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Abstract: Breast cancer is the most common cancer diagnosed in women worldwide. Early-stage
breast cancer is curable in ~70–80% of patients, while advanced metastatic breast cancer is considered
incurable with current therapies. Breast cancer is a highly heterogeneous disease categorized into
three main subtypes based on key markers orientating specific treatment strategies for each subtype.
The complexity of breast carcinogenesis is often associated with epigenetic modification regulating
different signaling pathways, involved in breast tumor initiation and progression, particularly by
the methylation of arginine residues. Protein arginine methyltransferases (PRMT1-9) have emerged,
through their ability to methylate histones and non-histone substrates, as essential regulators of
cancers. Here, we present an updated overview of the mechanisms by which PRMT1 and PRMT5,
two major members of the PRMT family, control important signaling pathways impacting breast
tumorigenesis, highlighting them as putative therapeutic targets.
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1. Introduction

Breast cancer (BC) is the most common cancer in women worldwide, affecting 1 in 8 women
over the course of their lives [1,2]. BC is a heterogeneous disease classified into different
subtypes according to histological/molecular biomarkers used to determine treatment
strategies. Luminal BC is characterized by the expression of estrogen receptor (ERα) and/or
progesterone receptor (PR); HER2+ BC is defined by the overexpression of the human epi-
dermal growth factor (HER2), and triple-negative BC (TNBC) encompasses tumors lacking
ERα/PR and HER2 expression [3–5]. Patients with (i) luminal BC are treated with en-
docrine therapy such as tamoxifen for premenopausal patients and aromatase inhibitors for
postmenopausal patients [6]. Fulvestrant, another anti-estrogen, is used in the metastatic
setting [7]. (ii) HER2 BCs are treated with targeted therapies such as monoclonal antibodies
or antibody drug conjugates [5], and (iii) TNBCs are treated with conventional chemother-
apy [8]. Despite improvement in patient survival over the last decades, resistance occurs
in 30% of cases for multiple causes that are still a matter of research [9]. Hence the need
to define biomarkers predictive of response to treatment and to identify new targets is an
intensive research topic.

Arginine methylation has emerged as a major post-translational modification (PTM) of
histone and non-histone proteins, regulating their expression and biological properties [10].
The protein arginine methyltransferase (PRMT) family comprises nine members classified
according to the type of methylation they catalyze. PRMTs are frequently overexpressed
in cancer, and their upregulation is often associated with poor prognosis [11,12]. This is
particularly true for PRMT1 and PRMT5, the two most extensively studied PRMTs, which
play an important role in breast tumorigenesis and resistance, making them promising
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drug targets. The aim of this review is to summarize current and emerging knowledge on
the roles of PRMT1 and PRMT5 in BC and how targeting their methyltransferase activities
specifically in BC subtypes could provide new therapeutic tools.

2. Protein Arginine Methyltransferases

Arginine methylation is the addition of methyl groups from S-adenosylmethionine
(SAM) to the guanidino nitrogen of arginine side chains. It was first documented in the
late 1960s and early 1970s [13,14]. This enzymatic reaction is regulated by members of
PRMT family. To date, nine PRMTs (PRMT1–9) have been identified in mammalian cells
since the discovery of the first member, PRMT1, in 1996 [10,15]. There are three types of
methylated arginine residues in mammalian cells: ω-NG-monomethylarginine (MMA);
ω-NG, NG-asymmetric dimethylarginine (ADMA); and ω-NG, N’G-symmetric dimethy-
larginine (SDMA). PRMTs are classified into three types based on the methylation they
catalyze. Type I PRMTs (PRMT1, PRMT2, PRMT3, Carm1 (PRMT4), PRMT6, and PRMT8)
catalyze both MMA and ADMA [16]. Type II PRMTs (PRMT5 and PRMT9) generate
MMA and SDMA [17]. PRMT7, the only Type III enzyme, exclusively catalyzes the forma-
tion of MMA [18]. These modifications play crucial roles in various biological processes,
demonstrating the dynamic nature of arginine methylation, which can be reversed by
arginine demethylases.

