using QuantStudio™ 12K Flex Real-Time PCR System (Applied Biosystems).

β-catenin-activated luciferase (BAR) assay

Cells were seeded (Table 4) 24h prior to siRNA transfection to have 50% confluency and transfected as described above (Small-interfering RNA (siRNA) transfection). After 5-6 hours of siRNA transfection, the media is replaced with antibiotic-free media and incubated overnight. Cells were transfected with the SuperTOPflash (7X Wnt response element containing plasmid) and pRL-TK-Renilla plasmids (obtained from Servier, France) at a 10:1 ratio (2μg of DNA in total in a 6-well plate) as described above (see plasmid transfection). The cells were washed once with 1X PBS and three times with serum-free media 4-5h after DNA transfection and incubated overnight in serum-free media. The next morning, the cells were replaced with warm serum-free media and were stimulated with 100ng/mL of Wnt3a conditioned media or the control media (Wnt3a conditioned medium preparation) for 6h. The cells were washed once with 1X PBS and lysed using the 1X lysis buffer from the Dual-luciferase assay kit (Promega), passively. Passive lysis refers to adding the lysis buffer to the cells and placing the cell culture plates on a shaker for 20min, after which the lysates were collected into microcentrifuge tubes. The luminescence signal for SuperTOPflash and renilla luciferase was measured on the Infinite M200 spectrophotometer (Tecan) following the manufacturer's protocol. The ratio of the signal from firefly to renilla luciferase gives the normalized luciferase activity, representing β-catenin dependent Wnt activity.

Immunoprecipitation

The cells were washed with 1X ice-cold PBS and collected into microcentrifuge tubes by adding 1X cold complete lysis buffer (Table 11) and detaching the cells using a cell scraper. Cells were lysed under rotation (40 rpm) in the cold room for 30 minutes. The cells were centrifuged at 4°C for 15 minutes at 13200 rpm to remove the cell debris and the supernatant was transferred into new tubes. The protein amount was quantified using the Pierce BCA assay kit (ThermoFisher). A final concentration of 1mg/ml of protein is prepared by dilution with lysis buffer for each immunoprecipitation condition. A small amount of the protein sample (input) is taken from the diluted tube and kept aside until further use. Antibodies of interest (2µg) are added in each tube and the same quantity of the isotype antibody (i.e., rabbit IgG or mouse IgG) is added in an additional tube and incubated overnight in a cold room under 40rpm rotation. Pre-washed (using incomplete lysis buffer, Table 11) Pierce Protein G agarose beads (40µl) (Life technologies) are added per condition and incubated for 1 hour in the cold room at 40rpm rotation. The samples are centrifuged for 1 minute at 13200 rpm, 4°C to pull down the beads and to remove the supernatant completely. The beads were washed three times and the proteins were eluted by adding boiling 1X laemmli buffer (Table 10) to the beads and denatured for 10 min at 100°C. The samples were centrifuged at 13200 rpm for 1 min and the supernatant was transferred into a new tube. 1% bromophenol blue was added to the samples prior to loading on an SDS-PAGE gel.

Western blotting

Following the desired treatment, cells were washed with 1X PBS and then lysed in boiling 1X laemmli buffer (without bromophenol blue, Table 10) and scraped using a cell scrapper, boiled for 10min at RT and centrifuged for 10min at 13200 rpm. Proteins were quantified using the Pierce BCA assay kit (ThermoFisher). Bromophenol blue (1%) is added prior to loading on an SDS-PAGE gel. Typically, unless specified otherwise, Mini-PROTEAN TGX (4-15%) precast gels (Bio-Rad) are used for all western blotting experiments in this thesis. Protein samples along with molecular weight marker (Bio-Rad) are loaded on the TGX gels and migrated for 1h-1h30 at 120-150V. The gels are transferred onto Trans-Blot Turbo Mini 0.2 µm nitrocellulose membranes (Bio-Rad) using a Trans-Blot Turbo Transfer System (BioRad). The membranes were blocked using 5% bovine serum albumin (BSA) (Sigma) in 1X Tris-Buffered Saline (Interchim) containing 0.1% Tween-20 (TBST) (Amresco) for 1h. Then, the membrane is incubated with the appropriate primary antibody (Table 5) diluted in 5% BSA + TBST overnight at 4°C on a rocker. After 3 washes using 1X TBST, the membranes are incubated with the secondary antibody coupled to HRP diluted in 5% BSA + TBST for 1h at RT. They are washed 3 times using 1X TBST and then revealed using the SuperSignal West Pico PLUS Chemiluminescent Substrate (ThermoFisher) and imaged using either the LAS-3000 imager (FujiFilm) or the ChemiDoc MP system (BioRad).

Proximity ligation Assay (PLA)

Cells were seeded (Table 4) on glass coverslips in 6-well cell culture plates 24h prior to transfection. Cells were transfected with 20nM siRNA using interferin as previously described. After 48h of transfection, cells were fixed using 4% paraformaldehyde (Electron Microscopy Sciences) for 15min at RT. The cells were washed twice with 1X PBS and then permeabilized using 0.5% Triton X-100 in 1X PBS for 5min at RT and washed twice using 1X PBS. The proximity ligation assay was performed using the Duolink™ In Situ Red Starter Kit Mouse/Rabbit (Sigma, DUO92101) following the manufacturer's protocol. Images were acquired using an Inverted Widefield Deltavision microscope containing a CoolSNAP HQ2 camera and a 40x 1.3 NA objective. Quantifications are performed using ImageJ as previously described [708].

Immunofluorescence

HeLa cells were grown and transfected with siRNA on glass coverslips in a 24-well cell culture plate (Table 4, Small-interfering RNA (siRNA) transfection). After 48h of siRNA treatments, the cells are washed twice with 1X PBS, fixed using either 100% cold methanol at -20°C for 3 min or 4% paraformaldehyde at RT for 15 min or 10% trichloroacetic acid at RT for 15min. After PFA and/or TCA fixation, cells are permeabilized using 0.1% Triton-X-100 in PBS for 5 min at RT. The coverslips are then washed twice using PBS and blocked using 0.2% or 1% BSA in PBS for 30 min at RT. The coverslips are incubated with the primary antibody diluted in PBS with 0.2% or 1% BSA for 1h at RT (see Table 5 for dilutions). They are then washed with PBS + 0.2% or 1% BSA three times, 5 min each and incubated with the secondary antibody diluted as before. The washes are repeated as before, and the coverslips were incubated with 0.1µg/ml Dapi for 5-10min at RT. Final washes are performed using PBS+0.2% or 1%BSA and PBS before mounting the coverslips with Mowiol 4-88 (Sigma-Aldrich) solution. Images are acquired using an Upright Epifluorescence widefield microscope (Zeiss) at 40X (NA=1.3) or 63X (NA =1.4) and a CoolSnap HQ2 camera.

as mentioned above and verified by a dot blot using anti-H3R17me2a and anti-histone H3 antibodies. Short synthetic peptides (~16aa) containing either R745 or R757 of ALIX (Covalab) were used to perform in vitro methylation assays. Non-modified peptides (i.e., the arginine residue was not chemically modified to be mono or dimethylated) were used to perform the in vitro methylation reaction using GST-CARM1 and SAM. 0.1µg of the non-modified peptide (62.5 picomoles) was incubated with 1.17µg of GST-CARM1-FL (12.5 picomoles to have a 5:1 molar ratio of peptide:CARM1) in the presence of 80µM SAM in 1X PBS (final volume of 20µl) for 90 min at 30°C. After the methylation reaction, peptides were purified on stage Tip to remove non-digested CARM1, peptides were eluted, vacuum concentrated to dryness and reconstituted in injection buffer as described above (see page 224). The equivalent of 1 pmol or 2 pmol of peptides (from the methylated reactions) were injected and analyzed in DDA and parallel reaction monitoring (PRM) mode.

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; 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.

In the DDA mode, the top 15 intense ions were isolated and subsequently subjected to further fragmentation via high-energy collision dissociation (HCD) activation and acquired at a resolution of 15 000 with the auto gain control (AGC) target set to 100%. We selected ions with charge states from 2+ to 6+ for screening. Precursor ions were isolated with an isolation width of 1.6 m/z unite, normalized collision energy was set at 30% and the dynamic exclusion at 40s.

In PRM mode, acquisition list (Table 12) was generated from the peptides obtained from the synthetic unmodified, methylated and dimethylated arginine R745 and R757 peptides (Table 9) that contained an oxidated (Ox) methionine (Met), a trioxidated (TriOx) N-terminal cysteine (C) and an amidated C-terminal based on the DDA results.

Data processing of LC-MS/MS

For protein identification from IPs, the data were searched against the Homo sapiens (UP000005640) UniProt database and the Escherichia coli database (LysArginase contamination) using SequestHT Proteome Discoverer (version 2.4). Enzyme specificity was set to LysArginase (N-terminal cleavage of lysine and arginine) and a maximum of two missed cleavage sites were allowed. Oxidized methionine, Met-loss, Met-loss-Acetyl, N-terminal acetylation, methyl, and dimethyl arginine (R) were set as variable modifications.

For protein identification from in vitro methylated peptides, the data were searched against the synthetic peptide sequences using Mascot (version 2.5.1) through Sequest (version 2.4). Enzyme specificity was set to no cleavage. Oxidized methionine, Nterminal acetylation, amidated (C-Term), trioxydation (C), Methyl (R) and Dimethyl (R) were set as variable modifications.

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 [709] (https://github.com/bioinfo-pf-curie/myproms) v3.9.3. The maximum false discovery rate (FDR) calculation was set to 1% at the peptide level (Percolator or QVALITY algorithm) and the spectra were checked manually.

PRM data analysis: raw files were processed using Skyline (version 20.2.0.343) MacCoss Lab Software (https://skyline.ms/project/home/software/Skyline/begin.view) for the generation of the extracted-ion chromatograms and peak integration. To robustly identify peptides in the skyline platform, we impose a mass accuracy of within 5 ppm for fragment ions. The targeted peptides were manually checked to ensure that the transitions for multiple fragment ions exhibit the same elution time in the pre-selected retention time window of the synthetic peptide. The data were then processed so that the distribution of relative intensities of multiple transitions associated with the same precursor ion must be correlated with the theoretical distribution in the MS/MS spectral library entry. The assessment of MS/MS matching was performed by Skyline and Mascot. It is worth noting that the same retention time and dot product (dotp) values [710] of at least 0.9 were found for all PRM transitions (4)(5)(6), thereby providing accurate peptide identification.

CellTiterGlo cell viability assay -for siRNA treatments

The appropriate number of cells (Table 4) are seeded 24h prior to treatment in 96-well white transparent bottom (Greiner Bio-One, 655098) plates. Cells are transfected with 20nM siRNA using Interferin transfectant and incubated for the required time points. At time t (i.e., 48h, 72h, 96, or 120h), half-volume of the CelltiterGlo (Promega) reagent (i.e., if the well contains 150µl, 75µl of reagent) is added and incubated at 37°C for 15min. The luminescence signal is read using a Spark spectrophotometer (Tecan).

CellTiterGlo cell viability assay -for drug/inhibitor treatments

The appropriate number of cells (Table 4) are seeded 48h prior to treatment in 96-well white transparent bottom (Greiner Bio-One, 655098) plates. On the day of the treatment, the inhibitors (150μl/well) to be tested were added in the 6 central wells of column 11 in the 96-well plate. The inhibitor was then serially diluted from column 11 to column 3, (volume by volume) (Figure 98). After four doubling times for each cell line, half-volume of the CelltiterGlo (Promega) reagent (i.e., if the well contains 150µl, 75µl of reagent) is added and incubated at 37°C for 15min. The luminescence signal is measured using a Spark spectrophotometer (Tecan).

2D colony formation assay -for siRNA treatments

Cells were seeded (Table 4) and transfected with 20nM siRNA as previously described (Small-interfering RNA (siRNA) transfection). 24h post-transfection, cells were reseeded into 6-well plates (Table 4). Cells are incubated at 37°C, 5% CO2 for 6 mitotic cycles. Cells are then washed with 1X PBS and fixed using Coomassie solution (0.05% Coomassie® Brilliant Blue R-250 (ICN Biomedicals) dissolved in 50% methanol, 10% acetic acid, 40% H2O) for 15min. The staining solution is thoroughly removed by rinsing the plates using distilled water and the plates were left to dry overnight, before imaging using either the LAS-3000 imager (FujiFilm) or the ChemiDoc MP system (BioRad). The images are analyzed and quantified using ImageJ software (Figure 100).

2D colony formation assay -for drug/inhibitors treatments

The appropriate number of cells were seeded into 6-well plates (Table 4) 24h prior to drug/inhibitor treatment. Cells were treated with the desired drug/inhibitor concentrations for six mitotic cycles. The staining and analysis procedure was done as described above.

Mice, treatment, and tumor growth measurements

Six-week-old female Swiss nude mice were purchased from Charles River and maintained in specific pathogen-free conditions. Their care and housing were per institutional guidelines as put forth by the French Ethical Committee. GSK3368715 (ChemScene LLC) was formulated in 10% DMSO (Sigma-Aldrich) at 80 mg/ml and subsequently diluted in water. GSK3368715 toxicity studies were performed by administration of 100 mg/kg daily, to nude mice. Treatment was not associated with any mortality or bodyweight loss. 12 × 10 6 cells of the TNBC cell line, MDA-MB-468, were injected subcutaneously into three nude mice until tumors reached 700 mm 3 . The tumor fragments obtained from 2 xenografts 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 between 60 and 80 mm 3 and treated with vehicle or GSK3368715 at 80mg/kg once daily orally 5 days/week. During the weekends, the inhibitor was added to the drinking water of mice, full dose during the first 2 WE and then at half a dose (due to insufficient material). Tumor volume was evaluated by measuring two perpendicular tumor diameters with a caliper, twice a week. Mice were euthanized after 8 weeks of treatments. Tumor volumes were calculated as V = a × b 2 /2, a being the largest diameter, b the smallest. Tumor volumes were then reported to the initial volume as Relative Tumor Volume (RTV). Means of RTV in the same treatment group were calculated, and growth curves were established as a function of time.

Generation of methylated ALIX antibodies

Attempts to generate monomethylated and asymmetrically dimethylated (for Arg745 and Arg757) antibodies against ALIX were performed with Covalab. For the two monomethylated antibodies (i.e., R745-MMA and R757-MMA), the following peptides were injected into rabbits. For R745-MMA: NH2-C-H 736 ATPPTPAP (R 745 -MMA) TMPPT 750 -CONH2 and for R757-MMA: NH2-C-P 749 TKPQPPA (R 757 -MMA) PPPPVL 763 -CONH2. For the two asymmetrically demethylated antibodies (i.e., R745-ADMA and R757-ADMA), the rabbits were injected with the following peptides. For R745-ADMA: NH2-C-H 736 ATPPTPAP (R 745 -ADMA) TMPPT 750 -CONH2 and for R757-ADMA: NH2-C-P 749 TKPQPPA (R 757 -MMA) PPPPVL 763 -CONH2. For all the four antibodies, two different rabbits were injected and followed for 88 days, and the serum from the two rabbits were extracted at the end of this period, pooled together and immunopurified using columns. The specificity of the immunopurified antibodies were verified using an ELISA test. To note, the two ADMA antibodies (R745-ADMA and R757-ADMA) were not successful and only the two MMA antibodies (R745-MMA and R757-MMA) were successfully generated. Before pressing ok, check that rolling ball radius = 50 pixels and that light background is correctly selected Delimit area to count using ellipse tool

Open ROI manager from tools Add selected area to ROI Before clicking ok, check that clear results, summarize and exclude on edges are selected Open summary and save file (repeat above steps for remaining images) The EVs were isolated as previously described [703]. Briefly, the media was collected in a 50ml falcon tube. The cells were washed once with 1X PBS and collected into the same tube. The media was centrifuged at 300g for 10min at 4°C to remove the floating cells. This step was repeated two more times to completely remove all floating cells. After the last 300g centrifuge, the supernatant is transferred into a new 50ml tube and centrifuged at 2000g for 20min at 4°C. The pellet obtained after this step is referred to as the 2K pellet. The supernatant is then transferred into an ultra-centrifuge tube and centrifuged at 10,000g for 40min in an OPTIMA L-80 XP (Beckman Coulter Ultracentrifuge). The pellet obtained from this step is referred to as the 10K pellet. The remaining supernatant is transferred into a fresh ultra-centrifuge tube and centrifuged at 100,000g for 90min at 4°C in an OPTIMA L-80 XP (Beckman Coulter Ultracentrifuge). The pellet obtained from this step is referred to as the 100K pellet. The supernatant from the 100,000g centrifuge is discarded.

The 2K pellet was washed with 10ml PBS. This suspension was then completed to 50ml with PBS and centrifuged at 2000g for 20 minutes. The wash was discarded, the border of the tube dried, and the pellet was resuspended in 1X laemmli buffer (without bromophenol blue). The 10K pellet was washed in 6ml PBS and transferred into MLA-80 tubes and centrifuged at 10,000g for 20min in an OPTIMA MAX-XP using an MLA-80 rotor (Beckman Coulter Ultracentrifuge). The pellet was dried and resuspended as before. The 100K pellet was washed with 6ml PBS and centrifuged at 100,000g, 50min in an OPTIMA MAX-XP using an MLA-80 rotor (Beckman Coulter Ultracentrifuge). The pellet was dried and resuspended as before.

For the total cell lysates, after the wash using PBS, the cells were detached using TrypLE express reagent (ThermoFisher). The cell suspension was resuspended in PBS and centrifuged for 5 min at 300g. This pellet was resuspended in 1X laemmli buffer (without bromophenol blue).

All the pellets were boiled at 100°C for 10 min and bromophenol blue was added prior to loading an SDS-PAGE gel. Western blotting was performed as before.

For the siRNA treatments in BT549 cells, 4 × 10 6 cells were seeded in a 60mm petri dish and five such dishes were seeded per siRNA condition. 24h after seeding, the cells were transfected with 40nM siRNA using Interferin for 48h. Downstream processing was done as before.

HIV viral-like particle production

HEK293T cells (150,000 cells/well) were seeded in a 6-well (8.96cm 2 ) cell culture plate in 2ml of media without antibiotic. 24h after seeding, cells were transfected with 2ug of total DNA (indicated plasmids were mixed in a 1:1 ratio) using Xtremegene HP DNA (Sigma-Aldrich) transfectant. 48h post-transfection, the supernatant from each condition was collected into separate 50ml falcon tubes. The cells were washed once with PBS and lysed using 1X laemmli buffer. The supernatant was filtered using a 0.22μM filter (Sartorius), transferred into ultracentrifuge tubes and centrifuged at 100,000g for 90min at 4°C in an OPTIMA MAX-XP using a MLA-80 rotor (Beckman Coulter Ultracentrifuge). The pellet (invisible) from the ultra-centrifugation was resuspended using sample loading buffer and loaded onto an SDS-PAGE gel. Western blotting was performed as described before.

HIV-gag pol, YFP-VPS4-E223Q, YFP-ALIX (176-869) which lacks a portion of the Nterminal Bro1 domain , YFP-VPS4, GFP-TSG101, YFP-Exn (murine leukemia retroviral vector), YFP-ΔVPS4, PK-GFP, PK-ΔCHMP3, and YFP-WWPI-ΔHECT plasmids were a kind gift from Dr. Greg Towers, UCL, UK. Coactivator-associated arginine methyltransferase 1 (CARM1), identified 20 years ago as a coregulator of transcription, is an enzyme that catalyzes arginine methylation of proteins. Beyond its well-established involvement in the regulation of transcription, the physiological functions of CARM1 are still poorly understood. However, recent studies have revealed novel roles of CARM1 in autophagy, metabolism, paraspeckles, and early development. In addition, CARM1 is emerging as an attractive therapeutic target and a drug response biomarker for certain types of cancer. Here, we provide a comprehensive overview of the structure of CARM1 and its post-translational modifications, its various functions, apart from transcriptional coactivation, and its involvement in cancer.

CARM1 Was Discovered as a Transcriptional Coactivator CARM1 (also known as PRMT4) was discovered by the group of Stallcup [1] as the first protein arginine methyltransferase (PRMT; see Glossary) to be linked to transcriptional activation by methylating and/or regulating histone H3 and non-histone proteins, such as coactivators and transcription factors [2][3][4][5][6][7]. CARM1 was believed to be mainly involved in transcription until recently; however, studies have now uncovered new roles for this enzyme in cellular pathways. In this review, we will not address the well-known role of CARM1 in transcription, but rather focus on its newly emerging functions, such as its role in mammalian development and cell differentiation, autophagy and metabolism, RNA regulation (pre-mRNA splicing, mRNA retention, mRNA stability), and its involvement in cancer. We also outline its structure and post-translational modifications and provide a complete list of CARM1 substrates identified thus far.

Insights into the X-Ray Structure of CARM1

The first crystallographic structures of CARM1 revealed the presence of an N-terminal pleckstrin homology-like domain (PH-like), a C-terminal transactivase domain, and a central catalytic domain containing the four conserved PRMT motifs: motif I (YFxxY), motif II (DVGxGxG), motif III (SE 257 xMGxxLxxE 266 xM, also called double E-loop), and motif IV (TH 414 WxQ; amino acids are numbered according to human CARM1, hereafter; Figure 1A, Key Figure). These motifs are essential for binding of the cofactor SAM (S-adenosyl methionine) and the substrate arginine in two adjacent distinct pockets [8,9]. The N-and C-terminal domains of CARM1 are not necessary for its methyltransferase activity but essential for substrate recognition [10] and its transcription-mediated activation [11]. CARM1 exists as a dimer [8,9] and dimerization may be necessary for its methyltransferase activity [12], like other PRMTs [13]. The dimerization arm of CARM1, within its catalytic domain, contains a unique insertion of 9-10 residues that generates a larger and less negatively charged central cavity than the PRMT1 dimer [8,9], perhaps explaining why CARM1 has distinctive substrates.

The structure of the CARM1 catalytic domain complexed with a peptide substrate has been challenging to obtain but was recently solved using a non-hydrolyzable SAM mimic [14] or a

Highlights

In addition to the initially described activity as a transcriptional coactivator, the emerging functions of CARM1 include autophagy, metabolism, early development, pre-mRNA splicing and export, and localization to paraspeckles.

Aside from post-translationally modifying its substrates, CARM1 itself undergoes several modifications, such as phosphorylation, O-GlcNAcylation, ubiquitination, and auto-methylation.

CARM1 is composed of a central catalytic and unique N-and C-terminal domains that are important for binding to its partners.

CARM1 is the only known PRMT to preferentially methylate a proline-rich sequence.

A spliced isoform of CARM1 is the major variant expressed in BCs.

CARM1 has now emerged as an attractive therapeutic target/biomarker of response for various types of cancer.

Specific CARM1 inhibitors show antitumor activity in vivo in myeloma models.

peptide-based transition-state mimic [15]. The guanidine moiety of the substrate arginine is oriented by the two glutamate residues (E257 and E266) of the double E-loop and binds to H414 of motif IV via several hydrogen bonds. Additional residues within the substrate-binding pocket permit interactions with the conformationally constrained proline residues surrounding the substrate arginine, thus explaining the preference of CARM1 for proline-rich motifs in substrates [14].

Obtaining the structure of full-length CARM1, alone or with partners, having failed thus far, is an ongoing challenge in the field.

Alternatively Spliced Isoforms of CARM1

Several spliced forms of CARM1 have been reported, which may explain apparent discrepancies in the literature concerning the function of CARM1 and its potential involvement in cancer (reviewed in [16]).

Five rat CARM1 isoforms (v1-v5) have been isolated [17,18]: CARM1-v1 is the full-length version of CARM1 (referred to later as CARM1-FL), containing all 16 exons, whereas CARM1-v2 is generated by the retention of intron 15, CARM1-v3 by the retention of introns 14 and 15, CARM1-v4 by exon 15 skipping (referred to later as CARM1-ΔE15), and CARM1-v5 includes a part of intron 15. In Xenopus, CARM1a (exon 14 skipping) and CARM1b (equivalent to CARM1-FL) have been reported, and only CARM1a activates the transcription of liganded thyroid hormone receptor [19].