The diversification of proteomes heavily relies on PTMs to determine protein confor-
mation, subcellular localization, interaction with other proteins, stability, and/or activity.
As such, arginine methylation participates in various essential cellular processes, main-
taining tissue homeostasis [17,19]. PRMTs can dynamically regulate chromatin structure
and work as coregulators to activate or repress transcription and thus gene expression.
PRMTs can deposit histone marks that either activate (H4R3me2a, H3R2me2s, H3R17me2a,
and H3R26me2a) or repress (H3R2me2a, H3R8me2a, H3R8me2s, and H4R3me2s) tran-
scription [20]. As such, PRMTs have a significant impact on various cellular processes,
including growth, proliferation, differentiation, transcription, DNA damage and repair, the
immune system, RNA processing/alternative splicing, and signal transduction. Accumu-
lating evidence suggests that arginine methylation may be a key factor in the development,
progression, and aggressiveness of various types of cancers [12,21]. Although the connec-
tion between arginine methylation and cancer is a relatively new research area, studies
conducted so far on PRMTs, and cancers have demonstrated their tight link. Indeed, dys-
regulated PRMT expression has been reported in various human tumors, including lung,
breast, prostate, colorectal, bladder tumors, and leukemia [12,22]. For instance, PRMT1,
which is responsible for over 90% of arginine methylation, has been shown to promote
migratory and invasive behaviors in BC cells by mediating the asymmetric dimethylation
of R3 residue of histone H4 (H4R3me2as) at the ZEB1 promoter, thus inducing processes
linked to epithelial–mesenchymal transition (EMT) [23]. PRMT5, the major type II enzyme,
targets genes involved in BC cell proliferation and invasion and is associated with poor
clinical outcome [24,25]. However, its targeting is more complex as PRMT5 activity differs
according to its subcellular localization in the different subtypes. Given that PRMT1 and
PRMT5 are currently the PRMTs known to contribute the most to BC development and
treatment resistance, the primary focus of this review is to specifically highlight the current
knowledge regarding their involvement in BC and the emerging therapeutic potential of
targeting these enzymes to control disease recurrence, metastasis, and clinical outcome
according to BC subtype.

3. PRMT1 in Breast Cancer

PRMT1 is a ubiquitous protein in the body, responsible for the majority of ADMA
on arginine residues. PRMT1 activity is essential during development, notably for cardio-
vascular, pancreatic, and brain development, and its knockout is lethal in mice [26–28]. In
many cancers types, PRMT1 is overexpressed, and its overexpression is often correlated
with cancer grade and poor prognosis [11,12,21,29–31]. This is also true for BC, particularly
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for luminal tumors where a high expression of PRMT1 is associated with a decrease of
relapse-free survival (Figure 1). Inhibiting PRMT1 activity has been shown to hinder the
growth of solid tumors such as lung tumors, ovarian cancers, and hematological and breast
tumors [32].
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subtypes. Kaplan–Meier curves created by the public database and web application KM plotter.
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Due to the diversity of its histone and non-histone substrates such as tumor sup-
pressors, oncogenes, and steroid receptors [23,34–38] (Table 1), it is not surprising that
deregulation of PRMT1 arginine methyltransferase activity may contribute to BC initiation
and progression [39,40].

Table 1. PRMT1 substrates in breast cancer.

Substrate Residue Functional Impact Refs.

H4 R3 Transcriptional regulation [41,42]
P53 N/A Inhibits p53 transcriptional activity [43]

C/EBPα R35, R156, R165 Promotes C/EBPα transcriptional activity [44]
EGFR R198, R200 Enhances receptor signaling [40,42]
EZH2 R342 Inhibits EZH2 transcriptional activity [45]
Erα R260 Promotes MAPK and AKT signaling [46]
PR R637 Regulates stability and transcriptional activity [47,48]

MRE11 R587 Promotes DNA end resection [37]
BRCA1 R610 Regulates BRCA1 subcellular localization [49]
USP11 R433 RPA foci formation and RAD51 regulation [50]
53BP1 ND Enhances DNA repair process [51]
BAD R94, R96 Inhibits BAD anti-apoptotic activity [52]
ASK1 R78, R80 Anti-apoptotic function and drug resistance [31]

3.1. Regulation of Tumor Suppressor Pathways

By methylating tumor suppressor genes, PRMT1 inhibits their inhibitory function and
promotes the proliferation and growth of BC cells. PRMT1 directly interacts with p53, and
PRMT1-mediated p53 methylation inhibits its transcriptional activity, preventing BC cells
from undergoing apoptosis or entering senescence, and accelerates proliferation. Arginine-
methylated p53 is found in BC patients, and the methylation signal of p53 can be weakened
by silencing PRMT1 with shRNA or inhibiting PRMT1 activity with specific inhibitors [44].
In BC, several arginine mutations have been identified in the DNA-binding domain of p53.
These mutations decrease p53 DNA binding and transcriptional abilities [41,42].

BRCA1 is a nuclear–cytoplasmic protein, and its function differs in the different cellu-
lar compartments [43]. In the cytoplasm, BRCA1 promotes BCL2 proteasome-dependent
degradation, while nuclear BRCA1 activates the homologous recombination (HR) path-
way [45,46] and also regulates the transcription of genes such as BCL2 [34]. PRMT1
methylates BRCA1 on R610 residue in BC cell lines and in breast tumors, influencing its
transcriptional cofactor functions [34]. In response to irradiation, SAM levels are increased,
inducing methylation of BRCA1 by PRMT1, leading to its nuclear translocation and there-
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fore avoiding cytosolic BRCA1/BCL2 association. This results in BCL2 stabilization and its
accumulation in mitochondria, leading to inhibition of apoptosis [47]. By modulating the
cellular localization of BRCA1, PRMT1 is an important regulator of the oncogenic functions
of BRCA1, contributing to the epigenetic defense of BC cells against ionizing radiation [47]
(Figure 2).
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Figure 2. PRMT1 in breast cancer. (A). Upon IGF-1 stimulation, PRMT1 methylates Erα. IGF-
1R phosphorylates IRS1 and SHC on tyrosine residues leading to the recruitment of PI3K and
GRB2, activating AKT and ERK pathways. (B). PRMT1 controls the cellular localization of BRCA1
and facilitates DNA homologous recombination and upregulates the anti-apoptotic protein BCL2.
(C). Without progesterone, PRMT1 interacts with PR and forms a repressor complex with other
corepressors to regulate the expression of a subtype of target genes. After progesterone stimulation,
chromatin opening allows the recruitment of PR coactivators, including PRMT1 which methylates PR
on arginine 637 to regulate the expression of progesterone responsive genes. (D). PRMT1 methylates
ERα at R260 residue in response to estrogen, resulting in the formation of a complex containing mERα,
the p85 subunit of PI3K, SRC, and the focal adhesion kinase (FAK), and activating MAPK and AKT
signaling cascades. (E). PRMT1-dependent methylation of C/EBPα promotes expression of cyclin D1
by blocking the interaction between C/EBPα and its corepressor HDAC3. (F). Methylation of EZH2
by PRMT1 regulates its stability and promotes EMT and breast cancer metastasis. (G). PRMT1 is
recruited to the promoter region of EGFR, LRP5, PORCN, and ZEB1 and catalyzes H4R3 methylation
to promote genes expression.

CCAAT/enhancer-binding protein α (C/EBPα) is an essential transcription factor with
anti-proliferative activity in BC. In concert with the histone deacetylase HDAC3, C/EBPα
binds to the promoter of cyclin D1 and inhibits its expression [48,49]. Methylation of
C/EBPα at R35, R156, and R165 residues by PRMT1 prevents its interaction with HDAC3,



Int. J. Mol. Sci. 2024, 25, 8854 5 of 25

promotes the expression of cyclin D1, and increases the proliferation of BC cells. [40]
(Figure 2).