By contrast, only two variants, CARM1-FL and CARM1-ΔE15 (Figure 1A), are well expressed in breast [20] and hematopoietic [21] cell lines and capable of forming homo and heterodimers [20]. CARM1-FL is the most highly expressed form of CARM1 in healthy brain, heart, skeletal muscle, and testis [17,20], whereas CARM1-ΔE15 is predominant in a panel of breast cancer (BC) cell lines and breast tumors [20,22]. The overexpression of CARM1-FL (and not CARM1-ΔE15) [22] or the knockout (KO) of all CARM1 isoforms impairs cell proliferation of a BC cell line that mainly expresses CARM1-ΔE15 [22,23]. Thus, the authors suggest that CARM1-ΔE15 may be the oncogenic CARM1 variant, but it is unclear to what extent this can be generalized. The use of antibodies that recognize either CARM1-FL or all CARM1 isoforms suggests differential localization of CARM1 isoforms in two cancer cell lines (breast and ovarian): mainly nuclear for CARM1-FL, and potentially mainly cytosolic for CARM1-ΔE15 [22]. However, such localization may vary depending on the cell type and/or tissue studied. Histone H3 [17,18,20,24], TP2 [18], and PABP1 [20] are methylated in vitro by both isoforms, whereas Pax7 is preferentially methylated by CARM1-ΔE15 [24], possibly due to constrained accessibility to CARM1-FL.

Although cells can express differential levels of various CARM1 isoforms, the majority of studies and their conclusions, thus far, have not taken into account their existence.

CARM1 Itself Is Post-translationally Modified

CARM1 catalyzes the methylation of proteins but is itself subjected to various post-translational modifications, such as phosphorylation, O-GlcNAcylation, ubiquitination, and methylation (Figure 1A).

CARM1 is phosphorylated on several residues, T131 [25], S216 [26], S228 [12,27], S447 [28], and S595 (corresponding to S572 of CARM1-ΔE15) [24]. Glycogen synthase kinase 3 beta (GSK3β) phosphorylates CARM1 on T131, within the PH-like domain, to protect it from ubiquitin-mediated proteasomal degradation [25]. S216 [26] and S228 [12,27] are located within the catalytic domain and are phosphorylated by an unknown kinase and protein kinase C [27], 
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respectively. Mutants mimicking their phosphorylated state (S216E and S228E) impair CARM1 methyltransferase activity by interfering with SAM binding, as well as transactivation of estrogen receptor (ER)-dependent transcription [12,26,27]. Although S228E affects CARM1 dimerization [12,26], S216E neither affects CARM1 dimerization nor its interaction with coactivators such as p300 [26]. Both S216 and S228 have been shown to be phosphorylated during mitosis [12,26], suggesting CARM1 is involved in cell-cycle progression. The phosphorylation of S447 by protein kinase A (PKA) promotes the interaction of CARM1 with the hormone-binding domain of unliganded ERα, leading to its cAMP (cyclic adenosine monophosphate)-dependent transcriptional activity [28], which is further enhanced by PKA-mediated phosphorylation of LSD1 (lysine-specific histone demethylase 1) [29]. p38γ MAPK (mitogen-activated protein kinase) phosphorylates S572 of CARM1-ΔE15 (and S595 of CARM1-FL) within its C-terminal domain without affecting its methyltransferase activity [24]. Phosphorylation of S216 [26] and S572 (CARM1-ΔE15) [24] has been shown to prevent nuclear localization of CARM1, leading to its accumulation in the cytosol. Furthermore, the authors of a study in Saccharomyces cerevisiae hypothesized that T413 (within motif IV) of human CARM1 could be phosphorylated, but this is yet to be demonstrated [30].

Another post-translational modification of S/T residues is O-GlcNAcylation, catalyzed by O-GlcNAc transferase, which is also a CARM1 protein partner [31]. CARM1 is highly O-GlcNAcylated at four residues: S595 (corresponding to S572 of CARM1-ΔE15, also phosphorylated by p38γ MAPK), S598, T601, and T603 [32]. O-GlcNAcylation of CARM1 does not alter its stability, nuclearcytoplasmic distribution, dimerization capacity, or coactivator activity but may affect substrate specificity [32]. The overexpression of O-GlcNAc transferase prevents CARM1 phosphorylation (possibly on S216 and S228) and affects its localization (possibly on S572/S595 of CARM1-ΔE15/CARM1-FL) during mitosis [24,32,33]. Such crosstalk between phosphorylation and O-GlcNAcylation regulates the ability of CARM1 to methylate histone H3 at R17 [33]. CARM1 is also ubiquitinated [34][35][36], particularly on K470, by the SKP2-containing SCF (SKP1-cullin 1-Fbox protein) E3 ligase complex, for proteasomal degradation [35,36]. Finally, nearly 100% of CARM1-FL is auto-methylated on R550 (absent in CARM1-ΔE15) [20,37]. This modification has no effect on methyltransferase activity [20,37] but is required for ERα-mediated transcription and pre-mRNA splicing [20,37].

The Repertoire of CARM1 Substrates

Over the past 20 years, numerous large-scale studies have aimed to identify PRMT substrates.

Here, we provide a comprehensive summary of all the validated CARM1 substrates identified thus far (Supplemental Table S1). The first attempts to detect CARM1 substrates involved the screening of cDNA libraries and found a limited number of substrates, such as PABP1 and TARPP [38] and CA150, SmB, SF3B4, and U1C [39], but showed that CARM1 methylates an arginine within a PGM (proline, glycine, methionine) motif rather than within the GAR (glycine, arginine rich) motif like the other PRMTs [38,39]. More recently, several antibody-based and antibody-free approaches coupled to mass spectrometry (MS) analysis have identified a large number of substrates of PRMTs (Box 1). Among them, two studies that discovered a large number of potential CARM1 substrates in BC cells confirmed that CARM1 indeed prefers to methylate substrates within a proline-rich motif [10,40].

CARM1 Regulates Autophagy via Two Independent Pathways

Two major studies recently highlighted a role for CARM1 in the regulation of autophagy [35,41]. Under normal/nutrient-rich conditions, CARM1 is degraded via two different mechanisms: (i) nuclear CARM1 through SKP2-mediated ubiquitination (K470) and subsequent proteasomal degradation [35,36] and (ii) cytosolic CARM1 through C9orf72-dependent lysosomal proteolysis Trends in Cell Biology [41]. By contrast, CARM1 accumulates in the nucleus under glucose-starved conditions [35,41] (Figure 1B).

Upon glucose starvation, 5′ AMP-activated protein kinase (AMPK) level increases in the nucleus and it phosphorylates FOXO3a, which is then recruited to the promoter of SKP2, leading to its repression; nuclear CARM1 is no longer degraded and interacts with transcription factor EB (TFEB), inducing the expression of various autophagy and lysosomal target genes by methylating histone H3 (H3R17me2a; Figure 1B) [35]. This pathway has since been reported as the AMPK-SKP2-CARM1 signaling pathway [35,36,42].

By contrast, C9orf72, which interacts with the PH-like domain of CARM1, regulates lipid metabolism upon glucose starvation [41]. The loss of C9orf72 prevents lysosomal-mediated degradation of CARM1, leading to its accumulation in the cytoplasm and nucleus (Figure 1B) [41]. The nuclear localization signal identified within CARM1 (Figure 1A) is responsible for its translocation to the nucleus to induce the de novo biogenesis of lipids as a stress response [41].

Regulation of RNA Metabolism: Pre-mRNA Splicing and Paraspeckle-Dependent mRNA Export

In addition to its function as a transcriptional coactivator, nuclear CARM1 regulates mRNA stability by promoting mRNA degradation of a subset of transcripts via the nonsensemediated decay pathway [43], pre-mRNA splicing [17,37,39,[43][44][45][46][47][48], and mRNA export through paraspeckles [49].

Pre-mRNA Splicing

The first study implying a role for CARM1 in splicing showed that among the five rat isoforms, only the minor isoform CARM1-v3 regulates splicing by promoting the use of a 5′ distal splice site, independent of its methyltransferase activity [17]. By contrast, Cheng et al. [39] showed that CARM1-FL regulates splicing, possibly due to different experimental conditions, and depends on its methyltransferase activity [39] (Figure 1C). CARM1-FL methylates several splicing factors (SmB, SF3B4, U1C, and CA150) and promotes exon skipping through the methylation of CA150 (Figure 1C) [39]. More recently, additional studies have highlighted the involvement of CARM1 in splicing: (i) methylation of the splicing factor SRSF2 (Figure 1C) [44], (ii) exon skipping of VEGF [45], (iii) requirement of auto-methylation of CARM1-FL for its splicing activity (Figure 1C) [37], and (iv) involvement in other splicing events, such as intron retention in Arabidopsis thaliana [46]. Moreover, two major studies have shown that type I PRMT inhibitors and PRMT5 inhibitors alter splicing events and act synergistically when targeting cancer cells mutated for splicing factors [47,48]. However, the importance of specifically inhibiting CARM1 (a type I PRMT) in this context is yet to be determined.

mRNA Export through Paraspeckles Paraspeckles are organized around the long non-coding RNA (lncRNA) NEAT1 (Box 2), which recruits several RNA-binding proteins, such as PSPC1, p54nrb, SFPQ [50], and CARM1 [7,49,51]. These structures regulate gene expression by sequestering specific mRNA molecules, such as those containing inverted repeated Alu elements (IRAlus) in their 3′ untranslated region, through their binding to p54nrb [49].

CARM1 regulates paraspeckle formation and function. On the one hand, CARM1 represses the transcription of NEAT1 by binding to its promoter, thus impairing paraspeckle formation (Figure 1D) [49,51]. On the other hand, CARM1 methylates p54nrb, decreasing its binding affinity to IRAlus-containing mRNAs (Figure 1D) [49]. This allows the export of these mRNAs from the extra-embryonic structures (such as the placenta) at later developmental stages.

Tudor domain: a domain that has the ability to interact with methylated arginine or lysine. CARM1-mediated methylation facilitates the binding of some substrates with Tudor domaincontaining proteins.
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Trends Trends in Cell Biology nucleus to the cytosol, leading to their translation, and represents an additional molecular mechanism for CARM1 to regulate gene expression [49]. Inducing stress by treatment with polyinosine-polycytidylic acid [poly (I:C)] reduces CARM1 levels in paraspeckles, leading to the nuclear retention of IRAlus containing mRNAs (Figure 1D) [49]. In addition, CARM1 appears to regulate the localization of p54nrb [51] and the splicing factor SRSF2, which is a potential CARM1 substrate [44], in paraspeckle.

CARM1 in Development and Differentiation

CARM1 Activity Is Essential for Embryonic Development CARM1 regulates early mouse development and plays a role in the determination of cell fate. In contrast to PRMT1 and PRMT5 (the major type I and type II PRMTs), of which the KO causes embryonic lethality [52,53], CARM1 KO mice display recessive neonatal lethality, with pups dying at birth due to breath failure [54,55] (Figure 2A). Furthermore, CARM1 KO mice are smaller than their wild-type littermates [54]; show delayed endochondral ossification and decreased chondrocyte proliferation [56]; reduced thymopoiesis, resulting from a defect in the fetal hematopoietic compartment [57,58]; impaired adipocyte differentiation [59], muscle regeneration deficit [60]; and hyperproliferation of alveolar type II cells [61] (Figure 2A). Interestingly, a CARM1 enzyme-dead knock-in mutant mouse phenocopies CARM1 KO mice [55], showing blocked thymocyte differentiation [55,57,58] and defective adipogenesis [55,59], indicating CARM1 activity is essential for development (Figure 2A). In parallel, substituting R17 on histone H3 with a histidine causes developmental retardation at embryo day E4.5 (Figure 2B) [62]. A similar phenotype was observed with a C-terminal-truncated CARM1 mutant (Figure 2B) [62], suggesting that certain CARM1 partners may also be involved in early embryogenesis.

CARM1 Biases Cells toward an Inner Cell Mass Fate in Early Embryos

The function of CARM1 at earlier stages of mammalian development was unknown until an elegant study by Torres-Padilla et al. [63] showed that CARM1 can contribute to cell fate decisions in the mouse four-cell-stage embryo. CARM1 levels, along with its specific histone marks (H3R17me2a and H3R26me2a), varied between the four-cell blastomeres and higher levels of H3R26me2a were associated with a global increase in transcription [63]. During mammalian embryo development, the blastomeres have two lineages or fates, either to become part of the inner cell mass (ICM) or trophectoderm (TE), contributing to embryonic and extraembryonic cells, respectively. CARM1 activity and expression bias the blastomeres toward an ICM fate by inducing the expression of Nanog, Sox2, Sox21, and Oct4 [63,64], while repressing the expression of Cdx2, a transcription factor for TE differentiation (Figure 2C) [64,65]. In addition, CARM1-mediated methylation of BAF155 influences the cell fate toward ICM [66]. Unmethylated BAF155 induces the expression of TE differentiation markers, whereas methylated BAF155 switches on the expression of pluripotent markers, such as Nanog (Figure 2C) [66]. The heterogenous distribution of CARM1 in the four-cell-stage embryo is also regulated by the microRNA 
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Recent evidence suggests that CARM1 is involved in cell fate determination at earlier stages of the mouse embryo (two to four cells) by interacting with LincGET, an endogenous retroviral lncRNA (Box 2) [69] and localizing to the membrane-free nuclear bodyparaspeckles (Figure 2C) [51]. LincGET induces nuclear localization of CARM1 by interacting with its Box 1. Methods to Identify CARM1 Substrates Methylation of CARM1 substrates can be evaluated either in vitro or in vivo (previously reviewed in [103]). The in vitro assay includes CARM1 (endogenous from cell lysates or recombinant from bacteria and insect cells), the substrate (recombinant or a peptide), and the methyl group donor (SAM) [103].

Several methods can be used to detect the methylation of substrates (Figure I), in vivo, usually by coupling various techniques with MS analysis [10,40,44,[104][105][106][107]. First, cells can be metabolically labeled with radioactive methionine and the potential substrate can be immunoprecipitated [38,108]. Otherwise, immunoprecipitation using pan-methylated {asymmetric dimethyl arginine (ADMA) [10,40,104,105,109] and monomethyl arginine (MMA) [40,44,[104][105][106]110]} antibodies and MS can detect a larger number of methylated peptides. Notably, although existing ADMA and MMA antibodies recognize a GAR motif, a large proportion of arginine residues within proline-rich sequences have also been discovered (corresponding to known and putative CARM1 substrates) [10,40,44,[104][105][106][107]. Other antibody approaches include the use of ADMA antibodies generated against a peptide cocktail of various reported CARM1 methylated substrates [111] or the use of custom antibodies that recognize the methylated substrate arginine (Supplemental Table S1). To overcome the limitation of using antibodies, antibody-free approaches, using strong cation-exchange chromatography and/or hydrophilic interaction liquid chromatography, can be performed and can identify approximately 20% of methylated peptides that harbor a prolinerich sequence [105,107,[112][113][114]. However, these methods only indicate that a protein was methylated in vivo and not specifically by CARM1. To ensure specificity toward CARM1, these experiments must be performed in CARM1 wild-type and depleted and/or inhibited cells [10,40,44].

CARM1

+ substrate Trends in Cell Biology transactivation domain, resulting in high H3R26me2a levels and ICM-specific gene expression [69]. Moreover, the presence of CARM1 in paraspeckles is required for the methylation of histone H3 at R26 and to ensure proper lineage allocation to facilitate normal embryo development (Figure 2C) [51]. CARM1 is also present in other nuclear bodies called CARM1 speckles [51], but its function in such structures is yet to be elucidated.

CARM1 Maintains the Pluripotency of Embryonic Stem Cells Mirroring its function in embryonic cell fate determination, CARM1 induces the expression of pluripotency genes (Oct4 and Sox2) through the methylation of histone H3, impairing embryonic stem cell (ESC) differentiation [70][71][72]. Conversely, the miR-181 family promotes ESC differentiation by regulating CARM1 expression [70].

CARM1 Controls Neuronal and Skeletal Muscle Differentiation CARM1 is also involved in neuronal and skeletal muscle differentiation (reviewed in [START_REF] Blanc | Regenerating muscle with arginine methylation[END_REF]). For example, CARM1-mediated methylation of histone H3 (H3R17me2a) enhances miR-92 expression, which is essential for the maintenance of the astroglial lineage [74]. CARM1dependent methylation of Pax7 activates Myf5 expression, inducing the myogenic differentiation program [60].

CARM1 and Cancer: A Therapeutic Target and/or a Biomarker of Drug Response?

A hotspot mutation at A202V, located in its methyltransferase domain, has been recently identified in CARM1, supporting it as a cancer driver gene [75]. CARM1 is overexpressed in several cancer types, such as breast [40,76,77], ovarian [78,79], hematopoietic [80,81], liver [82], pancreatic [83], colorectal [84,85], prostate [86], bone [87], oral [88], lung [89], and melanoma [90]. Because of space constraints, we will only focus on breast, ovarian, hematopoietic, liver, and pancreatic cancer.

Breast Cancer BC express higher CARM1 RNA [40] and protein [76,77] levels than normal tissue. CARM1 protein expression is associated with hormone-negative tumors and HER2 status [76,77,91]. The two CARM1 isoforms (FL and ΔE15) do not differ at the RNA level between BC and normal tissue and are not associated with hormone receptors [22]. In addition, the CARM1-FL and CARM1-ΔE15 proteins are suggested to be mainly nuclear and cytosolic in BC, respectively [22]. HER2 tumors contain the highest nuclear CARM1 protein levels (presumably CARM1-FL) [76,77]. Cytoplasmic CARM1 protein (presumably CARM1-ΔE15) expression is associated with both triple-negative BC and HER2 tumors [77].

Box 2. lncRNA and miRNA -Friends and Foes of CARM1

It was previously thought that CARM1 could only interact with proteins and not RNA, but recent studies have shown that it associates with several lncRNAs (Figure IA). Indeed, the lncRNA called suppressor of tumorigenicity 7 antisense RNA 1 (ST7-AS1) interacts with the N terminus of CARM1 and protects it from ubiquitin-dependent degradation [115]. ST7-AS1 further promotes CARM1-induced Sox-2 methylation/self-association, thus acting as an oncogenic factor in laryngeal squamous cell carcinoma [115]. CARM1 coexpresses and binds to lncRNA PVT1 in non-small-cell lung carcinoma (NSCLC) and is associated with radiosensitivity [116]. LincGET [endogenous retrovirus (ERV)-associated lncRNA] induces the nuclear localization of CARM1, which induces the expression of ICM-specific genes to bias embryo development [69]. Finally, the lncRNA NEAT1 recruits CARM1 to paraspeckles and is itself negatively transcriptionally regulated by CARM1 [49,51]. In addition, CARM1 is regulated by another subset of RNA -miRNA/ miR (Figure IB). CARM1 has been shown to be targeted by miR-195 and miR-195-5p in colorectal cancer [85,117], miR-424-5p in NSCLC [116], and miR-223 in hematopoietic stem progenitor cells (HSPCs) [81]. In HSPCs, CARM1 also represses miR-223 expression by methylating RUNX1 as part of a feedback loop [81]. The overexpression of miR-195, miR-195-5p, and miR-424-5p impairs cell proliferation [85,116,117]. Whether CARM1 interacts with other lncRNAs or other subsets of RNA is still unknown.
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Trends in Cell Biology, May 2021, Vol. 31, No. 5 409 activate estrogen/ERα-target genes [40]. ERα can also be activated in a ligand-independent manner through PKA. PKA-mediated phosphorylation of CARM1 and LSD1 activates transactivation of unliganded ERα [28,29]. CARM1 is also involved in epithelial-to-mesenchymal transition by methylating LSD1 and methylated LSD1 correlates with tumor grade in human BC [95].

Very little is known about the role of CARM1 in the other BC subtypes. In HER2-overexpressing BC cells, CARM1 is phosphorylated upon growth factor stimulation [12]. Furthermore, CARM1 delays tumor initiation in an HER2-driven mammary gland tumorigenesis model, but the tumors grew more quickly once established, demonstrating the oncogenic potential of CARM1 [96]. In triple-negative BC cells, CARM1 promotes migration [23,40,97] and metastasis through the methylation of PKM2 [97] (Box 3) or BAF155 (a core subunit of the chromatin remodeling complex) [23].

Ovarian Cancer

The overexpression of CARM1 mRNA [78] or protein [79] in a subset of ovarian cancers (OCs) is associated with a poor prognosis and CARM1 deletion/inhibition impairs OC cell growth. Furthermore, CARM1 amplification appears to be mutually exclusive with the mutation of BRCA1/2 [79,98], key players in homologous recombination (HR). MAD2L2, which activates the non-homologous end-joining (NHEJ) pathway, is either silenced by EZH2 or activated by unmethylated BAF155 [98]. Promoter occupancy of MAD2L2 switches from 
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Box 3. CARM1 Controls Metabolic Pathways in Tumors CARM1 regulates various metabolic pathways, such as oxidative phosphorylation, glycolysis, and glutamine metabolism in breast, liver, and pancreatic cancer, respectively. CARM1-dependent methylation of PKM2 decreases the expression of inositol-1,4,5-trisphosphate receptors (InsP3Rs), thereby switching the metabolism from oxidative phosphorylation to aerobic glycolysis [97]. Blocking PKM2 methylation increases the calcium flux from the endoplasmic reticulum to mitochondria, leading to oxidative phosphorylation (Figure IA) [97].

In liver cancer cells, upon glucose starvation, CARM1 is upregulated in an AMPK-dependent manner and inhibits glycolysis through the methylation of GAPDH (Figure IB) [82].

Under normal conditions, CARM1-mediated methylation of MDH1 inhibits its activity and thus glutamine metabolism [83].

Conversely, under stress conditions, the inhibition of CARM1 activity by reactive oxygen species (ROS) activates glutamine metabolism in PDAC (Figure IC) [83]. 
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BAF155 to EZH2 upon BAF155 methylation by CARM1, silencing MAD2L2 expression and thus NHEJ [79,98]. Therefore, high levels of CARM1 in cells will promote NHEJ silencing, which is reversed upon EZH2 inhibition [98]. OC cells with high CARM1 expression are therefore sensitive to EZH2 inhibitors alone [79] or in combination with poly(ADP-ribose) polymerase (PARP) inhibitors [98]. Indeed, high CARM1 expression also decreases HR activity [98]. This combination strategy may be applied to other HR-proficient cancers.

Hematopoietic Cancers CARM1 protein is overexpressed in Hodgkin Reed-Sternberg cells and Hodgkin's lymphoma [80] and CARM1 mRNA is upregulated in acute myelogenous leukemia (AML) patient samples [81]. CARM1 depletion minimally affects normal hematopoiesis but strongly impairs leukemogenesis by regulating cell-cycle progression, myeloid differentiation, and apoptosis [21,81]. Small-molecule CARM1 inhibitors (competitive for the substrate arginine-binding pocket) impaired proliferation, both in vitro and in vivo, in a multiple myeloma xenograft model [99], AML mouse model [21], and diffuse large B-cell lymphoma (DLBCL) model [100]; however, only a subset of multiple myeloma [99,101] or DLBCL cells [100] are sensitive to these inhibitors. The mutation of CBP/p300 sensitizes DLBCL cells to CARM1 inhibition, whereas the combination of CARM1 and CBP/p300 bromodomain inhibitors is lethal for DLBCL wild-type cells, highlighting the necessity of finding biomarkers of responses to CARM1 inhibitors [100]. CARM1 methylates PRMT5 in human erythroleukemia cells, in vitro and in vivo, and such methylation is necessary for PRMT5 homodimerization and activity [102]. Therefore, CARM1 inhibition may also inhibit PRMT5, suggesting crosstalk between the various PRMTs. It has been recently shown that targeting both type I PRMTs and PRMT5 specifically kills AML cells mutated for splicing factors [48]. Overall, these data suggest that targeting CARM1 could be a potential therapeutic strategy alone, or in combination, for a subset of hematopoietic tumors.