3.2. Regulations of Oncogenic Pathways

The Wnt signaling pathway regulates key tumor-associated characteristics such as
migration, proliferation, and chemoresistance. In TNBC, the Wnt signaling pathway is
hyper-activated and promotes tumor progression through the overexpression of Frizzled
and its co-receptors, LDL Receptor-Related Protein 5 (LRP5) and LDL Receptor-Related
Protein 6 (LRP6) [50–52]. PRMT1 and its enzymatic activity are involved in the activa-
tion/regulation of the canonical Wnt pathway in MDA-MB-468 TNBC cells [39] through
the transcription of the two main components of the Wnt pathway, namely, LRP5 and
Porcupine O-Acyltransferase (PORCN), by being recruited on their promoters (Figure 2).

Estrogen is associated with BC development as 80% of BCs express its receptor,
Erα [53]. Erα signaling involves multiple actors in its nongenomic pathway [54,55]. In
BC cells, PRMT1 is constitutively bound to Insulin-like Growth Factor 1 Receptor (IGF-
1R). Insulin-like Growth Factor 1 (IGF-1) stimulation induces PRMT1 activation, thereby
catalyzing Erα methylation leading to its interaction with IGF-1R and its phosphoryla-
tion, stabilizing their interaction. Then, IGF-1R phosphorylates IRS1 and Shc on tyrosine
residues [56], forming docking sites for PI3K and GRB2, and activating Akt and ERK
pathways, respectively [57] (Figure 2).

EMT is a cellular process in which epithelial cells lose their cell–cell adhesion and
polarized organization and acquire a spindle-like morphology with enhanced cell migratory
and invasive capacities, which encourages metastasis formation and is linked to therapeutic
resistance [58–60]. By mediating the asymmetric dimethylation of histone H4R3 residue
within the ZEB1 (zinc finger E homeobox-binding 1) promoter, PRMT1 activates ZEB1
expression and induces EMT in BC cells [23] (Figure 2). Asymmetric dimethylation of H4R3
by PRMT1 at the ZEB1 promoter is also described as promoting the acquisition of stem
cell characteristics in BC cells and may contribute to the PRMT1-dependent inhibition of
senescence in BC cells [23]. In addition, PRMT1 dimethylates the enhancer of zeste homolog
2 (EZH2) at R342 residue, which inhibits the phosphorylation of its T345 and T487 residues,
attenuating EZH2 ubiquitylation [61], thereby decreasing the expression of EZH2 target
genes and increasing EMT, cell invasion, and BC metastasis [62] (Figure 2).

In TNBC, PRMT1 sustains proliferative signaling by regulating the EGFR pathway [41].
In more than 70% of TNBC patients, EGFR overexpression is linked to poor clinical out-
comes and metastasis [63]. PRMT1 regulates the EGFR signaling pathway by methylating
EGFR on R198 and R200 residues. PRMT1-dependent EGFR methylation upregulates dif-
ferent signaling cascades, notably those involving Akt, ERK, or STAT3 in TNBC cells. [64].
In addition, PRMT1 regulates the EGFR signaling pathway at the transcriptomic level by
being recruited to its promoter region and methylating histone H4, activating its transcrip-
tion [39] (Figure 2). As EGFR-ERK signaling upregulates ZEB1 [65], PRMT1-mediated
EGFR upregulation may also contribute to ZEB1 upregulation and ZEB1-mediated cancer
stem cell regulation (Figure 2).

3.3. Regulation of Alternative Splicing

Aberrant regulation of alternative splicing is tightly linked to BC occurrence and devel-
opment and has become a target for cancer therapy [66–68]. For instance, the alternatively
spliced BRCA1-∆11q (partial skipping of exon 11) isoform is involved in breast tumorige-
nesis and the development of drug resistance [69]. HER2-∆16 initiates a key oncogenic
signal significantly affecting HER2-driven breast cancer stemness, tumorigenesis, and drug
resistance [70]. Splicing analysis has revealed that PRMT1 expression is associated with
alternative splicing disorders in breast tumor samples [71], and mass spectrometry-based
proteomics on BC patient-derived xenograft (PDX) tumors has revealed that PRMT1 sub-
strates include proteins involved in RNA processing [72]. PRMT1 methylome profiling
identifies that PRMT1 methylates the splicing factor SRSF1 on R97 and R109 residues,
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which is critical for SRSF1 phosphorylation, SRSF1 binding with RNA, and exon inclusion.
PRMT1-mediated SRSF1 methylation is important in regulating alternative splicing of
genes that are known to be oncogenic, such as AURKA and RAD1, both highly expressed
in breast tumor samples. In breast tumors, PRMT1 overexpression is associated with
increased SRSF1 arginine methylation and aberrant exon inclusion, which are critical for
breast cancer cell growth in vivo and in vitro [73]. High SRSF1 arginine methylation by
PRMT1 promotes the exon inclusion of AURKA and RAD1, leading to the accumulation of
the oncogene isoforms of these genes, which are involved in the regulation of cancer cell
growth, metastasis, DNA repair, and drug resistance [74–77]. These results indicate that
modulation of the RNA process by asymmetric dimethylation of proteins by PRMT1 is an
indispensable biological process in BC cell lines and tumors.

3.4. Steroid Receptors Regulation

Steroid receptors (SR) play many critical roles in human physiology and pathology.
They are part of the nuclear hormone receptor family of transcription factors regulated by
their ligand binding. Among them, estrogen receptor Erα and PR influence the develop-
ment of the mammary gland. Dysregulation of their signaling and their overexpression
leads to BC. Erα is a transcription factor that regulates many BC cell processes, including
proliferation, differentiation, and survival. Besides their transcriptional effects, estrogen
and Erα also regulate extra-nuclear events called non-genomic signaling [78]. In addition,
numerous studies have established that PR is a key regulator of different aspects of breast
tumorigenesis and tumor progression, such as cell migration and invasion [79,80]. In
luminal BC, PRMT1 was reported to methylate Erα and PR [81,82]. Indeed, our group
highlighted that Erα is methylated at R260 residue (mERα), in the DNA-binding domain
of Erα by PRMT1 in response to estrogen or IGF-1 [57,82]. This event modulates the
non-genomic estrogen signaling as it results in the assembly of a cytoplasmic complex
containing mERα, the p85 subunit of PI3K, Src, and the focal adhesion kinase (FAK), pro-
moting cellular proliferation and survival, by activating MAPK and Akt signaling cascades.
This mERα/Src/PI3K complex is present in normal breast tissue and is hyperactivated in
aggressive breast tumors, and it has been associated with a decrease in patient survival and
with resistance to endocrine therapies (tamoxifen and fulvestrant) [83–85] (Figure 2).

In addition, our group demonstrated that PRMT1 regulates PR transcriptional activity
both with and without hormone stimulation (Figure 2). Without progesterone, PRMT1
interacts with PR and some coregulators such as LSD1 and HP1γ in order to form a
repressive complex, regulating the expression of a subtype of target genes involved in
development and cell growth [86]. Moreover, in the absence of progesterone, PRMT1
allows the interaction between PR and the E3 ubiquitin ligase BRCA1. This interaction is
essential for PR turnover and subsequently to finely tune the repression of genes regulated
by progesterone before any stimulation [86].

Progesterone stimulation induces a dissociation of repressive complexes, the opening
of chromatin, and the recruitment of coactivators including PRMT1. A transcriptomic
study showed that PRMT1 inhibition decreases the expression of a subtype of PR target
genes, controlling cell proliferation and migration [81]. The establishment of a stable
cell line by Crispr-Cas9 technology where PR was mutated on R637 residue showed
that PR methylation decreases the stability of the receptor, increasing its recycling and
its transcriptional activity. Indeed, PRMT1 inhibition or loss of PR methylation at R637
decreases ERK activation and subsequently PR phosphorylation, a “primed” form of the
receptor. Functionally, the absence of PR methylation decreases the oncogenic properties of
PR, such as cell proliferation or colony formation, upon progesterone treatment. Likewise,
low PRMT1 expression is predictive of longer patient survival in a subgroup of patients
with high PR expression [81]. All these data indicate that PR methylation by PRMT1 acts
as a molecular switch regulating transcription in mammary cells during tumorigenesis
(Figure 2).
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3.5. Involvement in Double-Strand Break DNA Repair