Liver and Pancreatic Cancers

In contrast to the aforementioned cancer types, CARM1 protein is found at lower levels in human liver cancer [82] and pancreatic ductal adenocarcinoma (PDAC) [83] than in normal tissue. CARM1 regulates glycolysis in liver cancer through the methylation of GAPDH, delaying tumor cell proliferation in vitro and in vivo [82] (Box 3). In pancreatic cancers, the inhibition of malate dehydrogenase 1 (MDH1), through CARM1-mediated methylation, prevents glutamine metabolism and suppresses cell proliferation [83] (Box 3). Thus, stimulating CARM1 activity has been proposed as a therapeutic approach against PDAC and liver cancer.

Concluding Remarks

CARM1 is unique among the PRMTs, as it is the only one that methylates arginine within a prolinerich sequence. Although studies over the past 5 years have highlighted novel roles for CARM1, several key areas still need to be explored to fully comprehend its physiological and pathological functions (see Outstanding Questions).

First, it is likely that the list of CARM1 substrates is incomplete and unraveling the entire methylome of CARM1 would be an important step to better mechanistically characterize its cellular functions. A major drawback is the difficulty to identify methylated arginine without enriching for methylated peptides using pan-methyl antibodies prior to MS analysis. The generation of pan-methyl antibodies that can detect methylated arginine within a proline-rich motif would significantly improve the chances of recognizing specific CARM1 substrates.

Second, solving the full-length crystal structure of CARM1, alone or complexed with a protein substrate, may reveal key residues from the N-terminus PH-like and C-terminal domains Third, nuclear CARM1 is present in various types of speckles, including paraspeckles. Future efforts are needed to characterize the nature of such speckles and to understand how and why CARM1 is present in these structures.

Fourth, CARM1 has emerged as an attractive therapeutic target for a subset of hematopoietic cancers and PDAC/liver cancer and as a biomarker of response to therapy in OC. Recently developed specific and potent CARM1 small-molecule inhibitors are efficient in only a subset of hematopoietic cancer cell lines. Future studies could focus on understanding why only very few cancer cell lines are sensitive to these inhibitors when used as a single agent.

Finally, an unexplored area in CARM1 biology is the cellular function of its two isoforms, namely, CARM1-FL and CARM1-ΔE15. CARM1-ΔE15 is predominantly expressed in BC at the RNA level but we do not know whether this is true for other types of cancer. Isoform-specific antibodies would be a vital tool to explore the expression and localization of CARM1-ΔE15 in various types of cancer and normal tissue. Furthermore, the functions of the CARM1-ΔE15 isoform (proposed to be an oncogenic variant) can be explored by searching for its unique partners/substrates.

Our understanding of the biology of CARM1 has come a long way since its discovery 20 years ago. This is certainly not the end of the road, but rather the beginning of exciting breakthroughs in the characterization of CARM1 functions.

ANNEXE II: Known CARM1 substrates

List of CARM1 substrates identified so far. Modified from Suresh et al., 2021, Trends in Potential CARM1 substrates that are yet to be functionally validated can be found in [5,30,32,38,54,55] 1. Naeem, H. et al. (2007) The activity and stability of the transcriptional coactivator p/CIP/SRC- 

Abstract

TNBC is a highly heterogeneous and aggressive breast cancer subtype associated with high relapse rates, and for which no targeted therapy yet exists. Protein arginine methyltransferase 5 (PRMT5), an enzyme which catalyzes the methylation of arginines on histone and non-histone proteins, has recently emerged as a putative target for cancer therapy. Potent and specific PRMT5 inhibitors have been developed, but the therapeutic efficacy of PRMT5 targeting in TNBC has not yet been demonstrated.

Here, we examine the expression of PRMT5 in a human breast cancer cohort obtained from the Institut Curie, and evaluate the therapeutic potential of pharmacological inhibition of PRMT5 in TNBC. We find that PRMT5 mRNA and protein are expressed at comparable levels in TNBC, luminal breast tumors, and healthy mammary tissues. However, immunohistochemistry analyses reveal that PRMT5 is differentially localized in TNBC compared to other breast cancer subtypes and to normal breast tissues. PRMT5 is heterogeneously expressed in TNBC and high PRMT5 expression correlates with poor prognosis within this breast cancer subtype.

Using the small-molecule inhibitor EPZ015666, we show that PRMT5 inhibition impairs cell proliferation in a subset of TNBC cell lines. PRMT5 inhibition triggers apoptosis, regulates cell cycle progression and decreases mammosphere formation. 

| INTRODUCTION

The efficacy of breast cancer therapeutic management has considerably improved in recent years, however, the subgroup of patients with triple-negative breast cancers (TNBC), defined by the absence of expression of estrogen (ER) and progesterone (PR) receptors and of HER2 overexpression, maintain a poor prognosis. 1 One of the major problematics in TNBC therapeutic management is the heterogeneity of the disease, and the absence of clear molecular targets. 2 To account for this heterogeneity, several groups have classified TNBC into distinct subtypes based on DNA, RNA, epigenetic and proteomic profiling, with the aim of providing therapeutic guidance. TNBC patients generally respond well to conventional chemotherapies, but suffer high recurrence rates due to residual, resistant tumor cells, and continually represent a large proportion of breast cancer deaths. TNBC thus remain a major challenge for oncologists, and the development of alternative treatments is warranted to bypass resistance to chemotherapies and improve patient survival rates. 3,4 Protein arginine methylation is a key post-translational modification implicated in gene transcription and signal transduction. 5 Protein arginine methyltransferase 5 (PRMT5) is the main type II PRMT, which catalyzes the symmetric dimethylation of arginine residues of histone and non-histone proteins. 6 PRMT5 functions as part of a complex coined the methylosome, along with its binding partner and co-activator methylosome protein 50 (MEP50). PRMT5 is overexpressed in a number of cancers including melanoma, multiple myeloma, glioblastoma, lung, gastric, prostate, ovarian, and colorectal cancers, 6 and high expression of PRMT5 often correlates with poor patient prognosis. 6 Moreover, PRMT5 regulates the expression and activity of key players in oncogenic and apoptotic signaling, and was shown to participate in stem cell maintenance. 6,7 PRMT5mediated H3R8 and H4R3 methylation, for example, repress the transcription of a number of tumor suppressors including RB-family genes, ST7, and NM23, leading to increased cell survival and proliferation. 8,9 PRMT5 also directly methylates p53, PI3K, and E2F-1, thereby influencing the transcriptional activity of these essential cell fate regulators to promote cell growth and inhibit apoptosis. 10-12 Given this, PRMT5 has been attributed oncogenic functions and has recently received considerable attention as a potential therapeutic target in cancer. Several selective and potent small-molecule inhibitors have been developed against PRMT5 and their effects on cancer development are now being assessed in vitro, in vivo, 13-15 as well as in a clinical trial. 15,16 Among these is the inhibitor EPZ015666, which competes with the PRMT5 peptide substrate binding pocket to impede PRMT5-substrate interaction and subsequent methylation. 13 In this study, we evaluate the therapeutic potential of PRMT5 inhibition in TNBC in vitro and in vivo using the specific and potent inhibitor EPZ015666, 13 and analyze the expression and localization of PRMT5 in a cohort of human breast cancer biopsies.

| MATERIALS AND METHODS

2.1 | Human samples, transcriptome microarray, and immunohistochemistry Our cohort has been described previously. 17 Briefly, transcriptome microarray (U133 Plus 2.0 Affymetrix chips) was performed on TNBC (n = 41), HER2+/ER-(n = 30), luminal A (LA, n = 29), luminal B (LB, n = 30), and normal human samples (n = 11). 17 Immunohistochemistry (IHC) was performed as described 17,18 on the following number of tumors (TNBC: n = 41; HER2+/ER-: n = 29; LA: n = 22; LB: n = 27) and on normal breast tissues (n = 7). For PRMT5 staining, tissue microarrays (TMA) containing alcohol, formalin and acetic acid (AFA)-fixed paraffin-embedded tissues were made as described. 17,18 Antigen retrieval was performed in EDTA buffer pH = 6 (PRMT5). The PRMT5 antibody (Table S1) was validated for IHC using cell pellets fixed in the same way than the tumors from cell lines depleted or not of PRMT5. To assess whether the mean percentage of stained cells differs between any two subtypes, we performed Student t tests.

The TCGA breast invasive carcinoma (TCGA-BRCA) cohort is publicly available. 19 The RNA-SeqV2 Level 3 data (Jan 2015) were downloaded from the TCGA Research Network (http://cancergenome.nih.gov/) and integrated into a platform in knowledge data integration (KDI) at Institut Curie (https:// bioinfo-portal.curie.fr). Subtype classification was based on immunohistochemical status for the estrogen receptor (ER), progesterone receptor (PR) and HER2, as follows. TNBC: ER-, PR-and HER2-negative (n = 157); HER2+/ ER-: ER-and PR-negative, HER2-positive (n = 41); luminal B: ER-and/or PR-positive, HER2-positive (n = 153); luminal A: ER-and/or PR-positive, HER2-negative (n = 663). The TCGA database includes 113 referenced normal breast tissue samples.

| Cell culture

Cell lines were purchased between 2005 and 2009 from the American Type Culture Collection (ATCC, LGC Promochem) and authenticated by short tandem repeat profiling in 2018, using the Powerplex 16 system (Promega). All cell lines were cultured as described. 20,21 MDA-MB-468 cells were cultured in RPMI-1640 (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, HCC1937, and HCC1954 cells were cultured using the same media, complemented with 1.5 g/L sodium bicarbonate (LifeTechnologies), 10 mmol/L Hepes (LifeTechnologies), and 1 mmol/L sodium pyruvate (LifeTechnologies). MDA-MB-157 and Hs578-T cells were cultured in DMEM (Life Technologies) supplemented with 10% FBS and 1%P/S. MCF-10A and MCF-12A cells were cultured in the same media, 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 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. SK-BR-3 cells (HTB-30) were cultured in McCoy5a (LifeTechnologies) containing 10% FBS and 1% P/S. All cell lines were maintained at 37°C in a humidified atmosphere with 5% CO2.

2.3 | PRMT5 inhibitors, antibodies, and small interfering RNAs (siRNAs) PRMT5 inhibitor EPZ015666 was purchased from Clinisciences and DC Chemicals. EPZ015938 was purchased from Selleckchem. Antibodies used are listed in Table S1. All siRNAs were purchased from Qiagen: Allstars negative control (SI03650318); PRMT5_1 (SI04216492), target sequence 5′-TGCCGTGGTGACGCTAGAGAA-3′; PRMT5_2 (SI04248951), target sequence 5′-CAGAGATC CTATGATTGACAA-3′; PRMT5_3 (SI04308416), target sequence 5′-CTGGCGATGCAGCAATTCCAA-3′; PRMT5_4 (SI00719432), target sequence 5′-CAGCCCATAACGGTAC GTGAA-3′.

| Cellular assays

Cell assays were performed as already described. 17,18,20-22 Briefly, cells were incubated with DMSO or a PRMT5 inhibitor (EPZ015666, EPZ015938), or transfected with 40 nmol/L siRNA (Qiagen) using INTERFERin (Polyplus Transfection) (BT-20, Hs578T, MCF-10A, MDA-MB-453, MDA-MB-468) or Lipofectamine RNAiMAX (Life Technologies) (HCC38, HCC70). Cell proliferation determined by MTT (Sigma). Apoptotic activity was determined by the Caspase-Glo 3/7 luminescent assay (Promega) or by Western blot analysis. Caspase activity using the luminescent assay was normalized to cell viability, measured by a concomitant MTT assay. Cell-cycle analysis was carried out with LSRII (Becton Dickinson) using BD FACSDIVA SoftwareTM (BD Bioscience) to determine cellular DNA content, and analyzed using FlowJo and Modfit LT softwares. For the colony formation assay, cells were treated with drugs or siRNA, and incubated for 5 (MCF10A), 9 (MDA-MB-468) or 14 days (BT20, HCC38, HCC70, MDA-MB-453). Colonies were then stained with a solution containing 0.05% Coomassie Brilliant Blue R-250, 50% methanol, 10% acetic acid, 40% ultrapure water for 20 minutes and rinsed with water. For the mammosphere formation assay, 2000 HCC38 cells were seeded in six-well ultra-low attachment plates (Corning, VWR, ref. 734-1582) and cultured in MEBM basal medium (Lonza) supplemented with 1% B27 (Invitrogen), 4 µg/mL insulin, 2 µg/mL hydrocortisone (SERB Laboratories), 20 ng/mL epidermal growth factor (Sigma), 10 µmol/L 2-mercaptoethanol (Invitrogen), 100 U/mL penicillin and 100 µg/ml streptomycin (P/S, LifeTechnologies). The number of mammospheres in each well was counted under a microscope after 14 days. All the experiments were repeated at least three times.

| Screening of the Prestwick drug library

MDA-MB-453 cells were seeded into 384-well plates (ViewPlate-384 Black Perkin Elmer) in 40 µL of media, using a MultiDrop combi (Thermo Fisher Scientific). Twenty-four hours later, cells were incubated with 1200 clinically licensed compounds from the Prestwick Chemical Library (Prestwick Chemical) (final concentration: 10µmol/L), or one of six additional compounds were added (Table S2; later referred to as "Prestwick" along with the Prestwick Chemical library drugs; final concentration as indicated), mixed or not with EPZ015666 (DC Chemicals) (final concentration: 10 µmol/L). Liquid handling was performed using the MultiChannel Arm™ 384 (MCA 384) (TECAN). For controls, DMSO alone (0.5%) and EPZ015666 (10 µmol/L) were added to the cells as single agents. Cell viability was monitored using the CellTiter-Glo (Promega) assay after 96 hours using a CLARIOStar (BMG Labtech). The experiment was carried out in duplicates. Positive hits for each compound were identified as follows: data were first transformed with log functions; B-score normalization was then applied to each replicate separately, and includes corrections for plates, rows, and columns. Median and median absolute deviation (MAD) were computed and used to calculate Robust Zscores (RZ-scores) for each sample, according to the formula: score = (value -median)/(1.4826 × Median MAD). RZscores were calculated for the comparison of each compound against the DMSO-treated cells. A compound was identified as a 'hit', if the RZ-score was <-2 in the two replicates. The correspondence between RZ-score and cell proliferation is given by the following formula:

A ΔRZscore = RZscore (Prestwick + EPZ015666) -RZscore (Prestwick) was calculated for each 'hit' to quantify the effect of the Prestwick + EPZ015666 drug combination.

% proliferation =

exp (RZscore×1,4826×MAD+median (all treated wells)) exp(median (all treated wells))

× 100
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| Combination analysis

Cells were seeded into 96-well plates and treated with various concentrations ranging from 0 to 5 or 10 µmol/L of EPZ015666 (DC Chemicals) and/or Erlotinib (Cayman Chemical) or with DMSO alone after 24 hours. Cell viability was determined after 3 days (MDA-MB-453), as in the screen for experimental validation, or 7 days (BT-20, HCC70, MDA-MB-468, HCC38) by CellTiter-Glo (CTG, Promega) assay. Luminescent signals were measured using an Infinite 200 spectrophotometer (Tecan). Chalice Analyzer (http:// chalice.horizondiscovery.com/analyzer-server/cwr/analyze. jsp) was used to calculate the Loewe excess. Synerdrug Analyzer (https://github.com/bioinfo-pf-curie/synerdrug) was used to calculate Chou-Talalay Combination Indexes. Experiments were repeated at least three times.

2.7 | Mice, compounds, treatment, and tumor growth measurement Six-week-old Female Swiss nude mice were purchased from Charles River (Les Arbresles, France) and maintained in specific pathogen-free conditions. Their care and housing were in accordance with institutional guidelines as put forth by the French Ethical Committee. EPZ015666 (DC Chemicals) was formulated at 1 mg/mL in 0.5% Methylcellulose (Sigma Aldrich) + 0.5% Tween 20 (Sigma Aldrich). EPZ015666 toxicity studies were performed by administration of 100 mg/ kg, per-os (po), twice daily, 5 days per week, to nude mice. Treatment was not associated with any mortality or body weight loss (Figure S1). The patient-derived xenograft model HBCx-17 was established from a triple-negative breast cancer as detailed elsewhere 23,24 and chosen on the basis of high mRNA expression of PRMT5. Briefly, tumor fragments (30-60 mm 3 ) were grafted into the inter-scapular fat pad of nude mice. When tumors reached 60-100 mm 3 (day 1 of the analysis), mice were randomly assigned to control or treatment groups (n = 7/group). Tumor volume was evaluated by measuring two perpendicular tumor diameters with a caliper, twice a week, as described. 17,23 Mice were ethically killed at the end of the experiment (5 weeks).

| Statistical analyses

For caspase activity assay, sub-G1 cell cycle analysis, colony formation, and mammosphere formation assays, differences between groups were assessed using Student t tests and were considered significant if the P value was below 0.05. For the cell cycle experiment, we used cell counts to evaluate the difference between DMSO-treated cells and EPZ015666-treated cells for each population (G1 vs not G1, S vs not S, G2/M vs not G2/M), in a Fisher-exact test. We adjusted for multiple testing using the Benjamini-Hochberg method. Differences were considered significant if the adjusted P value was below 0.05. For the in vivo experiment, differences observed between treated mice RTV and control group RTV were calculated using a two-tailed Mann-Whitney test. Differences were considered significant if the P value was below 0.05.

| RESULTS

3.1 | PRMT5 is differentially localized in TNBC compared to other breast cancer subtypes and to normal mammary tissues

We examined the expression of PRMT5 in a previously generated cohort of 150 breast cancer biopsy specimens and normal breast tissues from the Institut Curie Hospital (Curie cohort). 17 We find that TNBC express similar levels of PRMT5 mRNA compared to luminal breast cancers and healthy breast tissues, and higher levels of PRMT5 mRNA compared to HER2 + breast cancers (Figure 1A, left panel). To confirm these observations, we analyzed publically available data from the TCGA breast invasive carcinoma cohort. 19 We find that PRMT5 is overexpressed in breast cancers-encompassing all subtypes-compared to normal breast tissues (data not shown), as previously reported. 25 In contrast with the Curie cohort, the TCGA data shows no difference in PRMT5 mRNA expression between TNBC and HER2 + breast cancers (Figure 1A, right panel). However, Curie and TCGA cohort analyses indicate that TNBC, luminal breast tumors, and healthy breast tissues express comparable levels of PRMT5 mRNA (Figure 1A).

As mRNA and protein expression do not always concur, we next evaluated the expression of PRMT5 at the protein level in the samples from the Curie cohort by IHC using TMA, after validating an anti-PRMT5 antibody for IHC staining (Figure S2). We observe that, as for mRNA, PRMT5 protein is expressed at similar levels in the different breast cancer subtypes and in healthy breast tissues (Figure 1B,C). However, the subcellular localization of PRMT5 varies (Figure 1B,C; Figure S3). Healthy breast tissues display significantly high levels of PRMT5 at the cell plasma membrane compared to cancerous tissues from all breast cancer subtypes (Figure 1B; Figure S3, left panel). Importantly, TNBC exhibit a distinctive PRMT5 subcellular distribution, with significantly lower levels of nuclear PRMT5 than healthy breast tissues and all other breast cancer subtypes (Figure 1C).

| High PRMT5 expression is associated with poor prognosis in TNBC

Our analysis of PRMT5 mRNA expression in TNBC shows up to eightfold variability between samples (Figure 1A), paralleling TNBC heterogeneity. 2 To determine the clinical significance of PRMT5 in TNBC, we analyzed PRMT5 expression and survival outcomes in TNBC using data from the Kaplan-Meier plotter online database 26 (www. kmplot.com) (Figure 2). Kaplan-Meier analyses indicate an association between high PRMT5 expression and lower probabilities of distant metastasis-free survival (DMFS, P = 0.085) and overall survival (OS, P = 0.012) (Figure 2), outlining the potential therapeutic value of PRMT5 targeting in a subset of TNBC.

| Pharmacological inhibition of PRMT5 impairs breast cancer cell viability

To explore the potential of PRMT5 targeting in TNBC, we first examined the effect of PRMT5 depletion on six TNBC cell lines using two PRMT5 siRNAs. PRMT5 silencing significantly decreases viability (Figure S4A), and colony formation (Figure S4B) of all tested cell lines.

To better assess the therapeutic relevance of PRMT5 targeting in TNBC, we next examined the effect of PRMT5 inhibition on a panel of breast cell lines using the PRMT5specific inhibitor EPZ015666. 13,14,27 First, we confirmed that EPZ015666 inhibits PRMT5 activity by analyzing PRMT5specific methylation marks on histones H3 (H3R8me2s) and H4 (H4R3me2s) (Figure 3A; Figure S5). We then conducted a cell viability assay on 13 breast cell lines, comprising eight TNBC-derived cell lines (ER-/PR-/HER-) from the different TNBC molecular subtypes defined by Lehmann 2 (Table S3), but also one ER+ (MCF-7), two ER-/HER2+ (HCC1954, SKBR3), and two non-tumorigenic mammary cell lines (MCF-10A, MCF-12A), for comparison purposes. EPZ015666 treatment impairs cell viability of all tested cell lines (Figure 3B). More precisely, we distinguish two groups of cell lines that we deem "sensitive" or "resistant" to the inhibitor based on the IC50 values calculated from the assay (0.5 µmol/L < IC50 < 4 µmol/L and IC50 >30 µmol/L, respectively) (Figure 3B, Table S3). Three of the eight TNBC (ER-/PR-/HER-) cell lines tested are sensitive. These three cell lines-MDA-MB-453, F I G U R E 2 High PRMT5 expression associates with poor prognosis in TNBC. Distant metastasis free survival (DMFS, left panel) and overall survival (OS, right panel) according the RNA expression of PRMT5 (Affy probe ID: 1564520_s_at) was analyzed by Kaplan-Meier (KM) Plotter 52 (http://kmplot.com). Because the breast cancer subtypes have different prognoses, the analysis was restricted to TNBC patients: the group "basal" (ER-/HER2-) was selected from the intrinsic subtypes. TNBC samples were split into high and low groups according to the expression level of the selected probe (median cutoff). Hazard ratio with 95% confidence interval and log rank P value were calculated and significance threshold was set at P < 0.05. A similar figure of TNBC patient OS as a function of high vs low PRMT5 RNA expression is presented in Wu Y et al, 25 MDA-MB-468, and HCC38-are among the four most sensitive to the PRMT5 inhibitor and therefore represent good models to study the impact of PRMT5 inhibition on TNBC. The two HER2+ cell lines (HCC1954, SKBR3) and the single luminal cell line (MCF-7) tested are sensitive. The non-tumorigenic mammary cell lines MCF-10A and MCF-12A are resistant (Figure 3B). This differential sensitivity to EPZ015666 is not due to marked differences in PRMT5 expression nor in global PRMT5 activity (Figure S6). A newer more potent PRMT5 inhibitor (biochemical IC50 of 6.2 ± 0.8 nmol/L 16 vs 22 ± 14 nmol/L for EPZ015666 27 ), GSK3326595 (EPZ015938), is currently evaluated in a phase I clinical trial. 16,28 In order to confirm the specificity of EPZ015666, we examined its effect on four TNBC cell lines-two sensitive (MDA-MB-453, MDA-MB-468) and two resistant (BT-20, HCC70) to EPZ015666. We first validated the inhibition of PRMT5 activity by EPZ015938 in the four cell lines (Figure S7A). Like EPZ015666, EPZ015938 impairs the viability of MDA-MB-453 and MDA-MB-468 cells (Figure S7B), but with more efficacy. Indeed, we calculate IC50 values of 124 nmol/L and 162 nmol/L for MDA-MB-453 and MDA-MB-468 cells, respectively (vs 1 µmol/L and 2.2 µmol/L for EPZ015666). BT-20 and HCC70 cells are resistant to EPZ015938 (IC50 >35 µmol/L for both cell lines) (Figure S7A), like to EPZ015666 (Figure 3B, Table S3).

| PRMT5 inhibition impairs colony formation in TNBC cells

We pursued our study by investigating the molecular mechanisms of the PRMT5-dependent cell survival in the three TNBC cell lines sensitive to EPZ015666: MDA-MB-453, MDA-MB-468, and HCC38.

To further validate the deleterious effect of PRMT5 inhibition on cell viability (Figure 3B), we examined the effect of PRMT5 inhibition on colony formation. In the three tested cell lines, 1 µmol/L EPZ015666 treatment results in 35%-90% less colonies (Figure 3C) compared to untreated cells. EPZ015666 treatment at 5µmol/L results in 60%-100% less colonies (Figure 3C).

| PRMT5 inhibition induces apoptosis and G2/M cell cycle arrest

We first evaluated the activation of apoptotic pathways in EPZ015666-treated cells. Western blot analyses confirm PRMT5 inhibition (decreased pan-SDMA), and show dosedependent increases in PARP, caspase-7, and caspase-8 cleavage following treatment (Figure 4A). These results are supported by the detection of increased caspase-3 and caspase-7 activity in a luminescent assay (Figure 4B).

Next, we examined the effect of PRMT5 inhibition on breast cancer cell cycle progression using flow cytometry. EPZ015666-treated MDA-MB-453, MDA-MB-468, and HCC38 cells display a higher proportion of cells in the sub-G1 phase 96 hours post-treatment compared to untreated cells (Figure 4 C), confirming the above results regarding apoptosis. In all three cell lines, we also observe a significant decrease in the G1 population and an increase of the G2/M population following EPZ015666 treatment (Figure 4D). Collectively, our data show that PRMT5 inhibition induces apoptosis and impedes cell cycle progression.

| PRMT5 inhibition impairs mammosphere formation in TNBC cells

In addition, because breast cancer stem cells (BCSCs) are enriched in TNBC 8 and play a role in resistance to chemotherapies, 29 we investigated the effect of PRMT5 inhibition on an indicator of breast cancer cell stemness. Specifically, we assessed the propensity of HCC38 cells to form mammospheres following EPZ015666 treatment. PRMT5 inhibition significantly impairs HCC38 mammosphere formation in a dose-dependent manner (Figure 5A), suggesting a potential role for PRMT5 in the maintenance of BCSC properties.

| PRMT5 targeting slows tumor progression in vivo in a TNBC patient-derived xenograft model

We evaluated the potential anti-tumor effects of PRMT5 targeting in a preclinical study involving a TNBC patient-derived xenograft model, selected for its high PRMT5 mRNA expression. EPZ015666 was administered twice daily, at 100 mg/kg per-os (po). Treatment significantly slows tumor growth, with 39% tumor growth inhibition (TGI, P = 0.02) after 4 weeks (Figure 5B, left panel), and no observed toxicity (Figure S1). We verified that PRMT5 inhibition had indeed occurred in the tumors at the end of the experiment by assessing PRMT5 activity by Western Blot, using pan symmetric dimethyl-arginine (pan-SDMA) and H4R3me2s antibodies (Figure 5B, right panel).

| Synergistic interaction between

PRMT5 and EGFR inhibitors

Drug combinations have gained interest in cancer therapeutics, as means for increased treatment efficacy, decreased toxicity, and reduced risk of drug resistance. To address this, we screened the Prestwick Chemical Library-consisting of 1,200 FDA-approved molecules 30 -and six additional drugs (Table S2), alone or in combination with EPZ015666 on MDA-MB-453 cell viability. Following the selection criteria, Erlotinib, an EGFR inhibitor, was identified twice in the top 25 compounds for which there is at least some additivity with EPZ015666 (Figure S8). We validated the results of our screen by treating MDA-MB-453 cells with variable combinations of EPZ015666 and Erlotinib and measuring cell viability after 3 days, as for the screen (Figure 5, left panel). We calculated Loewe excess inhibition values and Chou-Talalay combination indexes (CI) as measures of synergy (Figure 5, middle and right panels, respectively). We considered Loewe excess values greater than 10% and Chou-Talalay CI lower than 1 to be suggestive of additivity. Both Loewe excess and Chou-Talalay CI suggest additivity, if not synergy, between EPZ015666 and Erlotinib, confirming the results from our screen (Figure 6A). We next sought to determine whether an EPZ015666/Erlotinib drug combination would be efficient on all TNBC cell lines or, as for EPZ015666 treatment alone, in a subset of TNBC cell lines. We hence tested combinations of EPZ015666 and Erlotinib on four additional cell lines, two of which (MDA-MB-468, HCC38) were sensitive to EPZ015666 in our initial cell viability assay (Figure 3A), and two of which (BT20, HCC70) were resistant. We found the drug combination to be beneficial on MDA-MB-468 and BT20 cells especially (Figure 6B), both of which express high levels of EGFR (Figure S5B), as well as on HCC70 cells (Figure 6B). EPZ015666/Erlotinib combination had no additive effect on HCC38 cells (data not shown).

| DISCUSSION

Despite considerable improvement in breast cancer therapeutic management, no targeted therapy yet exists for the treatment of TNBC, and this breast cancer subtype remains a challenge for oncologists. PRMTs have recently received considerable attention as potential therapeutic targets in various types of cancer, 31 and several specific PRMT inhibitors have recently been described. 14 The present study suggests a promising therapeutic potential for PRMT5 targeting in a subset of TNBC, using the small-molecule inhibitor EPZ015666. 13,14,27 Indeed, we show that PRMT5 inhibition (a) impairs breast cancer cell viability, (b) triggers apoptosis, (c) impedes colony formation (d) affects CSC properties, and (e) slows tumor growth in a TNBC patient-derived xenograft model (PDX). In doing so, we align with previous studies which underline the potential value of PRMT5 inhibition as a therapeutic approach in glioblastoma 32,33 and mantle cell lymphoma. 8,13 The 13 breast cell lines we tested display differential sensitivity to PRMT5 inhibition. Six of the cell lines examined are sensitive whereas seven are resistant to EPZ015666. Interestingly, the non-tumorigenic cell lines MCF-10A and MCF-12A belong to the group that is resistant to PRMT5 inhibition. Although non-tumorigenic, these cell lines are the most proliferative in our in vitro assays, demonstrating that the sensitivity to the inhibitor is not related to cell proliferation rate. This consideration suggests that side-effects of PRMT5 targeting could be minimal. We confirmed specificity and differential sensitivity to PRMT5 inhibition using a newly available inhibitor, EPZ015938. Using this same inhibitor, Gerhart et al also observe variable sensitivity to PRMT5 inhibition across a panel of 240 cancer cell lines. 16 They find p53 status to be determinant to EPZ015938 sensitivity. We, however, observe no correlation between p53 mutation and sensitivity to PRMT5 inhibition in the TNBC cell lines we tested, and were unable to trace sensitivity back to the expression of transcriptomic biomarkers. Enlarging our analysis to a larger number of TNBC cell lines would be necessary to do so, and could, in turn, help stratify patients who could benefit from treatment with a PRMT5 inhibitor.

In contrast, PRMT5 depletion impairs the viability of all the TNBC cell lines tested in this study, thus aligning with previous research conducted on cell lines derived from other cancer types 10,34 or on MDA-MB-468 16 and another TNBCderived cell line, MDA-MB-231. 8,25 It thus appears that the effect of PRMT5 depletion on cell viability is independent from cell sensitivity to EPZ015666. Indeed, inhibiting an enzyme is different from removing its expression. Such a difference was also observed by Mavrakis et al, 35 who found that cancer cell sensitivity to PRMT5 depletion, but not to PRMT5 inhibition using EPZ015666, is contingent upon low-MTAP expression. These observations demonstrate that inhibiting the activity of PRMT5 has a different impact on cell viability than silencing PRMT5 expression. The mode of PRMT5 targeting is therefore key. More generally, these observations underline the importance of validating potential therapeutic targets using pharmacological inhibitors, and not only using siRNA.

Furthermore, we find that PRMT5 is required for cell proliferation. Pharmacological inhibition of PRMT5 slows cell cycling, leading towards a G2/M cell cycle arrest in the three TNBC cell lines examined. G2/M arrest was previously observed in U-87 MG human glioma cells 36 treated with EPZ015666, and in NIH-3T3 cells stably expressing an anti-sense PRMT5. 9 Some studies have shown that following PRMT5 knockdown, Huh7, MCF-7, and MDA-MB-231 cells also exhibit decreased proliferation, but associated to a G1/S growth arrest. 12,25,37 The mode of PRMT5 targeting is likely determinant here. It is also possible that the role of PRMT5 in cell cycle progression be dependent on cell-type and context.

Previous studies demonstrate that PRMT5 activity is essential for cell stemness. 7,38,39 In breast cancers specifically, PRMT5 was shown to play a critical role in the proliferation and self-renewal of stem-like cells via the regulation of C-MYC, OCT4/A, and FOXP1 expression. 7,38,39 Our study supports these findings as we show that PRMT5 inhibition impairs the formation of mammospheres-an indicator of cancer cell stemness-in a TNBC cell line. Since TNBC are enriched in stem-like cells, and this subpopulation is linked to resistance to chemotherapy and relapse, 29 our observations further support the coherence of targeting PRMT5 in TNBC and suggest that PRMT5 targeting could potentiate the effects of conventional therapy, potentially avoiding relapses, the main concern for current treatments of TNBC patients.

Our screening of the Prestwick Chemical Library in the presence or in the absence of the PRMT5 inhibitor EPZ015666 reveals that targeting EGFR potentiates the effect of PRMT5 inhibition on cell viability. In four TNBC cell lines, we thus show potentiation between Erlotinib and EPZ015666 using Loewe excess quantification and Chou-Talalay combination index. TNBC cell line sensitivity to the drug combination was independent from sensitivity to EPZ015666 treatment alone, suggesting that PRMT5 targeting may be valuable on a different set-and perhaps wider number-of TNBC when used in combination than when used as monotherapy. In our cell line panel, we noted that the EPZ015666/Erlotinib combination is most effective on, but not limited to, the two cell lines expressing high levels of EGFR. EGFR inhibitors on their own have shown only a modest effect in clinical trials in TNBC patients, 40 their use in combination could be beneficial. PRMT5 has been shown to interact with EGFR and to modulate its activity. 41 EGFR is also a substrate of PRMT1, 42 the main PRMT generating asymmetric dimethylation. 31 The methylation of EGFR by PRMT1 is reported to play a role in resistance to treatment with Cetuximab, an anti-EGFR antibody. 42 Recently, inhibition of PRMT1 using the nonspecific inhibitor Furamidine was reported to increase Erlotinib sensitivity in MDA-MB-468 cells, 43 further endorsing anti-EGFR/anti-PRMT therapeutic combination strategies in the context EGFR-overexpressing TNBC. Previous reports have shown that PRMT5 silencing slows tumor growth in vivo, using xenograft models from cancer-derived cell lines, including the breast cancer-derived MCF7. 39,44 In alignment with these reports, we here show that pharmacological inhibition of PRMT5 slows tumor growth in a TNBC PDX model. Our study constitutes a first approach to PRMT5 inhibition in vivo in TNBC PDX models. Applying this approach to additional PDX models would be essential to strengthen this initial observation, as well as to evaluate in vivo the potential of EGFR and PRMT5 combinatorial targeting.

Parallelly, using Kaplan-Meier plotter online survival analyses in TNBC, we associate the high PRMT5 expression and poor patient prognosis in TNBC, as observed in a wide range of cancers [START_REF] Stopa | The PRMT5 arginine methyltransferase: many roles in development, cancer and beyond[END_REF], 2041-2059), including breast cancers. 25,45 We do not, however, observe elevated PRMT5 mRNA expression in TNBC from our breast cancer cohort nor from TCGA-BRCA. In our cohort, PRMT5 is not overexpressed at the protein level either, contrarily to reports from distinct groups. 45,46 These discrepancies may be due to the use of different TMA fixation and staining techniques, as well as to the use of different PRMT5 antibodies.

We further show here that PRMT5 is differentially localized in breast cancers and healthy mammary tissue, and that some important subcellular localization differences can be noted between breast cancer subtypes. Indeed, PRMT5 is expressed at lower levels in the nucleus of TNBC than in those of healthy breast tissues, HER2+, and luminal breast cancers. We thus posit that PRMT5 activity has different biological outcomes depending on PRMT5 subcellular localization and/ or substrate specificity.

Several studies have already pointed out the importance of PRMT5 localization in determining substrate specificity and resultant cell fate. During mouse embryogenesis, Prmt5 is predominantly found in the cytoplasm, where it maintains cell pluripotency via methylation of predeposited H2AR3. 7 The onset of cell differentiation is contingent on the nuclear translocation of Prmt5 and concurrent decrease of the H2AR3 methylation mark. 7 Likewise, PRMT5 localizes in the cytoplasm of human prostate cancer cells where it supports cell proliferation. 47,48 Forced nuclear localization of PRMT5 is associated with epithelial cell differentiation and inhibits prostate cancer development in tissue culture and in prostate tumor xenograft models. 49 More recently, Lattouf et al found that in a cohort of 390 breast invasive carcinomas, high nuclear PRMT5 was associated with longer OS 07 0,80 0,72 0,62 0,42 0,59 0,90 0,63 0,72 0,66 0,68 0,54 0,97 0,87 1,06 0,98 1 

  est impliquée dans le trafic cellulaire et la cytokinèse. Nous avons montré que PRMT4 interagit avec le domaine C-terminal d'ALIX et le méthyle au niveau de deux arginines. Comme ce domaine d'ALIX sert de point d'ancrage à de nombreuses protéines, sa méthylation par PRMT4 pourrait ainsi réguler certaines fonctions d'ALIX. Nous avons observé qu'une diminution de l'expression de PRMT4 entraîne des défauts de cytokinèse, altérant la localisation de la protéine ESCRT, CHMP4B, au site d'abscission, et conduisant à la formation de cellules binucléées. Cependant, le rôle exact de PRMT4 dans la cytokinèse et la pertinence fonctionnelle de la méthylation d'ALIX médiée par PRMT4, restent à démonter. Nos travaux ont permis de mieux caractériser les fonctions cellulaires de PRMT1 et PRMT4, et de proposer d'inhiber PRMT1, en combinaison avec certaines chimiothérapies, pour le traitement des cancers TNBC.
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 1 Figure 1: Incidence and mortality of the cancer occurring in females. Modified and adapted from [1].

Figure 2 :

 2 Figure 2: Anatomy of the human female breast. (©Terese Winslow).

Figure 3 :

 3 Figure 3: Type of cells found in non-invasive and invasive breast cancer. Adapted from [4].
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 4 Figure 4: Summary of breast cancer classification by different teams until date. Adapted from [13].

Figure 5 :

 5 Figure 5: Scheme of the different kinds of surgical procedures available to treat breast cancer. (A) Simple mastectomy where the entire breast is removed. (B) Radial mastectomy is when the entire breast along with its neighboring lymph nodes is removed. (C) In order to conserve the breast, only the tumor and/or the nearby lymph nodes infected will be removed. (© Therese Winslow).

Figure 6 :

 6 Figure 6: Use of PARP inhibitors in breast cancer. DNA damage can be repaired by base-excision repair (BER) which depends on PARP or homologous recombination which requires BRCA1/2. BRCA mutated cells rely on BER for DNA repair so introducing PARP inhibitors in these cells introduces synthetic lethality causing cell death. Adapted from [49].

Figure 7 :

 7 Figure 7: Lehman classification of TNBC cell line models [59]. The cell lines listed here are those routinely used in our lab and the ones highlighted in bold are those used in this thesis. UNS: unstable, BL1: basal-like 1, BL2: basal-like 2, IM: immunomodulatory, M: mesenchymal, MSL: mesenchymal stem-like, LAR: luminal androgen receptor.

Figure 8 :

 8 Figure 8: TNBC subtype clustering by Lehmann et al. This gene expression profiling highlights the enriched pathways unique to each TNBC subtype. UNS: unstable, BL1: basal-like 1, BL2: basal-like 2, IM: immunomodulatory, M: mesenchymal, MSL: mesenchymal stem-like, LAR: luminal androgen receptor, Myo: myoepithelial, CL: claudin, AG: angiogenesis. Modified and adapted from [59].

Figure 9 :

 9 Figure 9: Schematic representation of TGF-β pathway. TGF-β binds to the transmembrane receptor TGF-βRII which leads to the phosphorylation of TGFβRI. This causes the phosphorylation of the different SMAD proteins, leading to their translocation to the nucleus, activating TGF-β induced target gene expression.Adapted from[83].

Figure 10 :

 10 Figure 10: Summary of the Notch signaling pathway. This pathway uses a paracrine mode of activation where the ligands (Delta, Jagged, Serrate) bind to the receptors of the adjacent cell to activate the cleavage of the intracellular receptor domain. This domain translocates to the nucleus to activate the transcription of NOTCH target genes. Adapted from [88].

Figure 11 :

 11 Figure 11: Hedgehog signaling pathway in its "on" and "off" state. (A) In the absence of Hedgehog (HH) ligand, Patched (PTCH) prevents the localization of Smoothened (SMO) to the cilia, and the GLI repressor form -GLI3R, represses the target genes. (B) The pathway is activated when HH binds to PTCH, aiding in the ciliary localization of SMO. This activates the GLI family of transcription factors to translocate to the nucleus and activate target gene expression. Adapted from [93].

Figure 12 :

 12 Figure 12: Schematic overview of the Wnt/β-catenin pathway in its "OFF" and "ON" state. (A) In its "OFF" state, the cytosolic destruction complex sequesters β-catenin (β-cat) and phosphorylates it. Phosphorylated β-cat is bound to the E3 ubiquitin ligase β-TrCP which poly-ubiquitinates β-cat and targets it to proteasomal degradation. (B) The pathway is activated when the Wnt ligands are palmitoylated by the enzyme porcupine (PORCN) in the endoplasmic reticulum and secreted out of the cell, binding to the transmembrane receptors Frizzled and LRP5/6. This dissociates the destruction complex causing β-cat to translocate to the nucleus, where it interacts with TCF/LEF to activate Wnt target gene expression.

Figure 13 :

 13 Figure 13: Current and upcoming treatment strategies for TNBC. The genetic alterations are indicated in white boxes while the upcoming therapies are mentioned in the red boxes. Adapted from [110].

Figure 14 :

 14 Figure 14: Overview of protein methylation on lysine and arginine residues. (A) PRMTs methylate their substrate proteins on the arginine residue and generate monomethylated (all PRMTs) or dimethylated arginines (Type I -asymmetric, Type II -symmetric). (B) The lysine residues on proteins can be methylated by protein lysine methyltransferases (PKMT) generating mono-, di-, and tri-methylated lysines. These modifications are reversible by lysine demethylases (PKDM). SAM: S-Adenosyl-L-methionine; SAH: S-Adenosylhomocysteine.

Figure 15 :

 15 Figure 15: Metabolic cycle generating the metabolite, SAM. SAM is generated through the methionine metabolic cycle which is the methyl donor for all the methylation reactions in the cell, such as DNA, lysine, and arginine methylation. The by-product of methylation reaction using SAM generated SAH. Methionine is regenerated from SAH either through the folate cycle or through the methionine cycle. Modified and adapted from [117].

Figure 16 :

 16 Figure 16: Family of nine mammalian PRMTs. All the PRMTs share structural homology in their central catalytic domain with certain conserved residues and motifs. The signature PRMT motifs (marked in black lines) are labeled motif I, post I (pI), II, E (double E loop), III and the THW loop. The dimerization arm common to all PRMTs is labeled as D. Some of the PRMTs have unique motifs at the N-terminus (shown in different colors). Type I PRMTs are labeled in green, Type II PRMTs in red and Type III in black. SH3: SRC Homology 3 Domain; ZnF: Zinc-finger; PH: Pleckstrin homology; TIM: triose phosphate isomerase; Myr: Myristoylation; TPR: Tetratricopeptide repeat.

Figure 17 :

 17 Figure 17: Function of PRMTs in pre-mRNA splicing. (a) PRMT5 methylates core members of the splicing complex while PRMT9 methylates the splicing factor SAP145, to promote the maturation of the snRNPs. (b, c) Inside the nucleus, CARM1 (labeled as CARM1 in the scheme) and PRMT5 methylate different splicing factors or Zinc-finger containing proteins to regulate pre-mRNA splicing. Adapted from [163]. 1.18.1.2 Cell cycle regulation and DNA damage response PRMT1 and PRMT5 are mainly involved in the DNA damage response pathway [165]. PRMT1 methylates two proteins MRE11 and 53BP1 (p53 binding protein 1) which are key proteins in the DNA damage repair pathways [169-171] (Figure 18a). PRMT5 has

Figure 18 :

 18 Figure 18: Regulation of the DNA damage response pathway by the PRMTs. (a) PRMT1 methylates 53BP1, BRCA1, and MRE11 to promote their function in double-strand break repair. (b) PRMT5 similarly methylates proteins involved in the DNA damage response pathway to promote DNA double-strand repair by homologous recombination. Modified and adapted from [163].

Figure 19 :

 19 Figure 19: Signal transduction pathways modulated by PRMTs. (a) PRMT1 methylates SMAD6 and SMAD7 (inhibitory SMADs) to activate BMP and TGF-β signaling pathways leading to EMT. (b) TGF-β inhibits TLR signaling by PRMT1-mediated methylation of SMAD6, which causes MyD88 degradation. (c) PRMT5/MEP50 methylate the repressor SKI, activating PAX3/SOX10 expression causing MITF expression and thereby melanoma growth. (d) PRMT5 methylates the intracellular domain (ICD) of EGFR or CRAF to inhibit EGFR and ERK signaling, respectively. (e) PRMT5 methylates ICD of PDGFRα to growth factor signaling. Adapted from [163].

  PRMT5 activates the Wnt/β-catenin pathway in various cancer types like hematopoietic, liver, laryngeal, and breast [204-208]. PRMT5 tends to activate the Wnt pathway by silencing the different antagonists such as Disheveled3 [204], Axin2 and WIF1 [205], DKK1 and DKK3 [208]. PRMT5 and β-catenin are recruited to the promoter of Dlk-1, a Wnt target gene, by Copr5 to regulate early adipogenesis [209].

Figure 20 :

 20 Figure 20: PRMT2, CARM1, and PRMT5 activate the Wnt pathway. CARM1 and PRMT2 are recruited by β-catenin to activate Wnt target genes. Methylation of H3R8 (me2a) by PRMT2 is a docking site for spindlin-1 (SPIN-1). PRMT5 activates the Wnt pathway by epigenetically silencing (H3R8me2s, H4R3me2s) the antagonists, Axin2, WIF1, DKK1, DKK3, and DVL3.

Figure 21 :

 21 Figure 21: Cardiovascular disease conditions upon PRMT dysregulation. Asymmetric dimethylated arginines (ADMA) inhibits the enzyme nitric oxide synthase (NOS), thereby inhibiting the formation of nitric oxide (NO). Cellular NO usually acts as a vasodilator. Differential PRMT levels are associated with varying cardiac failures where the red arrow indicates an increased level while a green arrow indicates a decreased level of the PRMT shown. This has been very recently reviewed [212]. For example, mice null of cardiac PRMT1 result in cardiomyocyte hypertrophy and fibrosis, leading to heart failure [213]. Overexpression of CARM1 [214] leads to the apoptosis of cardiomyocytes [214]. Further, overexpression of either PRMT3 or PRMT5 increased the expression of the sodium channel in cardiac muscles, and abnormal PRMT3 expression could lead to cardiac dysfunction [215]. Indeed, PRMT3 is overexpressed in patients with coronary heart disease [216]. Nevertheless, the role of PRMTs is still emerging in cardiovascular diseases.