Double-strand break (DSB) is a form of major DNA damage that challenges the
integrity of the genome as it can lead, if left unrepaired, to mutagenic events, including loss
of genetic material and chromosomal translocations. PRMT1 methylates several proteins
involved in DNA damage repair regulation [87], and abrogation of its activity causes
hypersensitivity to DNA damage, defects in cell cycle control, and an accumulation of
chromosomal abnormalities. Of particular interest, PRMT1 targets MRE11 as well as 53BP1,
both of which are critical for DNA repair pathway choice. Indeed, MRE11 initiates DNA
end resection, thus promoting HR, whereas 53BP1 inhibits inappropriate resection of DNA
ends during G1 to favor non-homologous end-joining (NHEJ). The methylation of MRE11
by PRMT1 on R587 residue is required for MRE11 to act as an exonuclease at sites of DNA
DSBs and allows MRE11 to initiate a first step in HR [88]. Impaired methylation of MRE11
by PRMT1 has been shown to induce increased chromosomal instability, loss of DNA
damage checkpoint activation, and a failure to recruit RPA and subsequently RAD51 to
DSB ends [89].

PRMT1-mediated methylation of BRCA1 on R610 residue maintains DNA integrity
during normal cell division. Depletion of PRMT1 promotes BRCA1 translocation from
the nucleus to the cytoplasm and prevents BRCA1/BARD1 interaction and foci formation
after irradiation in breast cancer cells, leading to an impaired DSB repair by HR [47]. By
modulating the cellular localization of BRCA1, PRMT1 is an important regulator of the
oncogenic functions of BRCA1, contributing to the epigenetic defense of breast cancer
cells against ionizing radiation, and PRMT1-mediated methylation of BRCA1 is known to
facilitate resistance to radiation therapy [47] (Figure 2). Furthermore, mass spectrometry
analysis of PRMT1-interacting proteins identified USP11 as a PRMT1 substrate in BC
cells [90]. USP11 is a deubiquitylating enzyme, a member of the ubiquitin-specific protease
(USP) subfamily, previously shown to be implicated in HR modulation by positively
regulating the formation and stabilization of the BRCA1–PALB2–BRCA2 complex to enable
RAD51 loading onto ssDNA [91–94]. Methylation of USP11 by PRMT1 on R433 residue is
important for RPA foci formation in late S/G2 cells and for RAD51 loading onto ssDNA
at the G2/M checkpoint. Furthermore, deubiquitylation of PRMT1 by USP11 regulates
methyltransferase activity and induces an increase in the methylation of MRE11 without
affecting PRMT1 level. These results demonstrate that USP11 functions both as a substrate
and a cofactor of PRMT1. Moreover, USP11 is implicated in breast cancer initiation and
progression as it inhibits cell growth and survival by repressing Erα transcriptional activity.
High USP11 expression is correlated with poor prognosis in Erα-positive patients [95].

Finally, PRMT1 regulates NHEJ by methylating 53BP1. 53BP1, a protein interacting
with the tumor suppressor p53, translocates to DNA damage sites at an early stage of DNA
repair and plays a crucial role in the choice of HR or NHEJ pathway [96,97]. Binding of
53BP1 at the DSBs protects DNA ends from resection to limit ssDNA formation, conse-
quently promoting NHEJ [98]. Methylation of 53BP1 by PRMT1 regulates its recruitment to
sites of DNA DSBs by enhancing its DNA binding activity and modulates its interaction
with other DNA repair proteins [99,100]. PRMT1 was significantly correlated with ther-
apeutic sensitivity to the PARP inhibitor Olaparib in BC cells [101]. Indeed, the authors
demonstrated that PRMT1 confers resistance to Olaparib by modulating MYC signaling
in TNBC. PRMT1 expression was associated with the MYC signature and was shown to
regulate c-Myc protein stability by associating with and stabilizing c-Myc. Inhibition of
c-Myc expression impaired HR gene expression and led to an increase in the sensitivity of
TNBC cells to Olaparib [101,102].