  [217]. CARM1-mediated histone H3 methylation increases Tax transactivation of the HTLV-1 long terminal repeat (LTR) (methylation of R2, R17, R26 on Histone H3) [218] and represses the transcription of HIV-1 LTR (methylation of R26 on histone H3) [219]. On the contrary, a more recent study has shown that PRMT5 and PRMT7 could promote HIV-1 replication by stabilizing its Vpr protein [220]. PRMT6 is shown to be involved in multiple steps of the HIV-1 replicative cycle. For example, the Tat protein of HIV-1 is methylated by PRMT6, inhibiting Tat transactivation [221]. Moreover, PRMT6 increases the Tat half-life [222] and prevents its retention in the nucleolus [151]. Further studies have confirmed that PRMT6 acts as a restriction factor for HIV-1 infection, by many mechanisms including methylating other HIV-1 proteins (Rev, nucleocapsid protein p7) [223-227] (Figure 22A).

Figure 22 :

 22 Figure 22: PRMTs methylate viral proteins. (A) CARM1 inhibits HIV-LTR transcription by methylating histone H3 (H3R26me2a). PRMT1, PRMT5 and PRMT6 inhibit HIV-1 Tat protein directly (PRMT6 methylation) or indirectly (inhibiting RNA pol II). (B) Epstein-Barr virus (EBV) infection increases PRMT1, CARM1, and PRMT5 levels in B-cells and both PRMT1 and PRMT5 control EBV nuclear antigens. (C) CARM1 levels are regulated in the human papillomavirus (HPV) by two mechanisms. HPV-E6 protein inhibits CARM1, preventing its role in activating p53-mediated transcription or HPV-E7 protein decreases miRNA203, which promotes the expression of all p63-mediated transcription, including CARM1. (D) PRMT1 methylates viral proteins (AUF1 p45 in the West Nile virus or N protein in SARS-Cov-2) to promote their replication. Arginine methylation of ICP27 prevents its shuttling from the nucleus to the cytosol in herpes simplex virus-1.

Figure 23 :

 23 Figure 23: Role in neurodegenerative diseases. (A) PRMT1 or PRMT8 methylates FUS, causing its accumulation and/or C9orf72 mutations to cause the ALS phenotype. (B) β-amyloid protein accumulation decreases PRMT5 level leading to apoptosis of neurons in Alzheimer's patients. Conversely, the PRMT5/MPTAC/snRNP complex inhibits β-amyloid accumulation. (C) PRMT5 binding to Htt causes it to function abnormally while PRMT6 methylates Htt inside vesicles inhibiting neuronal death. (D) Both PRMT5 and CARM1 methylates Tudor domain-binding proteins (TDBPs) which bind to the Tudor domain of SMN to cause spinal muscular atrophy (SMA) or CARM1-mediated methylation of FOXO3a causes muscular atrophy. LOF: loss-of-function, GOF: gain-of-function.

Figure 24 :

 24 Figure 24: Expression and activity of PRMTs in metabolic diseases. The red arrow indicates upregulation, and the green arrow shows downregulation.

Figure 25 :

 25 Figure 25: PRMT5 dependency of cancer cells deleted for MTAP. In the presence of MTAP, MTA is converted to adenine and PRMT5 depletion only shows a modest effect on cell viability. When MTAP is lost, there is an accumulation of intracellular MTA level, which inhibits PRMT5 activity as MTA is a SAM analog (thus binds to the SAM pocket within PRMT) and depleting PRMT5 in this setting severely decreases cancer cell viability. Adapted from [324].

Figure 26 :

 26 Figure 26: Timeline of PRMT inhibitor development. Adapted from [162].

Figure 27 :

 27 Figure 27: Spliced isoforms of PRMT1 (v1-v7). The nomenclature of the PRMT1 isoforms follows what has been described byGoulet and colleagues [133]. The alternative splicing occurs at the N-terminus of PRMT1 represented by the different exons (in boxes). The intronic sequences incorporated into the transcripts are shown in dotted lines between the exons. are conserved between all seven isoforms. GAG: Conserved nucleotide residues, guanine, and adenine.

Figure 28 :

 28 Figure 28: Modifications occurring on PRMT1. Most of the known modifications occur within its methyltransferase domain and question marks represent modifications on unknown residues.

Figure 29 :

 29 Figure 29: PRMT1 activates or inhibits the Wnt pathway. (A) PRMT1 inhibits the Wnt pathway by methylating Disheveled (Dvl) or Axin preventing their recruitment to the transmembrane receptors Frizzleds and LRP5/6. (B) PRMT1 activates the Wnt pathway by methylating proteins in DVL super complex (G3BP1, G3BP2) aiding in the release of β-catenin (β-cat) mRNA which is then translated and activates Wnt target genes. (C) PRMT1 binds to LRP6 and global methylation inhibition using Adox prevents GSK3β-mediated phosphorylation of LRP6. (D) In vesicles, PRMT1-mediated methylation primes a substrate for phosphorylation by GSK3β driving endocytosis. (E) Myc and TCF/LEF bind to the promoter of PRMT1 and aid in its transcription.

Figure 30 :

 30 Figure 30: PRMT1 contributes to drug resistance, EMT and metastatic phenotypes. (A) Paclitaxel treatment induces cell death by increasing ASK1 levels but PRMT1 methylates ASK1 preventing apoptosis. PRMT1 causes an accumulation of multidrug resistance 1 (MDR1) by binding to pregane-x receptor (PXR). (B) PAK4 phosphorylates RUNX1 in the nucleus and aids in its translocation to the cytoplasm. In the cytoplasm, phosphorylated RUNX1 binds to PRMT1 and HDAC1 leading to bone destruction. PRMT1 methylates the promoter of ZEB1 (H4R3me2a), activating it and leading to an EMT phenotype. (C)Tumorassociated macrophages (TAM) secrete IL-6 which stimulates PRMT1 expression in the nearby breast cancer (BC) cell, leading to methylation and stabilization of EZH2 causing a metastatic phenotype.

Figure 31 :

 31 Figure 31: PRMT1 controls oncogenesis in hematopoietic cancer. (A) PRMT1 methylates transmembrane receptors FLT3 or the mutated form, FLT3 internal tandem repeat (ITD) leading to AML progression. (B) BTG1 protects against ALL progression by recruiting PRMT1 to methylate ATF4 upregulating pro-apoptotic signals. (C) Myc and TCF/LEF transcription factors bind and activate the PRMT1 promoter leading to tumor progression. (D) Leukemia cells mutated for the SRSF2 splicing factor are more sensitive to the combined inhibition of PRMT5 and type I PRMTs.

Figure 32 :

 32 Figure 32: Structure and domains of CARM1. The N-terminal PH-like and C-terminal transactivase domains are disordered while the central methyltransferase domain has a Rossmann fold connected to a βbarrel region by a proline residue. The catalytic domain has the PRMT motif signatures (I, II, III, and IV), dimerization arm and the nuclear localization signal. Amino acid numbering is according to human CARM1.1.26.2 Domain-specific features 1.26.2.1 N-terminal PH-like fold

Figure 33 :

 33 Figure 33: Alternatively spliced isoforms of CARM1. Rat CARM1 (rCARM1) has five isoforms that differ in the C-terminal region. rCARM1 v1 and rCARM1 v4 are the full-length (hCARM1-FL) and ΔE15 (hCARM1-ΔE15) isoform in humans, respectively. The amino acid residue number of exon 15 (539-561) is according to hCARM1. In contrast, only two variants, CARM1-FL and CARM1-ΔE15 (Figure 33), are well expressed in breast [454] and hematopoietic [455] cell lines and are capable of forming homo-and heterodimers [454]. CARM1-FL is the most highly expressed form of CARM1 in a healthy brain, heart, skeletal muscle, and testis [134, 454], whereas CARM1-ΔE15 is predominant in a panel of breast cancer cell lines and breast tumors [454, 456]. Interestingly, the auto-methylation site (R550) of CARM1 occurs only in the CARM1-FL isoform, crucial to transduce ERα transcriptional activation [457]. Moreover, differential subcellular localization has been proposed for these two variants: nuclear for CARM1-FL, and potentially mainly cytosolic for CARM1-ΔE15 [456]. However, such localization may vary depending on the cell type and/or tissue studied. Both variants show similar in vitro methyltransferase activity towards histone H3 [134, 452, 454, 458], TP2 [452], and PABP1 [454]. Pax7 is preferentially methylated by CARM1-ΔE15 [458], possibly due to constrained accessibility to CARM1-FL.

Figure 34 :

 34 Figure 34: Various modifications regulating CARM1 activity. Known modifications, residues on which these modifications occur, and the regulation enzyme are indicated. The unknown kinase phosphorylating S216 is indicated with a question mark. Amino acid numbering is according to human CARM1. 1.28.1.1 Phosphorylation CARM1 is phosphorylated on several residues, T131 [459], S216 [460], S228 [441, 461], S447 [462], and S595/S572 [458]. Glycogen synthase kinase 3 beta (GSK3β) phosphorylates CARM1 on T131, within the PH-like domain, to protect it from ubiquitinmediated proteasomal degradation [459]. S216 [460] and S228 [441, 461] are located within the catalytic domain and are phosphorylated by an unknown kinase and protein kinase C (PKC) [461], respectively. Mutants mimicking their phosphorylated state (S216E and S228E) impair CARM1 methyltransferase activity by interfering with SAM binding, as well as transactivation of ER-dependent transcription [441, 460, 461]. Although S228E affects CARM1 dimerization [441, 460], S216E neither affects CARM1 dimerization nor its interaction with co-activators such as p300 [460]. Both S216 and S228 are phosphorylated during mitosis [441, 460], suggesting CARM1 is involved in cell-cycle progression. The phosphorylation of S447 by protein kinase A (PKA) promotes the interaction of CARM1 with the hormone-binding domain of unliganded ERα, leading to its cAMP (cyclic Adenosine Monophosphate)-dependent transcriptional activity [462], which is further enhanced by PKA-mediated phosphorylation of LSD1 (Lysine-Specific histone Demethylase 1) [463]. p38y MAPK (Mitogen-Activated Protein Kinase) phosphorylates S572 of CARM1-ΔE15 (and S595 of CARM1-FL) within its C-terminal domain without affecting its methyltransferase activity [458]. Phosphorylation of S216 [460] and S572
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 35 Figure 35: Regulation of CARM1 by lncRNAs and miRNAs. (A) Long-noncoding RNAs bind to CARM1 and regulate its function. (B) micro-RNAs (miR) degrade CARM1 in colorectal cancer cells (CRC), non-small cell lung carcinoma (NSCLC) or hematopoietic stem and progenitor cells (HSPCs).

Figure 36 :

 36 Figure 36: Regulation of transcription by CARM1. (A) CARM1 methylates histone H3 on Arg 17 and 26 and weakly on Arg 2. Acetylation on Lys 18 and 23 on histone H3 aids CARM1 binding and methylating Arg 17. (B) CARM1 methylates (BAF155, Pontin) or stimulates (BRG1, also called SMARCA4) chromatin remodeling complex subunits to activate ERα mediated transcription. 1.30.1.1 Part of the "histone code"

Figure 37 :

 37 Figure 37: Co-activator function by CARM1 on nuclear receptors. CARM1 can bind to any primary coactivator on nuclear receptors to enhance transcription. CARM1 methylates co-activators CBP/p300 to enhance NR-mediated transcription. CARM1 can co-operate with PRMT1 or transcription factors (TFs) to mediate transcription.

Figure 38 :

 38 Figure 38: CARM1 regulates splicing by methylating factors. CARM1-mediated methylation of CA150 promotes exon skipping. CARM1 methylates splicing factors (SmB, U1C, SAP49, SRSF2) or automethylates itself to regulate mRNA splicing.

Figure 39 :

 39 Figure 39: mRNA metabolism in paraspeckles mediated by CARM1. (A) Under normal conditions, CARM1 methylates p54nrb and inhibits the transcription of NEAT1 lncRNA, inhibiting paraspeckle formation. This aids in the cytosolic transport of mRNAs contains IRAlu elements. (B) When cellular stress is induced, the CARM1 level inside the paraspeckle is decreased, and the mRNAs containing IRAlus are sequestered by p54nrb.

Figure 40 :

 40 Figure 40: CARM1 regulates autophagy through two different mechanisms. CARM1 is degraded by C9orf72 or SKP2 in nutrient-rich conditions. Under glucose starvation, CARM1 translocates to the nucleus to directly or indirectly activate autophagy and lysosomal target genes and de novo lipogenesis. The double-headed arrow indicates direct binding between pontin and phosphorylated FOXO3a.

Figure 41 :

 41 Figure 41: CARM1 modulates metabolic pathways in cancer. (A) CARM1 methylates PKM2 which decreases the inositol-1,4,5-trisphosphate receptors (InsP3Rs), changing the metabolism from oxidative phosphorylation (OXPHOS) to aerobic glycolysis. (B) Glucose starvation increases the CARM1 level and leads to methylation of GAPDH, inhibiting glycolysis. (C) CARM1 methylates MDH1 to inhibit glutamine metabolism. Reactive oxygen species (ROS) inhibits CARM1, activating glutamine metabolism.

Figure 42 :

 42 Figure 42: CARM1 regulates early embryo development. (A) Phenotypes of CARM1 knockout and enzyme-dead knock-in mice. (B) Substituting arginine 17 of histone H3 or truncating CARM1 at its C terminus causes developmental retardation. (C) CARM1-mediated methylation of histone H3 and/or BAF155 induces the expression of ICM-specific factors and blocks TE differentiation. Paraspeckles are necessary for normal development dependent on H3R26 methylation by CARM1. 1.30.5.1 CARM1 activity is essential for embryonic development CARM1 regulates early mouse development and plays a role in the determination of cell fate. In contrast to PRMT1 and PRMT5 (the major Type I and Type II PRMTs), whose knock-out (KO) cause embryonic lethality [136, 137], CARM1 KO mice display recessive neonatal lethality, with pups dying at birth due to breath failure [141, 444] (Figure 42A). Furthermore, CARM1 KO mice are smaller than their wild-type (WT) littermates [141], show delayed endochondral ossification and decreased chondrocyte proliferation [514], reduced thymopoiesis, resulting from a defect in the fetal hematopoietic compartment [515, 516], impaired adipocyte differentiation [517], muscle regeneration deficit [518], and hyperproliferation of alveolar type II cells [519] (Figure42A). Interestingly, a CARM1 enzyme-dead knock-in mutant mouse phenocopies CARM1 KO mice[444], showing blocked thymocyte differentiation[444, 515, 516] and defective adipogenesis[444, 517], indicating CARM1 activity is essential for development (Figure42A). In parallel, substituting R17 on histone H3 with histidine causes developmental retardation at embryo day E4.5

  1.30.5.3 CARM1 maintains the pluripotency of ESCs Mirroring its function in embryonic cell fate determination, CARM1 induces the expression of pluripotency genes (Oct4, Sox2) through the methylation of histone H3, impairing embryonic stem cell (ESC) differentiation[524][525][526]. Further, CARM1 is essential for retinoic-acid induced differentiation of mouse ESC[527]. Conversely, the miR-181 family promotes ESC differentiation by targeting CARM1 for degradation [524] (Figure43A).

Figure 43 :

 43 Figure 43: Cellular differentiation controlled by CARM1. (A) CARM1-mediated methylation of histone H3 inhibits embryonic stem cell (ESC) differentiation. microRNA (miR)-181 promotes ESC differentiation directly or by inhibiting CARM1. (B)CARM1 methylates histone H3 on arginine 17 to increase the miR-192 level for astroglial maintenance. (C) CARM1 (with GRIP1) activates MEF2c transcription or CARM1-ΔE15mediated Pax7 methylation activates Myf5 transcription, leading to muscle cell differentiation. CARM1 with BRG1 activates glycogen genes to activate myogenesis.

  CARM1 enhances MEF2c transcription [502] and CARM1-dependent methylation of Pax7 activates Myf5 expression [518], both leading to the differentiation of muscle cells. Moreover, CARM1 is needed for late-stage myogenesis by interacting with BRG1 [529, 530] and inducing the glycogen gene expression program [265].

  . CARM1 is expressed both in the nucleus and in the cytoplasm of breast cancer cells [531-533]. Higher cytoplasmic CARM1 levels are associated with ER-negative status whereas higher nuclear CARM1 levels are associated with Her2 receptor status [533]. Both the CARM1 isoforms (FL and ΔE15) are more expressed in breast tumors compared to normal breast samples at the RNA level and are not correlated with breast cancer subtypes [456]. However, their protein expression levels are still unknown. Furthermore, CARM1 regulates breast cancer cell migration and metastasis to the lung via the methylation of the SWI/SNF core subunit BAF155 [488]. 1.31.1.1 Luminal breast cancer

Figure 44 :

 44 Figure 44: CARM1 activates luminal breast cancer progression. cAMP or LTED promotes PKA-mediated phosphorylation of LSD1 and CARM1 to activate Erα-mediated transcription. CARM1 binds to transcription factors (TFs) or methylates MED12 to activate ERα target genes. CARM1 can enhance nuclear receptormediated transcription or methylate AIB1 targeting it for degradation. CARM1-mediated LSD1 stabilizes it leading to EMT phenotype. cAMP: cyclic AMP, LTED: long-term estrogen deprivation.

  [543]. CARM1 has been more extensively studied in estrogen-stimulated luminal cells, where it has been shown to bind to liganded ERα and to activate ERα-dependent gene transcription. Several proteins have been reported to associate with CARM1 to enhance ERα transactivation such as PELP1 [544], FOXM1 [545], p53 [546], DZIP3 [499], and others. AIB1 binds liganded nuclear hormone receptors and facilitates transcription by the histone acetyltransferases CBP/p300 and CARM1[497]. AIB1 is methylated in vitro by CARM1 in a glutamine-rich region which is conserved among all steroid receptor coactivator proteins, and in vivo in MCF7 cells[497]. The methylation of AIB1 leads to its degradation and impairs its association to CBP[497]. Upon estrogen stimulation and depending on the presence of AIB1, CARM1 dimethylates histone H3 (H3R17me2a) at the E2F1 promoter[547]. By analyzing MCF7 cells treated or not with estrogen, a recent comprehensive study confirms that CARM1 binds to ERα-bound active enhancers upon estrogen treatment leading to transcriptional activation[147]. Further, the authors identified 780 potential CARM1 partners/substrates involved in the regulation of intracellular estrogen receptor-mediated signaling, chromatin organization and chromatin remodeling[147]. JMJD6 allows the binding of CARM1 to MED12[548], and the CARM1-mediated methylation of MED12 allows the recruitment of the tudor-domaincontaining protein 3 (TDRD3), to CARM1-bound active enhancers to activate estrogen/ERα-target genes[147]. CARM1 is essential for estrogen-induced cell cycle progression in the MCF7 breast cancer cell line[547]. The depletion of CARM1 in MCF7 cells impairs proliferation, induces a G1 arrest, and delays tumor growth[147].1.31.1.2 

1. 31 . 2

 312 Ovarian cancer An elegant study comparing CARM1-expressing OC cells to their counterpart CARM1 knockout cells revealed that two EZH2 inhibitors impaired cell viability and tumor growth specifically towards CARM1-expressing cells/tumors [489]. Importantly, the ectopic expression of CARM1 in OC cells expressing low levels of endogenous CARM1 sensitizes the cells to EZH2 inhibitors [489]. These results indicate that CARM1 expression could represent a biomarker of response to EZH2 inhibitors [489]. Further, CARM1 amplification appears to be mutually exclusive to BRCA1/2 mutation in these OC samples [489, 549].

Figure 45 :

 45 Figure 45: CARM1 is a biomarker of response to EZH2 inhibition in ovarian cancer. In CARM1 low ovarian cancer (OC) cells, BAF155 binds to the MAD2L2 promoter to activate its transcription and NHEJ. In CARM1 high OC cells, CARM1 methylates BAF155, leading to EZH2 binding to MAD2L2 promoter, inhibiting NHEJ. Inhibiting EZH2 activates the NHEJ pathway and cells depend on homologous recombination for

Figure 47 :

 47 Figure 47: Domains and structure of ALIX. (A) ALIX has 3 domains, an N-terminal Bro1, a central V domain, and a C-terminal proline-rich domain (PRD). Each domain has unique binding partners, with the PRD being the most important site for several of these interactions. The V domain contains a dimerization arm (indicated as D in the figure). (B) The crystal structure of ALIXBro1-V, solved by Fisher and colleagues (PDB ID: 2OEV). The V-domain contains two arms connected by a linker loop [563].

  Similar to Bro1p binding to Snf7, patch 1 of ALIXbro1 binds to Endosomal Sorting Complex Required for Transport (ESCRT) III subunit, CHMP4B (the human homologue of Snf7) [565]. In addition, this region also binds to the paralogues of CHMP4B, CHMP4A and CHMP4C [566-568]. Notably, this hydrophobic patch recognizes the motif M/L/IxxLxxW in CHMP4, not present in the other CHMP proteins, explaining the specificity of ALIX towards CHMP4 [565, 566]. Moreover, among the CHMP4 paralogues, CHMP4B is the major partner of ALIXbro1 [567]. The second hydrophobic patch acts as a docking site for the SH2 domain of Src kinase when it phosphorylates ALIXbro1 at Tyr319 [569]. Bro1 domain is also the site of interaction with other partners like the lipid phospholipid lysobisphosphatidic acid (LBPA) [570] and the ubiquitin ligase Nedd4-1 [571].

Figure 48 :

 48 Figure 48: Structural architecture of ALIX bro1 domain. (A) Secondary structure of Bro1 domain where the N-terminal region is colored cyan; the N-terminal (non-TPR) region of the helical solenoid is colored green; the β sheet is colored yellow; the TPR domain is colored magenta; the C-terminal region is colored orange. (B) Molecular surface of the Bro1 domain colored according to residue property and indicating the two hydrophobic patches (green: hydrophobic, blue: basic, red: acidic, white: uncharged polar). (C) Closeup of hydrophobic patch 1. (D) Close-up of hydrophobic patch 2. Modified and adapted from [565].

  and contains two coiled-coil (cc) regions [573]. The importance of this V-shaped structure is two-fold: (i) it provides flexibility to ALIX structure, giving it an open and closed conformation [574, 575], and (ii) brings the N-terminal Bro1 domain in close proximity to the C-terminal PRD [563] (Figure 49).

AFigure 49 :

 49 Figure 49: Open and closed conformations of ALIX V domain. Arm2 of the ALIX V domain rotates from an open to closed conformation.

Figure 50 :

 50 Figure 50: Proteins interacting with the proline-rich domain of ALIX. A close-up of the pro-rich shows the different motifs and binding regions for its protein partners.

Figure 51 :

 51 Figure 51: Post-translational modifications and conformations of ALIX. (A) Various PTMs occurring on ALIX in its different domains with the enzymes responsible indicated when known. (B) The closed conformation of ALIX where the hydrophobic patch 2 in its Bro1 domain binds to the TSG101 site in the PRD causing autoinhibition. Upon PTMs like phosphorylation or ubiquitination, ALIX adopts an open conformation making it active and allows access for its various binding partners. The events leading to a closed confirmation are still unknown, in vivo.

Figure 52 :

 52 Figure 52: The major functions of ESCRT proteins where ALIX is also involved. The blue helices are indicative of the ESCRT-III at each of the shown processes and ALIX plays a role in all these functions by interacting with the ESCRT proteins. Adapted from [556]

Figure 53 :

 53 Figure 53: Schematic of EGFR recycling mediated by ALIX and its partners. (A) ALIX binds to SETA (CIN-85), endophilins (e), or indirectly to EGFR, enabling constitutive downstream signaling and preventing the degradation of EGFR. (B) Src binds to the phosphorylated Y319 at its Bro1 domain and hyperphosphorylates the PRD, preventing ALIX interaction with both CIN-85 and endophilins. Free CIN-85/endophilin complex can bind to Cbl to ubiquitinate EGFR and leads to its downregulation. Adapted from [557].

  deformation and its subsequent scission require the ESCRT-III subunit, CHMP4B, which is recruited by ALIX and the ATPase VPS4[626]. Similarly, the NEC of EBV interacts with the bro1 domain and PRD of ALIX to aid in the nuclear membrane egression[627, 628]. Consequently, when ALIX is depleted, neither HSV-1 nor EBV can bud out of the INM and their viral capsid proteins accumulate at the edge of the nucleus[626, 628].

Figure 54 :

 54 Figure 54: Viral budding process using ESCRTs and ALIX. The Gag proteins recruit ALIX via its V domain and ALIX acts as the adaptor for ESCRT-I and ESCRT-III subunits. This complex recruits the ATPase VPS4, and the ATPs generated are used as "fuel" for constricting and cutting the membrane, releasing the virus. Adapted from [556].

Figure 55 :

 55 Figure 55: Biogenesis of vesicles (MVBs, exosomes). ALIX along with the ESCRT machinery is required for cargo (proteins/receptors) sorting through MVB biogenesis. ILV formation within late endosomes is ALIX-dependent, and this requires its interaction with LBPA. ALIX is also secreted out of the cell through exosomes. Adapted from [636].

Figure 56 :

 56 Figure 56: Graphical abstract summarizing the key findings of Monnypenny et al. [637].

  1) [642]. Addi and colleagues characterized the proteome of the Flemming body (called the flemmingsome) and found PRMT1, PRMT3, and CARM1 in the total flemmingsome while PRMT5 was found in the enriched flemmingsome [643]. Similarly, Rai and colleagues identified PRMT1, PRMT3, CARM1 and PRMT5 in their midbody remnant proteome [644] and PRMT3 was categorized as enriched in the MBR (fold-change >2). Together, this suggests that the PRMTs might be involved in cytokinesis.

Figure 57 :

 57 Figure 57: Overview of cytokinesis. (1) During the last stage of mitosis, anaphase, the sister chromatids are aligned in the central plane, (2) which then leads to the formation of the actomyosin ring in the midzone.(3) By contracting the actomyosin ring, the cell initiates a cleavage furrow formation that (4) subsequently narrows down to form the intracellular bridge, containing the midbody at its center. (5) The last step is to abscise the membrane to physically cut the two daughter cells resulting in the midbody remnant, thus completing cytokinesis. Modified and adapted from[638].Unsurprisingly, the entire process of cytokinesis is highly concerted and tightly regulated to ensure proper completion. Cep55 accumulates to the midbody ring to

Figure 58 :

 58 Figure 58: Details of bridge maturation and abscission. The transmission electron micrographs beautifully capture the different stages of the intracellular bridge maturation from (A) early bridge, (B)

Figure 59 :

 59 Figure 59: Schematic of the cytokinetic abscission checkpoint signaling. This checkpoint is triggered by DNA replication stress, chromatin in the bridges, high tension in the intercellular bridge (ICB), or defects in nuclear pore complex assembly (NPC). The key player is Aurora B kinase and is activated by Chk1, CLK1, CLK2, and CLK4. Aurora B phosphorylates CHMP4C and phosphorylated CHMP4C can then cooperate with ANCHR to inhibit VPS4 at the Flemming body, preventing VPS4 activity on ESCRT-III filaments to complete

Figure 60 :

 60 Figure 60: PRMT1 is more highly expressed in BC samples than normal breast tissue. (A), Higher levels of PRMT1 mRNA in TNBC relative to other BC subtypes. The levels of PRMT1 RNA expression in TNBC (red), Her2+ (blue), Luminal B (LB, green), Luminal A (LA, orange), and healthy breast tissue (N,

Figure 61 :

 61 Figure 61: Correlation, survival analysis and validation of PRMT1 antibody for IHC. (A) Spearman correlation between the levels of PRMT1 transcript and PRMT1 DNA copy number in the whole population of the Curie cohort. (B) Spearman correlation between the levels of PRMT1 transcript and Ki67 transcript (proliferative marker) in the whole Curie cohort population (values indicated in black) TNBC (O, red filled), Her2+ (Δ), LB (X), LA (+) breast tumors, and normal breast tissue (diamond) (A, B).(C) Recurrence-free survival was analyzed using the Kaplan-Meier (KM) plotter (http://kmplot.com) for PRMT1 (Affy probe ID: 206445_s_at). The auto-select best cutoff option was used for each plot. The different intrinsic subtypes were chosen such as 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. (D) PRMT1 antibody validation was performed using AFA-fixed cell pellets from MDA-MB-468 cells treated with control siRNA (CTRL) or two PRMT1 siRNAs for 72 h (#7, #8). PRMT1 displays cytosolic and nuclear localization. PRMT1 depletion was verified by western-blotting using PRMT1 antibodies. Actin was used as a loading control.

Figure 62 :

 62 Figure 62: PRMT1 depletion using siRNA induces apoptosis and decreases the viability and clonogenicity of MDA-MB-468 cells. (A) PRMT1 depletion impairs cell viability (MTT assay). Cells were

Figure 63 :

 63 Figure 63: PRMT1 depletion in a large panel of breast cancer cell lines decreases their viability, colony formation and induces apoptosis. (A) siRNAs targeting PRMT1 were validated by RT-qPCR (left panel) normalised to actin expression or by western blotting (right panel) in MDA-MB-468 cells treated for 48h. The methylation of histone H4 on Arg 3 (H4R3me2a) was used to detect PRMT1 activity and histone H4 and GAPDH were used as loading controls (A, right panel). (B) PRMT1 depletion decreases cell viability measured by an MTT or WST1 assay. All cells were transfected with control siRNA (CTRL) or two PRMT1 siRNAs (#7, #8) for 144 h. (C) PRMT1 depletion decreases colony formation when cells were grown on plastic for 6 mitotic cycles equivalent to 14 (HCC70), 7 (MDA-MB-231) and 12 (MCF7) days, after siRNA transfection. Results are presented as the percentage (B, C) or fold change (A) relative to control cells (CTRL). (D) PRMT1 depletion induces apoptosis in BC cells. Apoptosis was analysed by western blotting using antibodies that recognize the cleaved forms of caspase 7 (c-casp7), caspase 3 (c-casp3) and PARP (c-PARP) 96h and 120h after PRMT1 depletion. Anti-GAPDH was used as a loading control for all cell lines. Arrow indicates the cleaved form of PARP, while the upper band corresponds to total PARP protein. All the 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 are represented as *p < 0.05; **p < 0.01; ***p < 0.001.

Figure 64 :

 64 Figure 64: PRMT1 inhibition decreases the BC cell proliferation in MDA-MB-468 cells. (A) MDA-MB-468 cells were treated with MS023 and GSK3368715 for 48h. Methylation of histone H4 on R3 (H4R3me2a) was used to measure PRMT1 inhibition by western blotting. Methylation of PABP1 (me-PABP1) was used to measure CARM1 activity and histone H3 methylation (H3R17me2a) to assess CARM1 and PRMT6 activity. Anti-PABP1, histone H3, histone H4, CARM1, PRMT1 and tubulin were used as loading controls. (B) MS023 and GSK3368715 decrease MDA-MB-468 cell viability (MTT assay 7 days). Results are presented as the percentage of cell growth relative to DMSO-treated cells. The dotted line indicates the 50% cell proliferation mark. (C) PRMT1 inhibition decreases the size of colonies when MDA-MB-468 cells were cultured on plastic for 9 days after treatment. All the data are expressed as the mean ± SD from at least three independent experiments (B, C). Pictures are from a single experiment, representative of three independent experiments (A, C). P values from a Student t-test are represented as *p < 0.05; **p < 0.01; ***p < 0.001.

Figure 65 :

 65 Figure 65: GSK3368715 inhibits PRMT1 activity, shows no toxicity to mice and impairs tumor growth. (A) GSK3368715 inhibitor used for the in vivo experiment was validated for efficient PRMT1 inhibition in MDA-MB-468 cells (48h treatment). GSK3368715 inhibitor used for the in vitro experiments was used as positive control (GSK). Anti-H4R3me2a was used to measure PRMT1 activity (arrow indicates the decrease in the methyl mark) and histone H4, PRMT1 and tubulin were used as loading controls. Pictures are from one experiment. (B) GSK3368715 shows no toxicity for mice. Swiss-nude mice (n=3) were administered GSK3368715 at 100 mg/kg per-os (p.o.), once daily. Treatment was not associated with any mortality or body weight loss over the 18-day experimental period. (C) PRMT1 inhibition impairs tumor growth, in vivo. MDA-MB-468 (12 × 10 6 ) cells were injected into three swiss-nude mice

Figure 66 :

 66 Figure 66: PRMT1 regulates the transcription of EGFR and Wnt components (LRP5, PORCN). (A) MDA-MB-468 cells were transfected with control and two siRNAs targeting PRMT1 (#7, #8) for 24h and 48h. Venn diagrams indicate the number of mRNAs, identified by Affymetrix microarrays, that were upand down-regulated following PRMT1 depletion. (B) Gene enrichment pathway analysis was performed in the commonly down-regulated genes after PRMT1 depletion for 48h and ranked according to their significance (adjusted p values). The p-values were logarithmically transformed (-log base 10). EGFR and Wnt signaling pathways are highlighted by red bars and red arrows. (C) PRMT1, EGFR, LRP5, and PORCN gene expression as determined by the Affymetrix array. mRNA expression was logarithmically transformed (log 2) and each replicate is represented as a single point on the scatter plot. Two control siRNAs (CTRL_1, black and CTRL_2, grey) and two siRNAs targeting PRMT1 (#7, light blue and #8, dark blue) are shown.

Figure 67 :

 67 Figure 67: PRMT1 regulates EGFR transcription by binding to its promoter. (A) MDA-MB-468 cells were transfected with siRNA control (CTRL) or two siRNAs targeting PRMT1 (#7,#8) for 24h and gene expression was analyzed by qPCR and shown normalized to actin. The quantifications are represented as fold-change relative to siRNA control (CTRL) and presented as mean ± SD from three independent experiments. (B) PRMT1 binds to the promoter region of EGFR. ChIP was performed using anti-PRMT1 (blue bars) or immunoglobulin (IgG, grey bars) antibodies, in MDA-MB-468 cells, followed by qPCR using primers for two promoter binding regions of EGFR (binding region A, BRA or binding region B, BRB) (see page 228 for details). The quantifications are represented as fold change relative to the IgG and presented as mean ± SEM from three independent experiments. P values from Student t test are represented as *p < 0.05; **p < 0.01; ***p < 0.001.

Figure 68 :

 68 Figure 68: Wnt pathway genes deregulated by PRMT1 depletion. The genes that were differentially expressed in the PRMT1-depleted transcriptome were compared to the KEGG curated gene set for Wnt signaling pathway (gene set ID: hsa04310, from the GSEA website, https://www.gseamsigdb.org/gsea/index.jsp; [667, 668]) and represented as a heatmap, showing only those genes that were significantly deregulated (adjusted p-value <0.05 and fold-change (FC) > 1.2). Fold-change <1.2 was not considered for the analysis here. LRP5 and PORCN are clustered together and down-regulated at 24h and 48h with both PRMT1 siRNAs (PRMT1_7, PRMT1_8) vs the control siRNA (CTRL). Color bar represents Z-score, with a low score in blue and a high score in red.

Figure 69 :

 69 Figure 69: PRMT1 positively regulates the Wnt signaling pathway. (A) PRMT1 depletion decreases LRP5 protein level by western blotting. Antibody against actin was used as a loading control. (B) PRMT1

Figure 70 :

 70 Figure 70: PRMT1 depletion decreases LRP5 and PORCN expression. MDA-MB-468 (A) or T47D (B, C) cells were transfected with control (CTRL) or two siRNAs against PRMT1 (#7, #8) for 48h and gene expression of indicated genes were assessed by qPCR (A, B) or by western-blotting (C). All gene expressions are represented as fold change relative to the siRNA control (CTRL), normalized to actin
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 7172 Figure 71:Synergistic interaction between Type I PRMT inhibitors and chemotherapies or erlotinib. 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 were serially diluted three-fold and the chemotherapies/erlotinib were serially diluted twofold (concentrations indicated in the figure). The drug interactions were calculated using the Loewe model on the Combenefit software [669]. Synergy scores are represented as a matrix based on the Loewe additivity model. The larger numeral in each square of the matrix shows the mean synergy score from the three replicates of one experiment and the smaller numbers below indicate the standard deviation. Significance is calculated using a one-sample t-test and represented as *p<0.05, **p<0.01, ***p<0.0001. The matrix is colored as blue for synergy or red for antagonism only if the scores were significant. Scores that were not statistically significant (NS) are colored green. Synergy scores between the two Type I PRMT inhibitors (GSK3368715 and MS023) and standard chemotherapeutic agents used to treat breast cancer patients -4-hydroperoxy cyclophosphamide (4-HPCy) (A), camptothecin (B), and cisplatin (C). (D) High synergy between the Type I PRMT inhibitors and erlotinib (an EGFR inhibitor). Presented data are representative of at least two (C) or three (A, B, D) independent experiments

Figure 73 :

 73 Figure 73: Scheme of the methionine and folate cycles. The folate and methionine cycles are coupled through homocysteine (hCys). The methionine cycle is responsible for the formation of S-adenosyl methionine (SAM), the methyl donor for PRMTs. Methotrexate (MTX) inhibits the enzyme that converts folate to dihydrofolate (DHF). Modified and adapted from [394].

Figure 74 :

 74 Figure 74: CARM1 mRNA is more expressed in BC than normal breast tissue. Higher levels of CARM1 mRNA in BC compared to normal tissue. The levels of CARM1 RNA expression in TNBC (red), Her2+ (blue), Luminal B (LB, green), Luminal A (LA, orange), and healthy breast tissue (Norm, grey) were determined by microarray analysis (Affymetrix) in the Curie cohort (Curie, left panel) or obtained from the publicly available dataset "The Cancer Genome Atlas" (TCGA, right panel). This curie cohort is composed of 35 luminal A, 40 luminal B, 46 TNBC, 33 Her2+ and 18 normal breast tissues [301, 663]. The TCGA cohort contains 157 TNBC, 41 Her2+, 153 luminal B, 663 luminal A, and 113 normal breast samples. The relative RNA quantifications were logarithmically (log2) transformed and are illustrated by box plots. *p < 0.05; **p<0.01; ***p < 0.001, as calculated using the Student t-test.

Figure 75 :

 75 Figure 75: Distant metastasis-free (DMFS) survival outcomes in CARM1 high and low BC patients. DMFS was analyzed using the Kaplan-Meier (KM) plotter (http://kmplot.com) for CARM1 (Affy probe ID: 212512_s_at). An auto-select best cutoff option was used for each plot. The different intrinsic subtypes were chosen based on PAM50 option with Basal for TNBC (n=630), Her2+ (n=401), Luminal A (LB, n=998) and Luminal B (LB, n=673). Hazard ratio with 95% confidence interval and log-rank P value were calculated and significance threshold was set at P < 0.05.

Figure 76 :

 76 Figure 76: CARM1 protein is overexpressed in all breast tumors than normal breast tissue by immunohistochemical staining. (A) CARM1 antibody validation was performed using AFA-fixed cell pellets from BT-549 treated with control siRNA (CTRL) or two CARM1 siRNAs for 48 h (#4, #5). CARM1 displays cytosolic and nuclear localization. (B) Higher levels of CARM1 protein in BC than in normal tissue. CARM1 protein levels were analyzed by immunohistochemistry (IHC) in the PIC-BIM cohort from Institut Curie [689] which is a different sample set as compared to Figure 74 as these samples were obtained from BC patients who underwent primary surgery at Institut Curie between 2005 and 2006 before any treatment (radiation/hormone/chemotherapy). A representative image of CARM1 staining is shown for the different BC subtypes. (C) Quantification of CARM1 staining in the different cellular compartments (0: no staining, 3: the strongest staining). p values calculated by Wilcox test.

Figure 77 :

 77 Figure 77: CARM1 depletion impairs cell viability, colony formation and induces apoptosis. (A) CARM1 depletion impairs cell viability (CellTiterGlo assay). Cells were transfected with control siRNA (CTRL) and two different CARM1 siRNAs (#4, #5) for the timepoint indicated. (B) CARM1 depletion impairs colony formation when cells are grown on plastic for 6 mitotic cycles which correspond to 7 (BT-549) or 9 (MDA-MB-468) days after siRNA treatment. (C) CARM1 depletion induces apoptosis and DNA damage. Apoptosis and DNA damage was analyzed by western blotting using an antibody that recognizes the cleaved form of PARP (c-PARP) or phosphorylated histone H2AX (γ-H2AX) 48 h, 72h and 96 h after CARM1 depletion. CARM1 depletion was verified using an anti-CARM1 antibody and GAPDH was used as a loading control. Results are presented as the percentage relative to control cells (CTRL, A, B). All the data are expressed as the mean ± SD from at least three independent experiments (A, B). Pictures are from a single experiment representative of three independent experiments (B, C). P values from a Student t-test are represented as *p < 0.05; **p < 0.01; ***p < 0.001.

Figure 78 :

 78 Figure 78: Validation of CARM1 siRNA and CARM1 depletion decreases the viability of various breast cell lines. MDA-MB-468 cells treated with siRNAs targeting CARM1 for 48h and were validated by RT-qPCR normalized to actin expression (A) or by western blotting using anti-CARM1 antibody and anti-actin antibodies were used as a loading control. (C) CARM1 depletion decreases cell viability measured by CellTiterGlo assay. All cells were transfected with control siRNA (CTRL) or one of two CARM1 siRNA (#4, #5) for 120 h. Results are presented as the percentage relative to control cells (CTRL) and expressed as the mean ± SD from two (A) or three independent experiments (C). Pictures are representative of three independent experiments (A, right panel). P values from a Student t-test are represented as *p < 0.05; **p < 0.01; ***p < 0.001.

Figure 79 :

 79 Figure 79: CARM1 inhibition does not impair TNBC cell viability. (A) MDA-MB-468 cells were treated with CARM1 inhibitors (TP-064 and EZM2302) for 96h and methylation of PABP1 was analyzed by western blotting. Antibodies against PABP1, CARM1, and GAPDH were used as loading controls. (B) Results are presented as the percentage of cell growth relative to DMSO-treated cells. The dotted line (y-axis) indicates the 50% cell proliferation mark, and the dotted line (x-axis) shows 50μM inhibitor concentration. Results are from two independent experiments and the p-value was calculated using a student t-test, shown as **p<0.01.

Figure 80 :

 80 Figure 80: CARM1 interactome reveals ALIX as its main partner. (A) Venn-diagram of the enriched proteins found in MS analysis after immunoprecipitation (IP) in HCC1187 cells using three different CARM1 antibodies (Ab1 -red, Ab2 -blue, Ab3-green). The enriched proteins were defined as follows,

Figure 81 :

 81 Figure 81: ALIX interacts with CARM1 in the BT-549 TNBC cell line. (A) Western blotting analysis of CARM1 in a panel of TNBC cell lines. (B) Schematic representation of the binding regions recognized by the three CARM1 antibodies used for immunoprecipitation followed by MS analysis. Ab1 recognizes recombinant full-length CARM1, Ab2 binds to the N-terminus and Ab3 recognizes amino acid residues between 550 and 585 in the c-terminal domain of CARM1. (C) Venn-diagram representing the enriched CARM1 interactome (defined in figure 3) in BT-549 cells with the three CARM1 antibodies. (D) Gene ontology of biological process using ShinyGO [693]. The p-values were logarithmically transformed (log base 10) and the pink bars represent all the GO terms where ALIX was found. (E) CARM1 interactome in BT-549 cells plotted as a function of the molecular weight of the proteins identified (kDa). The proteins found with each CARM1 antibody are shown in red (Ab1), blue (Ab2), and green (Ab3). CARM1 and ALIX are highlighted and an example of a known CARM1 partner (PABPC1) is marked. (F) Proteins from BT-549 cells were immunoprecipitated using an anti-CARM1 antibody and immunoblotted using anti-CARM1 or anti-ALIX antibodies. 1% of the protein lysate was loaded as input control. Isotype matched immunoglobulins (IgG) were used as a control for the IP reaction.

Figure 82 :

 82 Figure 82: ALIX interacts with CARM1 through its proline-rich domain. (A) N-terminal mcherry tagged constructs of different ALIX domains, ALIX-FL (1-868), ALIX-Bro1, and ALIX-V-PRD (418-868) were co-transfected with Flag-CARM1-FL or empty vector in HEK293T cells for 48h. Flag-CARM1 was immunoprecipitated using an anti-Flag antibody and immunoblotted with either anti-mcherry or anti-Flag antibodies. (B) HEK293T cells were co-transfected with Flag-CARM1-FL and mcherry-ALIX-V or mcherry-ALIX-PRD for 48h. CARM1 was immunoprecipitated using an anti-Flag antibody and immunoblotted using an anti-mcherry or anti-Flag antibody. 1% of total protein lysates were loaded as input controls. Isotype matched immunoglobulins (IgG) were used as controls for the IP reactions. Arrowhead indicates ALIX and asterisk marks CARM1 in all figures. Pictures are representative of at least two independent experiments.

Figure 83 :

 83 Figure 83: ALIX does not interact with catalytically inactive CARM1 mutants.(A) HEK293T cells transfected for 48h with an empty vector (Flag) or with a plasmid encoding for Flag-CARM1-FL wildtype or enzyme-dead mutants (Flag-CARM1-FL E266Q and Flag-CARM1-FL R168A ). (B) HEK293T cells transfected for 48h with an empty vector (Flag) or with a plasmid encoding for Flag-CARM1-ΔE15 wildtype or enzyme-dead mutants (Flag-CARM1-ΔE15 E266Q and Flag-CARM1-ΔE15 R168A ). (A, B) CARM1 was immunoprecipitated using anti-Flag antibody and the IP was immunoblotted using anti-ALIX or anti-CARM1 antibodies. 1% total protein lysate was loaded as input control and isotype-matched immunoglobulins (IgG) were used as controls for the IP reactions. Arrowhead marks ALIX and asterisk indicates CARM1. Pictures are representative of two independent experiments.

Figure 84 :

 84 Figure 84: ALIX methylation in cells is CARM1-mediated. (A) Monomethylated arginine proteinswere immunoprecipitated from untreated BT-549 cells using a pan-MMA antibody and immunoblotted using an anti-ALIX antibody. (B) CARM1 was inhibited in the BT-549 cells using two specific inhibitors at 5μM (TP-064, EZM2302) for 48h and monomethylated arginine proteins were immunoprecipitated using a pan-MMA antibody. The IPs were then immunoblotted using an anti-ALIX antibody. 1% of total

Figure 85 :

 85 Figure 85: Fragmentation MS/MS spectra of immunoprecipitated ALIX digested by LysargiNase. The monomethylated and dimethylated peptide sequences and observed ions are indicated on top of

Figure 86 :

 86 Figure 86: CARM1 methylates in vitro ALIX on Arg745 and Arg757. (A) Recombinant GST-CARM1-FL that was purified from baculovirus-infected insect cells (Sf9) was incubated with synthetic ALIX peptides in the presence of S-adenosyl methionine (SAM) for 90min and analyzed by MS spectrum. Mono-or di-methylated ALIX synthetic peptides were directly injected in an MS analyzer whose spectrum was used as a control to compare to those obtained from the in vitro methylation reaction. (B) Dot blot validating successful in vitro methylation reaction by GST-CARM1 with histone H3 incubated in the presence or absence of SAM. Immunoblotting was done using anti-H3R17me2a or anti-histone H3 antibodies. (C) Representative MS/MS spectra of unmodified (top panel), monomethylated (middle panel), and dimethylated (bottom panel) R757 in the presence of GST-CARM1 and SAM are shown as intensity counts vs mass/charge (m/z) ratio. The synthetic peptides are modified with an aminated Cterminus (Am) and trioxidation (TriOx) on the N-terminal cysteine. The unmodified, monomethylated and dimethylated peptides sequences and observed ions are indicated on top of each spectrum. Singly and doubly charged a, b, and y ions, as well as ions corresponding to neutral losses of water (H2O) and NH3 groups, M, parent ion and internal fragments are shown.

Figure 87 :

 87 Figure 87: Endogenous staining of CARM1 and ALIX in dividing HeLa cells. Methanol fixed HeLa cells were stained for CARM1 (red), ALIX (green), acetylated tubulin (Ac-tubulin, blue) and counterstained with Dapi (white). Images were acquired using an Apotome microscope at 63X magnification. Scale bar = 9μM. Insets show a magnified intercellular bridge with the midbody. Brackets mark the midbody.

Figure 88 :

 88 Figure 88: CARM1 is involved in cytokinesis. (A) Quantification of binucleated HeLa-ATCC (top panel) or HeLa-Kyoto (bottom panel) cells following depletion of CARM1 (CARM1_4, CARM1_5), ALIX or control siRNA (CTRL) for 48h. The data are presented as a percentage relative to the total number of cells counted from four (HeLa-ATCC, n>250 cells per experiment, per condition) or five (HeLa-Kyoto, n>300 cells per experiment, per condition) independent experiments. The dotted line represents the mean and the solid lines represent the range. (B) Representative images showing binucleated HeLa-Kyoto cells stained for endogenous CARM1, acetylated tubulin (Tub) and counterstained with Dapi. Scale bar = 12.26μM. Arrows mark the binucleated cells. (C) HeLa cells were treated with siRNAs (CTRL, CARM1_4, CARM1_5, and ALIX) for 48h and stained for endogenous CHMP4B and acetylated-tubulin. The presence of CHMP4B in cytokinetic bridges was classified into three categories: no CHMP4B, CHMP4B at the midbody, or CHMP4B at the midbody and the abscission site (see representative images). The proportion of bridges for each category are represented as a percentage relative to the total number of bridges counted and shown as mean ± SD from three independent experiments (n =18-40 bridges per experiment, per condition). P values are calculated using Student t-test and shown as *p < 0.05; **p < 0.01; ***p < 0.001. All images were counterstained with Dapi and acquired on an Apotome microscope at 40X (B) or 63X (C) magnification. Brackets mark the midbody and arrowhead indicates the abscission site (C).

Figure 90 :

 90 Figure 90: Protein-protein interactions occurring through the PRD of ALIX. The PRD (pro-rich) of ALIX mediates several interactions (see proteins indicated in the figure). Certain interactions take place at the Arg residues methylated by CARM1 (highlighted in red). CARM1 is shown to interact (by the double-headed arrow) and methylated the PRD of ALIX. Me: methylation.

Figure 91 :

 91 Figure 91: Summary of cytokinetic defects caused by CARM1 depletion. (A) HeLa cells depleted for CARM1 exhibit an increase in the number of binucleated cells, caused by a failure in abscission. This phenotype has been shown for ALIX [585, 643]. (B) For proper completion of abscission, ALIX-mediated recruitment of CHMP4B to the abscission site is required for ESCRT-III polymerization (top panel) [643].When ALIX is depleted, CHMP4B remains at the midbody site and cannot be transported to the abscission site, causing a delay in abscission (bottom panel)[643]. We observe a similar phenotype (bottom panel) upon CARM1 depletion (CHMP4B at midbody), but we do not know yet if this induces a delay in abscission.

Figure 92 :

 92 Figure 92: Schematic hypothesis of the effect of cytokinetic defects on tumor cell death. CARM1 induces cytokinetic defects (such as binucleated/multinucleated cells). Upon prolonged CARM1 depletion, these cytokinetic defects could accumulate and induces apoptosis-mediated cell death.

Figure 93 :

 93 Figure 93: CARM1 total and isoform mRNA expression in non-tumorigenic and breast cancer lines. Total CARM1 (left panel), CARM1-FL (middle panel) and CARM1-ΔE15 (right panel), mRNA expression in non-tumorigenic (n=7) vs BC cell lines (n=32). The CT values for each expression (i.e., total CARM1, CARM1-FL and CARM1ΔE15) were normalized to a threshold CT value (i.e., CT 35 , see page 245). The plus sign represents the mean. P-values were calculated from a student T-test and shown as ***p<0.001.

Figure 94 :

 94 Figure 94: Comparison of CARM1 isoform expression in breast tumors vs normal breast tissues. CARM1-FL (left panel) or CARM1-ΔE15) mRNA in normal breast (n=16) and BC tumors (n=498). The expression was normalized to the housekeeping gene (TBP). P-values were calculated using a Mann Whitney test and shown as **p<0.01 and ***p<0.001.

Figure 95 :

 95 Figure 95: Comparison of CARM1 isoform expression in the different BC subtypes. CARM1-FL (left panel) or CARM1-ΔE15 (right panel) mRNA expression in the different BC subtypes (TN: red, n=98; Her2+: blue, n=69; LA: green, n=292; LB: yellow, n=55). The mRNA of CARM1 isoforms were normalized to the house-keeping gene expression (TBP). P values were calculated using the posthoc Dunn's multiple comparison test after a one-way ANOVA analysis and represented as **<0.01, ***<0.001.

Figure 96 :

 96 Figure 96: Exosome/extracellular vesicles (EVs) isolation. (A) EVs were isolated from the supernatant of untreated HEK293T by successive centrifugation steps (2K, 10K, and 100K) and immunoblotted using

Figure 97 :

 97 Figure 97: Analysis of viral-like particle release in HEK293T cells. (A) HEK293T cells were transfected with plasmids encoding for the HIV-gag protein, ALIX, or enzyme-dead mutant of VPS4 E223Q (lanes 2, 3,and 4) or co-transfected with HIV-gag and VPS4 E223Q or ALIX (lanes 5 and 6) in a 1:1 ratio. The viral-like particles (VLP) were isolated from the supernatant by ultracentrifugation at 100,000g and the VLPs with their corresponding cell lysates were immunoblotted for the HIV gag protein using an anti-CA183 antibody. (B) HEK293T cells were co-transfected with HIV-gag and empty vector (lane 1), CARM1-FL (lane 2), enzyme dead CARM1-FL (CARM1-FL E266Q , lane 3), CARM1-ΔE15 (lane 4), enzyme dead CARM1-ΔE15 (CARM1-ΔE15 E266Q ) or enzyme dead VPS4 (VPS4 E223Q , lane 6) for 48h in a 1:1 ratio. VLP and cell lysates were immunoblotted using an anti-CA183 antibody, arrowhead indicates the band corresponding to p24 capsid protein. The other bands observed in (B) could represent other gag proteins such as p55 Gag[705]. NT: non-transfected.

Figure 98 :

 98 Figure 98: Scheme of a 96-well cell culture plate for IC50 calculations. The plate shows schematically how the cells are treated with drugs/inhibitors. The max concentration is added to column 11 (darkest shade of orange) and then serially diluted into subsequent columns with the minimum concentration in column 3 (mildest shade of orange). Column 2 is non-treated cells and column 1 is blank with mediaonly.

Figure 101 :

 101 Figure 101: Schema of extracellular vesicle isolation protocol. The 2K pellet corresponds to EVs greater than 150nm in diameter and the 10K and 100K pellets correspond to exosomes. Modified and adapted from [703]

(

  See figure legend at the bottom of the next page.)

Figure 1 .

 1 Figure 1. (A) Schematic representation of human CARM1 (hCARM1) and its main isoform (hCARM1-ΔE15) showing the domains and post-translational modifications.CARM1 has an N-terminal PH-like domain, a C-terminal transactivase domain, and a central methyltransferase domain containing the four PRMT motif signatures, motif I (YFxxY), motif II (DVGxGxG), motif III (SE 257 xMGxxLxxE 266 xM, double E-loop), and motif IV (TH 414 WxQ), and a dimerization arm. Enzymatic activity is lost upon mutation of E266Q, VLD(188-190)AAA, and R168A. Human and mouse CARM1 amino acid numbering differ by one. All amino acid residues are numbered according to hCARM1 throughout the review to avoid confusion. (B) CARM1 regulates autophagy. Under nutrient-rich conditions, nuclear and cytosolic CARM1 are degraded by SKP2 and C9orf72, respectively. Conversely, under glucose-starved conditions, CARM1 induces the expression of autophagy and lysosomal target genes via TFEB or genes responsible for de novo lipogenesis. (C) CARM1 regulates pre-mRNA splicing by methylating splicing factors and promotes exon skipping. Auto-methylation of CARM1-FL also regulates pre-mRNA splicing. (D) CARM1 mediates the export of nuclear mRNA by regulating the formation of paraspeckles via two mechanisms. (i) CARM1 inhibits the transcription of lncRNA NEAT1, (ii) CARM1 methylates p54nrb, thus decreasing its affinity for IRAlus-containing mRNAs. Cellular stress decreases CARM1 levels inside paraspeckles, enabling nuclear mRNA retention. Abbreviations: aa, amino acid; CARM1, coactivator-associated arginine methyltransferase 1; lncRNA, long non-coding RNA; PH, pleckstrin homology; PRMT, protein arginine methyltransferase.

  Figure I. Techniques to Identify CARM1 Substrates In Vitro and in Cells. In vitro methylation assays use recombinant CARM1 and the putative substrate in the presence of tritiated/cold SAM to visualize the methylated protein by autoradiography or identify the methylated residue(s) by MS. In vivo, methylated proteins can be (1) metabolically labeled with radioactive methionine; (2) immunoprecipitated using pan-methyl antibodies for MS analysis, after stable isotope labeling by amino acids in cell culture (SILAC) or heavy-SILAC (hSILAC); (3) immunoprecipitated for MS analysis; (4) detected by western blot using antibodies that specifically recognize the methylated arginine; or (5) enriched using antibody-free strong cation exchange (SCX) or hydrophilic liquid interaction (HILIC) chromatography for MS analysis. Abbreviation: SAH, S-adenosyl-L-homocysteine.

Figure 2 .

 2 Figure 2. CARM1 Controls Early Embryo Development through Several Mechanisms and Biases the Cell Fate Toward ICM. (A) Phenotypes of CARM1 knockout and enzyme-dead (R168A; equivalent to R169A in mouse CARM1) knock-in mice. (B) Substituting R17 of H3 or truncating CARM1 at its C terminus causes developmental retardation. (C) CARM1-mediated methylation of histone H3 and/or BAF155 induces the expression of ICM-specific factors and blocks TE differentiation. Paraspeckles are necessary for normal development dependent on H3R26 methylation by CARM1. Abbreviations: CARM1, coactivator-associated arginine methyltransferase 1; ICM, inner cell mass; lncRNA, long non-coding RNA; TE, trophectoderm.

Figure

  Figure I. CARM1 Mediates Metabolic Pathways in Certain Cancer Types. A) CARM1-mediated methylation of PKM2 switches metabolism from oxidative phosphorylation to aerobic glycolysis, which is reversed upon blocking PKM2 methylation. (B) Methylation of GAPDH by CARM1 blocks glycolysis in glucose-starved liver cancer cells. (C) Methylation of MDH1 inhibits its activity and glutamine metabolism under normal conditions, whereas stress conditions, such as the presence of ROS, inhibit CARM1, preventing MDH1 methylation and activating glutamine metabolism.

  arginine is indicated in bold 2 ND: not determined3 If a custom antibody detecting the methylated arginine was generated is indicated with an asterisk (*)

  Furthermore, EPZ015666 administration to a patient-derived xenograft model of TNBC significantly deters tumor progression. Finally, we reveal potentiation between EGFR and PRMT5 targeting, suggestive of a beneficial combination therapy. Our findings highlight a distinctive subcellular localization of PRMT5 in TNBC, and uphold PRMT5 targeting, alone or in combination, as a relevant treatment strategy for a subset of TNBC. K E Y W O R D S breast cancer, molecular biology, targeted therapy, translational research | 2415 VINET ET al.

1

 1 with a lower number of samples (248 in our study compared to 220 in that article) PRMT5 is differentially localized in breast cancer subtypes and healthy mammary tissues. A, PRMT5 mRNA expression in the different breast cancer subtypes and in normal breast tissues in the Curie17 (left panel) and TCGA BRCA19 (right panel) cohorts. The breast cancers subtypes rank from the most to the less proliferative tumors: TNBC (TN, red), ER-/HER2+ (HER2, blue), luminal B (LB, green), luminal A (LA, orange). Normal breast tissues (N) are in grey. RNA relative quantifications are logarithmic (log2) transformed and illustrated by boxplots. Outliers are shown within each studied population (open circles). P values were calculated using ANOVA test and are indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001. B and C, PRMT5 protein levels were analyzed by immunohistochemistry (IHC) in the samples from the Curie cohort17 : (B) Representative images of PRMT5 staining in the different breast cancer subtypes and in normal breast tissues (×40). Two images of normal breast tissues (N) are shown to better visualize nuclear (upper image) and transmembrane (bottom image) localization. Arrows indicate transmembrane staining. C, Global (left panel) and nuclear-only (right panel) quantification of PRMT5 staining (0: no staining, 3: the strongest staining) in the different breast cancer subtypes (TN, red; HER2, blue; LB, green; LA, orange) and in normal breast tissues (N, grey). Boxplots show median, upper and lower quartiles of each studied population. Outliers are represented as open circles. P values were calculated using Student t test and are indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001 F I G U R E 3 PRMT5 inhibition impairs cell viability. A, EPZ015666 inhibits PRMT5 activity. MDA-MB-468 cells were treated with the indicated concentration of the PRMT5 inhibitor EPZ015666 or with vehicle (DMSO). PRMT5 activity was assessed 48 h later by Western-Blot analysis using antibodies that recognize symmetric dimethyl-arginine on histones H3 (H3R8me2s) and H4 (H4R3me2s). PRMT5 expression was verified. Actin was used as a loading control. Images are from a single experiment representative of three independent experiments. B, Treatment of breast cell lines with PRMT5 inhibitor EPZ015666 identifies a group of sensitive cell lines and a group of resistant cell lines. Cell viability was determined by MTT assay after four doubling times. Results are expressed as the percentage of cell growth relative to vehicle-treated cells. The mean of at least three independent experiments for each cell line is presented. Breast cancer subtypes are indicated as follows: green (ER+), blue (ER-/HER2+), red (ER-/PR-/HER2-). The non-tumorigenic breast cells, MCF-10A and MCF-12A, are in black. C, PRMT5 inhibition reduces colony formation. MDA-MB-453, MDA-MB-468 and HCC38 TNBC cells, seeded at low-confluency, were treated with DMSO (-) or with 1 or 5 µmol/L EPZ015666 for 9-14 d, until colony formation. A representative image of one well is shown for all conditions (left panel). The number of colonies, counted using ImageJ Software (NIH) is presented as a percentage relative to DMSO-treated cells (right panel). Grey bars: DMSO-treated cells; blue bars: EPZ015666-treated cells. Represented are means + SD from at least three independent experiments. P values were calculated using Student t test and are indicated as follow: **P < 0.01, ***P < 0.001 (ie decrease relative to the control DMSO)

F

  I G U R E 4 PRMT5 inhibition leads to apoptosis and affects cell cycle progression. A-D, MDA-MB-453, MDA-MB-468 and HCC38 TNBC cells were treated with DMSO (-or grey bars) or with the indicated concentration of EPZ015666 (1-10 µmol/L, blue bars) (A-C) PRMT5 inhibition induces apoptosis. A, Apoptosis was analyzed by western blotting using antibodies that recognize the cleaved forms of caspase 7 (c-casp7), caspase 8 (c-casp8) and PARP (c-PARP) 120 h after PRMT5 inhibition. PRMT5 and actin were used as controls. General symmetric arginine dimethylation (pan-SDMA) was examined to validate PRMT5 inhibition following cell treatment with EPZ015666. Pictures are from a single experiment representative of two or three independent experiments. B, Apoptosis was assessed by a luminescence assay to detect caspase 3/7 activity of viable cells 120h after PRMT5 inhibition. Results are expressed as fold-change compared to vehicle-treated cells. P values were calculated using Student t test. C and D, Cell cycle was monitored 96 hours following PRMT5 inhibition or treatment with DMSO by FACs analysis following PI staining. C, Percentage of cells in the sub-G1 phase are represented. Data are expressed as means from three to four independent experiments. P values were calculated using Student t test. D, PRMT5 inhibition impairs cell cycle progression. Percentages of live cells in G1, S and G2/M phases are represented. P values were calculated based on cell count using a Fisher-exact test and adjusted for multiple testing using the Benjamini-Hochberg method. B-D, Means + SD of at least three independent experiments are represented. P values (B and C) and adjusted P values (D) are indicated as follows: **P < 0.01; ***P < 0.001 F I G U R E 5 PRMT5 inhibition impairs, mammosphere formation, and slows tumor growth in a TNBC PDX model. A, PRMT5 inhibition impairs mammosphere formation. HCC38 cells were seeded in 6-well low-binding plates and treated with DMSO (-) or with the indicated concentration of EPZ015666 for 14 d. Mammospheres were then examined and counted under a microscope. A representative image of one well is also shown for all conditions (×100). Mammosphere count for each EPZ015666-treated condition is expressed as a percentage relative to vehicletreated cells. Grey bars: DMSO-treated cells; blue bars: EPZ015666-treated cells. Represented are means + SD from at least three independent experiments. P values were calculated using Student t test and are indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001 (ie, decrease relative to the control DMSO). B, PRMT5 inhibition slows tumor growth in vivo. EPZ015666 (200 mg/kg BID, po) was administered to a TNBC PDX model (n = 7 mice) during one month. Control mice were treated with EPZ015666 vehicle (n = 7 mice). (left panel) Tumor volume was measured twice weekly with calipers. Growth curves were obtained by plotting relative tumor volume mean versus time ± SEM P values were calculated using Mann-Whitney test are indicated as follow: *P < 0.05, **P < 0.01, ***P < 0.001. (right panel) PRMT5 inhibition reduces symmetric arginine dimethylation (SDMA) in tumors. Western blot analysis of tumors at the end of the treatment shows lower PRMT5 activity in the tumors derived from EPZ015666-treated mice compared to those derived from vehicle-treated mice. Symmetric arginine dimethylation was detected using anti-pan-SDMA and anti-H3R8me2s antibodies. PRMT5 expression was verified. GAPDH was used as loading control

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

TABLE 1 : SUMMARY OF ARGININE METHYLATION SITES IDENTIFIED ON ALIX

 1 ...............................................

TABLE 2 : CORRELATION BETWEEN PRMT1 1 MRNA AND KI67 2 MRNA FROM KM-PLOTTER DATABASE

 2 .........

Table 1 : Summary of arginine methylation sites identified on ALIX

 1 

	Arg	Sequence	Domain	Methylation	Refs
				(MMA, DMA,	
				both)	
	R322	NDFIyHDRVPDLkDL	Bro1	MMA	[114]
	R456	EILDESLRLLDEEEA	V	MMA	[114]
	R606	LSVTELDRVyGGLtt	V	MMA	[114]
	R745	tPPtPAPR 3,4,5 TMPPTkP	PRD	Both	[114, 147, 148,
					610, 611]
	R757	TkPQPPAR 3,6,7 PPPPVLP	PRD	Both	[114, 147, 148,
					610-612]
	R767	PPVLPANR 8 APSATAP	PRD	MMA	[114, 613]
	3 MMA site is dependent on PRMT5 and PRMT7 [148].		
	4 MMA site is lost in MCF7-CARM1 knockout cells [147].		
	5 One of these sites are also DMA (not specified which) but the methylation is lost in MCF7-CARM1-KO cells
	[147].				

6 

MMA site is abolished in cells depleted for CARM1 and is dependent on both CARM1 and PRMT7. DMA site is dependent on PRMT5 [148]

7 

MMA site is lost in MCF7-CARM1 knockout cells [147]

8 

MMA site is downregulated upon PRMT5 inhibition

[613]
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Table 2 : Correlation between PRMT1 1 mRNA and Ki67 2 mRNA from KM-plotter database BC subtype Spearman's correlation

 2 

	p-value
	co-efficient

Table 3 : IC50 values of drugs used in the combination analysis.
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	Inhibitor/drug (concentration)	IC50 values	Concentration range
		(mean ± SD)	used for combination
	Doxorubicin (nM)	19.9 ± 6.75	0-70 nM
	Camptothecin (nM)	7.74 ± 2.93	0-25 nM
	4-hydroperoxy	1.22 ± 0.86	0-5 µM
	cyclophosphamide (µM)		
	Docetaxel (nM)	0.6 ± 0.24	0-1 nM
	Paclitaxel (nM)	5.36 ± 0.90	0-1 nM
	Cisplatin (nM)	130 ± 50	0-200 nM
	Erlotinib (µM)	1.95 ± 0.49	0-5 µM
	LGK974 (µM)	11.32 ± 1.62	0-10 µM
	MDA-MB-468 cells were treated with the following inhibitors/drugs for 7 days and cell viability
	was assessed by MTT or CellTiterGlo assay. Values are represented as mean ± SD from at least
	two independent experiments.		

Table 4 : Cell culture conditions used

 4 

Table 5 : List of antibodies used
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	Target	Company	Reference	Host	Application Dilution
				species		
	Actin	Sigma-Aldrich	A5441	Mouse	Wb	1/2000
	Cleaved	Sigma-Aldrich	C8487	Rabbit	Wb	1/1000
	Caspase3					
	Cleaved	Cell Signaling	9491	Rabbit	Wb	1/1000
	Caspase7					
	Cleaved	Cell Signaling	9546	Mouse	Wb	1/2000
	PARP					
	GAPDH	Cell Signaling	2118	Rabbit	Wb	1/1000
	H4R3me2	Active Motif	39705	Rabbit	Wb	1/500
	asymmetric					
	Histone 4	Abcam	ab7311	Rabbit	Wb	1/1000
	LRP5	Cell Signaling	5440	Rabbit	Wb	1/1000
	LRP6	Cell Signaling	2560	Rabbit	Wb	1/1000
	PRMT1	Millipore	07-404	Rabbit	Wb, IHC	1/1000, 1/1000
	PRMT1	Bethyl	A300-722A	Rabbit	ChIP	5µg
						antibody/mg
						lysate
	PRMT1	Cell Signaling	2449	Rabbit	Wb	1/1000
	Tubulin	Sigma-Aldrich	T6074	Mouse	Wb	1/2000
	γH2AX	Millipore	05-636	Mouse	Wb	1/1000
	CARM1	Cell signaling	3379	Rabbit	WB,IP,IF	1/1000,2µg/mg
					(PFA/meOH)	lysate,1/1000
	CARM1	Cell Signaling	12495	Mouse	WB,IP,IF (PFA),	1/1000,2µg/mg
					PLA (PFA)	lysate,1/1000,
						1/1000
	CARM1	Bethyl	A300-421A	Rabbit	IP	2µg/mg lysate
	CARM1	Abcam	ab84370	Rabbit	IHC	1/500
	ALIX	Cell signaling	92880	Rabbit	WB, IF (PFA),	1/1000
					PLA (PFA)	
	ALIX	Santacruz	sc-271975	Mouse	IF (meOH)	1/100

Table 6 : List of primers used
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	Target	Target Sequence/name	Application	Company	Reference
	PRMT1	-	qPCR	Qiagen	QT0000581
					7
	LRP6	-	qPCR	Qiagen	QT0004317
					6
	LRP5 -F	5'	qPCR	Eurogentec	This study
		GGACACCAACATGATCGAGTC			
		G			
	LRP5 -R	5'	qPCR	Eurogentec	This study
		CGCTCAATGCTGTGCAGATTCC			
	PORCN -F	5'	qPCR	Eurogentec	This study
		TGGATGACACCACAGAGGAGC			
		A			
	PORCN -R	5'	qPCR	Eurogentec	This study
		CTCAGCCTATGAGACGGTAGA			
	GAPDH	-	qPCR	Qiagen	QT0119264
					6
	Actin	-	qPCR	Qiagen	QT0168047
					6
	Hsp90	-	qPCR	Qiagen	QT0167979
					0
	Axin 2	-	qPCR	Qiagen	QT0003763
					9
	APCDD1	-	qPCR	Qiagen	QT0004125
					8
	NKD1	-	qPCR	Qiagen	QT0003610
					6
	PORCN BRA -F	5' ATGTCCAGACCCCAGTTTGT	ChIP-qPCR	Eurofins	This study

Table 7 : List of siRNAs used siRNA Target Sequence Company Reference
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	AllStars	-
	Negative	
	Control	
	siRNA	

Table 8 : List of drugs and inhibitors used

 8 

	Inhibitor/Drug	Concentration	Type/Target	Company	Reference
		(for drug			
		combinations)			
	4-hydroperoxy	0-5 µM	DNA intercalant Santacruz	sc-206885
	cyclophosphamide				
	Camptothecine	0-25nM	DNA intercalant Sigma-Aldrich	C9911
	(SN38)				
	Docetaxel	0-1nM	Mitotic arrest	Selleckchem	S1148
	Doxorubicin	0-70nM	Anthracycline	Sigma-Aldrich	D1515
	Erlotinib	0-5 µM	EGFR	Selleckchem	S7786
	EZM-2302	NA	CARM1	Probechem	PC-61030
				Biochemiccals	
	TP-064	NA	CARM1	Tocris	6008
	GSK3368715	0-5 µM	Type I PRMT	MedChemExpress,	HY-
				ChemScene LLC	128717A,
					CS-0100240
	LGK-974	0-10 µM	Porcupine	Selleckchem	S7143
	Methotrexate	0-100nM	Dihydrofolate	Calbiochem	454126
			reductase		
	MS023	0-5 µM	Type I PRMT	Tocris	5562
	Paclitaxel	0-1nM	Mitotic arrest	Selleckchem	S1150

Table 9 : List of synthetic peptides used (from Covalab) Peptide name Sequence
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	ALIX (716-775)	NH2-
		E 716 PSAPSIPTPAYQSLPAGGHAPTPPTPAPR 745 TMPPTKPQPPAR 757 PPPPVLPANR 767

Table 10 : 1X laemmli sample buffer composition Component Final concentration
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	Tris pH=6.8 (Sigma Aldrich)	50mM
	SDS (Sigma Aldrich)	2%
	Glycerol (Sigma Aldrich)	5%
	Dithiothreitol (DTT) (Sigma Aldrich)	2mM
	Ethylenediaminetetraacetic acid (EDTA) (Sigma	2.5mM
	Aldrich)	
	Ethylene glycol-bis (β-aminoethyl ether)-	2.5mM
	N,N,N′,N′-tetraacetic acid (EGTA) (Sigma Aldrich)	
	Phosphatase inhibitors (ThermoScientific)	2X
	Protease inhibitors (Roche)	1 tablet (per 5ml)
	Sodium Orthovanadate (Sigma Aldrich)	4mM
	Sodium Fluoride (Sigma Aldrich)	20mM
	Water	to complete

Table 11 : 1X immunoprecipitation lysis buffer composition
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	Component		Final concentration	Complete lysis	Incomplete lysis
				buffer	buffer
	Tris A (pH 7.4) (Sigma	50 mM	Yes	Yes
	Aldrich)				
	NaCl (VWR chemicals)	100 mM	Yes	Yes
	EDTA (Sigma Aldrich)	1 mM	Yes	Yes
	EGTA (Sigma Aldrich)	1 mM	Yes	Yes
	Nonidet P-40 (Sigma	0.1%	Yes	Yes
	Aldrich)				
	DTT (Sigma Aldrich)	1 mM	Yes	Yes
	Glycerol (Sigma Aldrich) 10%	Yes	Yes
	Phosphatase inhibitors	1%	Yes	No
	(ThermoScientific)			
	Protease	inhibitors	1 tablet (every 10mL)	Yes	No
	(Roche)				

Table 12 : Acquisition list from the ALIX synthetic peptides generated in the parallel reaction monitoring mode during LC-MS/MS analysis.
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	PTM position	Peptide modification	Mass [m/z]	Charge	Extracted fragments
		Unmethylated	869.4056	2	y12, y9, y12++, b2, b4, y12-64, y9-64, y12-64++, b3
	R745	Monomethylated	876.4135	2	y12, y9, y12++, b2, b4, y12-64, y9-64, y12-64++, b4
		Dimethylated	883.4213	2	y12, y9, y12++, b2, b4, y12-64, y9-64, y12-64++, b5
		Unmethylated	871.4742	2	b3, b4, y12, y10, y4, y15++, y13++, y12++, y10++
	R757	Monomethylated 878.48202	2	b3, b4, y12, y10, y4, y15++, y13++, y12++, y10++
		Dimethylated	885.4898	2	b3, b4, y12, y10, y4, y15++, y13++, y12++, y10++

Schematic process of image analysis for 2D colony formation assay using ImageJ software.

  

Table 13 : Supplementary list of antibodies
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	Target	Company	Host	Application	Dilution	Reference
			species			
	CA183	-	Mouse	WB	1/500	Kind gift from Dr. Greg
						Towers, UCL, UK
	CD9	Millipore	Mouse	WB	1/1000	Kind gift from Dr.
						Clotilde Thery, Institut
						Curie
	CD63	BD Biosciences Mouse	WB	1/1000	Kind gift from Dr.
						Clotilde Thery, Institut
						Curie
	Syntenin-1	Abcam	Rabbit	WB	1/1000	Kind gift from Dr.
						Clotilde Thery, Institut
						Curie

Table 14 : Supplementary list of primers
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	Target	Target Sequence/name	Application	Company	Reference
	PRMT2	-	RT-qPCR	Qiagen	QT00027314
	PRMT3	-	RT-qPCR	Qiagen	QT00025123
	PRMT5	-	RT-qPCR	Qiagen	QT00049938
	PRMT6	-	RT-qPCR	Qiagen	QT00201411
	CARM1-	5'CGGGCAGCACCTACAACCTCA	qPCR	Integrated	This study
	total -Fwd			DNA	
				technologies	
	CARM1-	5'GGTTGTTGTGGCCCACGCT	qPCR	Integrated	This study
	total -Rev			DNA	
				technologies	
	CARM1-	5'ACAACCTGATTCCTTTAGCCAACA	qPCR	Integrated	This study
	FL-Fwd			DNA	
				technologies	
	CARM1-	5'TCGTGCTGCCACCACCACT	qPCR	Integrated	This study
	FL-Rev			DNA	
				technologies	
	CARM1-	5'GGGATGCCGACCGCCTATGA	qPCR	Integrated	This study
	ΔE15-Fwd			DNA	
				technologies	
	CARM1-	5'GGCGCCGGAGGACCCTAAAG	qPCR	Integrated	This study
	ΔE15-Rev			DNA	
				technologies	

Table 15 : Supplementary list of siRNAs
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	siRNA	Target Sequence	Company	Reference
	PRMT2_3	5' CAGACCAGCCACGAACAACTA	Qiagen	SI00441826
	PRMT3_1	5' CACCGTGACCCTCACGTTGAA	Qiagen	SI03058699
	PRMT3_2	5' TACCGAGATTTCATATACCAA	Qiagen	SI03108938
	PRMT5_1	5' TGCCGTGGTGACGCTAGAGAA	Qiagen	SI04216492
	PRMT5_3	5' CTGGCGATGCAGCAATTCCAA	Qiagen	SI04308416
	PRMT6_1	5' CCGCAGCGCTTTGCTCAGCTA	Qiagen	SI00120771
	PRMT6_2	5' CACACCTTATCTAAGTCTGAA	Qiagen	SI00120778

  Trends in Cell Biologyimportant for protein-protein interactions. Moreover, we now know that the PH domain of CARM1 not only interacts with proteins but also several lncRNAs. Identifying the interactome (proteins and nucleic acids) of CARM1 could thus uncover novel functions.

	Outstanding Questions
	Why is CARM1-ΔE15 mRNA more
	highly expressed than CARM1-FL
	in BC? Is the protein also highly
	expressed? Is the CARM1-ΔE15
	mRNA more highly expressed in
	other cancer types? What are their
	common/specific partners/substrates
	in normal and cancer cells? Are their
	functions redundant or compensatory?
	What are the structural similarities/
	differences between CARM1-FL and
	CARM1-ΔE15 in terms of their binding
	to their substrates?
	What are the 'CARM1 speckles' and
	their function? Does CARM1 localize to
	other nuclear structures apart from
	paraspeckles and 'CARM1 speckles'?
	Are these related to its known functions
	in RNA metabolism?
	Is the PH-like fold the only domain
	that interacts with RNA? Can CARM1
	interact with other nucleic acids? Is
	there competition between nucleic
	acids and proteins in binding to the
	PH-like domain? Do the CARM1 PTMs
	regulate binding to RNA/proteins?
	What CARM1 functions are affected
	by its post-translational modifications
	(PTMs)? Are there any additional
	PTMs that occur on CARM1? Which
	kinase phosphorylates S216? Why
	does CARM1-FL have to be auto-
	methylated? Is this methylation dynamic?
	By what molecular mechanism does
	CARM1 regulate pre-mRNA splicing?
	Does CARM1 self-regulate its splicing
	to generate CARM1-ΔE15?
	Is CARM1 enzymatic activity required
	for every function or can it act as
	a scaffolding protein under certain
	conditions? What are the cytosolic
	functions of CARM1?
	Why are certain hematopoietic cancer
	cells more sensitive to CARM1 inhibition
	than others? Is it due to the presence of
	specific mutations and what are
	they? Is there synergy between the
	inhibition of CARM1 and that of
	other PRMTs in cancers mutated for
	splicing factors?
	Why are cancer cell lines derived from
	solid tumors not sensitive to CARM1
	inhibition? Would it be beneficial
	to combine CARM1 inhibitors with

Basal epithelium: cells located on the lower surface of the epithelium, closer to the basement membrane.

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

All residue numbering described in the crystal structure section are with respect to mouse CARM1 amino acid sequence.

We used HeLa cells here because the later part of this thesis focused on one function of ALIX, i.e., cytokinesis and HeLa cells are a well-established model to study cytokinesis.
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Abstract

Breast cancer is a heterogeneous disease comprised of distinct subtypes. Among them, triple-negative breast cancer (TNBC) is the most aggressive, with worse prognosis and lack of targeted therapy. Therefore, identifying novel treatments for TNBC is an unmet clinical need. Transcriptome and immunohistochemical analyses revealed that protein arginine methyltransferase 4 (PRMT4 also called CARM1) is more expressed in breast tumors than in healthy breast tissues. Silencing CARM1 expression impaired cell proliferation and induced apoptosis in two TNBC cell lines, BT-549 and MDA-MB-468. In contrast, CARM1 inhibition using two recently developed smallmolecule inhibitors (TP-064 and EZM2302) did not affect cell viability in the tested cell lines, suggesting that its enzymatic activity may not be required for this function. Then, we searched for protein-protein interactions to comprehend the role of CARM1 on TNBC cell survival and identified the ESCRT accessory protein, ALIX, as the major CARM1 partner. Further, we demonstrate that ALIX is a substrate of CARM1 and is methylated on two major arginine residues, Arg745 and Arg757, within the c-terminal domain of ALIX. ALIX functions as an adaptor protein for the ESCRT family and aids in multiple cellular processes such as cytokinetic abscission, retroviral budding and multivesicular body biogenesis. In this study, we focused on cytokinetic abscission and observed that silencing CARM1 displayed phenotypes similar to ALIX depletion in causing cytokinetic defects. However, additional research is ongoing to fully understand the role of the CARM1/ALIX complex on cytokinetic abscission.

ADDITIONAL

RESULTS

AND

DISCUSSIONS

CHAPTER 3

Recombinant protein production

GST-CARM1-FL, GST-CARM1-ΔE15, GST and Flag-PABP1 recombinant proteins were produced in a Bac-to-Bac Baculovirus expression system using the kit from ThermoFisher. Prior to producing the recombinant proteins, they were first cloned as follows. GST fragment was first PCR amplified (Table 6) from the pGEX-4T-1 plasmid and cloned into the pFastBac vector using BamHI and EcoRI restriction enzymes. CARM1-FL and CARM1-ΔE15 fragments were PCR amplified (Table 6) from pcDNA3.1-CARM1-FL and pcDNA3.1-CARM1-ΔE15 plasmids and cloned into the pFastBac-GST vector generated using EcoRI and XbaI restriction enzymes. pFastBac-Flag-PABP1 plasmid was a kind gift from Dr. Micheal Rudnicki, Ottawa, Canada. The GST plasmids within the pFastbac vector were transformed into DH10Bac E.Coli cells to generate the recombinant bacmid containing the gene of interest. After verifying the successful transformation into the bacmid, it was transfected into the Sf9 insect cells to produce the baculovirus. Once produced, the viral stock was amplified (collecting and titrating the supernatant) and the recombinant protein was purified using a GST column.

Purified recombinant protein of ALIX (ALIX-FL, ALIX-Bro1, and ALIX-ΔPRD) was a kind gift from Dr. Aurelien Roux, Geneva, Switzerland. Recombinant human histone H3 (H3.1) was purchased from New England Biolabs.

Immunoprecipitation followed by mass spectrometry analysis

HeLa cells were immunoprecipitated as described earlier (see Immunoprecipitation) using an anti-ALIX antibody (Table 5). The agarose beads were washed as before and resupended in 100 μl of 25 mM NH4HCO3, 10mM CaCl2. Samples were then digested by adding 0.4 μg of LysArginase (Sigma EMS0008) for 1 hour at 37 °C. The resulting peptide mixtures were loaded onto homemade C18 StageTips packed with AttractSPE™ Disks Bio C18 (Affinisep™ SPE-Disks-Bio-C18-100. 47.20) for desalting. Peptides were eluted using 40/60 CH3CN/H2O + 0.1% formic acid, vacuum concentrated to dryness and reconstituted in injection buffer in 2% MeCN/0.3% Trifluoroacetic acid (TFA) before Liquid chromatography-mass spectrometry (LC-MS/MS) analysis in data-dependent acquisition (DDA) mode.

In vitro methylation assay (for mass spectrometry analysis)

All synthetic peptides used in this study were purchased from Covalab. 0.5µg of ALIX (716-775) synthetic peptide (83.33 picomoles) containing the three arginine (R745, R757, R767) was incubated with 1.56µg of GST-CARM1-FL (16.6 picomoles, to have a 5:1 molar ratio of peptide:CARM1) in the presence of 80µM S-adenosyl methionine (SAM, New England Biolabs) in 1X PBS buffer (final volume of 20µl) for 90min at 30°C. The methylation reaction was digested with LysArginase enzyme and injected into an MS analyzer. As a control for the methylation reaction, histone H3.1 (1.41 µg which is equivalent to 83.3 picomoles, i.e., 0.5µg of peptide) was incubated with GST-CARM1

Drug combinations

The appropriate number of cells (Table 4) were seeded 48h prior to treatment in a 96well white transparent bottom (Greiner Bio-One, 655098) plate. Cells were treated with varying concentrations of each drug (Table 8) or DMSO alone as indicated (Figure 99). Cell viability was determined after 7 days of treatment using CelltiterGlo reagent (Promega) incubated for 15min at 37°C. Luminescence signal was measured in Spark spectrophotometer (Tecan). Combenefit software was used for the drug-combination analysis [669]. All drug combinations were performed in triplicate reactions per experiment.

Chromatin Immunoprecipitation (ChIP)

Cells were crosslinked using 1% formaldehyde (Sigma Aldrich) for 10 min at RT and then treated with 0.125M glycine for 5 min with gentle shaking. Chromatin was prepared from 4 × 10^6 untreated MDA-MB-468 cells using the simpleChIP plus Enzymatic chromatin IP Kit (Cell signaling #9004). Chromatin is fragmented using both sonication and enzymatic digestion with Micrococcal Nuclease (around 150-500bp). The chromatin is immunoprecipitated using an anti-PRMT1 (Table 5) or control immunoglobulin (IgG) antibody overnight at 4°C under rotation. The chromatin/antibody complex was pulled down using the protein G agarose beads for 2h at 4°C under rotation. Following different washing steps, the chromatin is eluted, and the cross links are reversed using proteinase K. DNA is purified using the spin columns included in the kit and a qPCR was performed using specific primers for each promoter region (Table 6).

Supplementary materials and methods

CARM1 isoform analysis in BC cell lines and human BC tumors

Primary unilateral invasive breast tumors excised from women managed at the Institut Curie-Rene´ Huguenin Hospital (Saint-Cloud, France) between 1978 and 2008 and analyzed. Each patient signed a written informed consent form, and this study was approved by the Institut Curie-Rene´ Huguenin Hospital Ethics Committee. Patients were followed at the Institut Curie-Rene´ Huguenin Hospital.

The cohort contained 41 BC cell lines and 514 patient samples. This was composed of 11 luminal, 4 Her2+, 17 TNBC and 7 non-cancerous cell lines subtypes and the patient samples contained 292 Luminal A, 55 Luminal B, 69 Her2+, 98 TNBC, and 16 normal breast tissues.

The expression of total CARM1 and the CARM1 isoforms -CARM1-FL and CARM1-Δ E15 -was analyzed from RNA samples by RT-qPCR using the Power SYBR Green PCR Master Mix kit (ThermoFisher Scientific) using specifically designed primers (see Table 14). Transcripts of the TATA box-binding protein (TBP) gene (Genbank accession NM_003194) were used as an endogenous RNA control. The analysis was performed as previously described [711]. Briefly, each sample was normalized based on its TBP content. Results (expressed as N-fold differences in the CARM1 isoform expression relative to the TBP gene and termed NCARM1 isoforms) were determined as NCARM1 isoforms=2 ΔCtsample , where the ΔCt value of the sample was determined by subtracting the Ct value of CARM1 isoforms genes from the average Ct value of TBP gene. The NCARM1 isoforms values were subsequently normalized to obtain a basal mRNA level (smallest amount of mRNA quantifiable, Ct=35) equal to 1.

Extracellular vesicles and exosome isolation

HEK293T cells were grown in a 150cm 2 cell culture flask until they reached 80% confluency. For BT-549 cells, 4 × 10 6 cells were seeded in a 60mm petri dish for 48h. Four such petri-dishes were seeded for obtaining sufficient extracellular vesicles (EVs).

ANNEXES

Among the various types of BC, CARM1 has been extensively studied in luminal BC, particularly in the liganded nuclear receptor signaling pathways [92]. CARM1 is essential for estrogen-induced cell-cycle progression (through E2F1) [93] and its depletion delays tumor growth [40]. The demethylase JMJD6 facilitates binding between CARM1 and MED12 [94] and methylated MED12 recruits TDRD3 (a Tudor domain-containing protein) to CARM1-bound active enhancers to 
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and longer DFS, thus concurring with our study. 50 Broadly, the majority of cancer-related studies interested in PRMT5 localization and substrate specificity associates cytoplasmic PRMT5 activity to tumor development or bad prognosis. We further this observation by suggesting that the localization of PRMT5 may be a determinant of TNBC.

What controls the subcellular localization of PRMT5? A 2007 study by Teng et al may give a first element of response. 51 In this study, Teng et al show that treatment of prostate cancer cells using the nucleolin octamer AS1411, leads to a nucleolin-mediated redistribution of PRMT5 from the nucleus to the cytoplasm. Teng et al thus posit that nucleolin plays a role in PRMT5 shuttling between these subcellular compartments. It is likely, however, that the mechanism proposed by Teng et al not be the sole at work, and that other PRMT5 partners may be involved in its nuclear/cytosolic shutting.

Which additional signals and/or protein-protein interactions are involved? These interrogations must be addressed to better understand PRMT5 substrate specificity and to further decipher the role of PRMT5 in cancers. Such knowledge could, in turn, allow the design of efficient therapeutic strategies targeting PRMT5 in a substrate-specific manner. In conclusion, the present study highlights the importance of the subcellular localization of PRMT5 in determining TNBC prognosis and upholds continued attention for PRMT5 targeting, alone or in combination, as a potential treatment option in a subset of TNBC.

SUPPORTING INFORMATION

Additional supporting information may be found online in the Supporting Information section at the end of the article. Nude mice (n=3) were administered EPZ015666 at 100 mg/kg per-os (p.o.), twice daily.

How to cite this article:

Treatment was not associated with any mortality or body weight loss over the 21-day experimental period. MDA-MB-468 cells were transfected with 20nM siRNA targeted against PRMT5 or with a control siRNA (siCTRL), or left untreated (NT). PRMT5 expression was assessed 72 hours later by western blotting. GAPDH was used as loading control. Part of the cells were collected, pelleted, frozen and fixed for IHC staining, as previously described 17,19 . A screening with a panel of 1,200 FDA approved drugs (Prestwick Chemical Library) and six additional compounds including Erlotinib (Sup. Table 2) reveals a benefit to combining PRMT5 and EGFR inhibitors. MDA-MB-453 cells were seeded into 384-well plates and treated with the Prestwick Chemical Library (10µM) or one of six additional compounds (Sup. Table 2; concentration as indicated) alone, or in combination with EPZ015666 (10µM). After 3 days, cell viability was assessed by CellTiter-Glo (CTG) assay. Of the 1,206 screened compounds, 203 were identified as detrimental to MDA-MB-453 cell viability (𝑅𝑍𝑠𝑐𝑜𝑟𝑒 < -2).

Supplementary

Compounds which alone inhibited cell viability by 90% or more (𝑅𝑍𝑠𝑐𝑜𝑟𝑒(𝑃𝑟𝑒𝑠𝑡𝑤𝑖𝑐𝑘) ≤ -20) were excluded from this first selection, leaving 152 hits. The 152 hits were then sorted by ∆𝑅𝑍𝑠𝑐𝑜𝑟𝑒 using the following thresholds to delineate the effect of the Prestwick+EPZ015666 combination: ∆𝑅𝑍𝑠𝑐𝑜𝑟𝑒 > 0: antagonism; -2 < ∆𝑅𝑍𝑠𝑐𝑜𝑟𝑒 ≤ 0: no effect; -2 ≤ ∆𝑅𝑍𝑠𝑐𝑜𝑟𝑒: potentiation. Represented on the graphic are RZ-scores of Prestwick alone vs. Prestwick+EPZ015666 for the 88 compounds for which the combination potentiates the effect of each compound alone, according to the described analysis. Erlotinib A (Prestwick Chemical) and Erlotinib B (Caiman Chemical) are highlighted in orange. Abstract: Breast cancer is a highly heterogenous disease comprising of different subtypes. Triple-negative breast cancer (TNBC) is associated with the worst prognosis. Identification of novel treatment strategies for TNBC patients is an unmet clinical need. Protein arginine methyltransferases (PRMTs), the family of enzymes that methylate histone and non-histone proteins are overexpressed in several cancer types and are currently emerging as attractive therapeutic targets. The goal of my thesis was to study PRMT1 and PRMT4 in TNBC. We found both PRMTs are more expressed in breast cancer compared to normal breast tissue, and that depleting PRMT1 or PRMT4 impaired cell proliferation and induced apoptosis. We found that PRMT1 regulates the Wnt or the EGFR signaling pathway by binding to the promoter of LRP5 and porcupine or EGFR. PRMT1 inhibition (Type I PRMT inhibitors) decreases colony formation and Wnt activity in vitro and delays tumor growth in mice. Type I PRMT inhibitors exhibit synergistic interactions with some chemo-or targeted-(anti-EGFR) therapies, highlighting the therapeutic potential of these combinations. In contrast, PRMT4 inhibition shows no effect on TNBC cell proliferation, indicating that PRMT4 regulates cell viability independently of its enzymatic activity. Hence, we characterized the PRMT4 interactome in a TNBC cell line and identified ALIX as its major partner. PRMT4 binds to and methylates the c-terminal domain of ALIX, the hub for its protein-protein interactions.

Supplementary

The depletion of PRMT4 shows cytokinetic defects, similar to the known phenotype induced upon ALIX depletion. Additional ongoing work will uncover the molecular mechanisms by which PRMT4 regulates cytokinesis.