3.6. Suppression of Tumor Immune Surveillance

Immune cells, which are present in the tumor microenvironment, play a key role
in cancer metastasis [103]. Tumor immunosurveillance enables the immune system to
eradicate tumor cells. Tumor cells escape this process by creating a tumor microenviron-
ment that inhibits the body’s immune response and encourages tumor growth [104,105].
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Regulatory T cells (Tregs), along with other tumor-infiltrating immune cells, contribute
to this immunosuppressive microenvironment by inhibiting the activation of effector im-
mune cells. Tumor cells acquire resistance to immune-mediated killing by downregulating
antigen presentation, increasing immune checkpoint molecule expression, and inducing
immune exhaustion. PRMT inhibitors can activate anti-tumor immunity and regulate
immunotherapy efficacy.

PRMT1 expression was negatively correlated with the infiltration of CD8+ T cells
and macrophages and was reversely correlated with the effector T cell signature in breast
cancer [106]. PRMT1 acts as a suppressor of tumor immune surveillance in a cGAS (cyclic
GMP-AMP synthase)-dependent manner through methylating cGAS at the conserved R133
residue on its N-terminus, and then blocking cGAS DNA sensing signaling, thus promoting
tumor immune evasion [106]. Therapies that disrupt DNA damage repair to elevate
cytosolic DNA levels synergize with anti-tumor immunotherapy by activating the cGAS
pathway [107]. cGAS is a cytosolic DNA sensor that activates the type I interferon pathway
and promotes tumor metastasis in breast cancer [108,109]. In addition, tumor-associated
macrophages (TAMs) secrete the IL-6 cytokine, which triggers PRMT1 to mediate the
formation of asymmetric dimethylation of the oncogene EZH2 at arginine 342, reinforcing
EZH2 stability and leading to BC metastasis [62,110]. Moreover, high expression levels of IL-
6 are positively correlated with PRMT1, meR342-EZH2, and EZH2 expression in BC patients.
These results indicate that PRMT1 is a potential target for cancer immunotherapy, and
PRMT1 inhibitor synergizes with immune checkpoint blockades to boost cancer immunity.

3.7. Chemoresistance

PRMT1 has a divergent role in the regulation of BC cell apoptosis. In MCF7 cells,
PRMT1 methylates the pro-apoptotic BAD (BCL2 antagonist of cell death) protein at
R94 and R96 residues within the Akt consensus phosphorylation motif, promoting apopto-
sis [111]. In contrast, an inhibitory methylation mark by PRMT1 on the apoptotic signal-
regulating kinase 1 (ASK1) at R78 and R80 residues prevents its activation and protects
MCF7 and MDA-MB-231 cells from stress-induced apoptosis [112]. ASK1 plays a key role
in cellular responses to various types of stress, including oxidative stress, by contributing
to the activation stress-activated JNK and p38 signaling pathways, leading to the induction
of apoptosis through caspase activation [113–115]. PRMT1, by methylating ASK1, sup-
presses paclitaxel-induced stimulation of ASK1 and apoptotic cell death in BC cells [112].
PRMT1-mediated methylation of ASK1 may therefore contribute to drug resistance in
cancer cells.

BRCA1 is frequently mutated in hereditary BC. In the absence of BRCA1 (or in cells
with a dysfunctional BRCA1 protein), HR is suppressed, and the error-prone NHEJ takes
over, which can lead to the accumulation of chromosomal aberrations and ultimately
more tumorigenic cells [116]. Targeting poly (ADP-ribose) polymerase (PARP) has shown
therapeutic potential in patients with TNBC who have a deficiency in the HR mecha-
nism [117,118]. PRMT1 has been significantly correlated with therapeutic sensitivity to
the PARP inhibitor Olaparib in BC cells [101]. PRMT1 confers resistance to Olaparib by
modulating MYC signaling in TNBC. PRMT1 expression is associated with MYC signature
and regulates c-Myc protein stability and c-Myc-mediated HR gene expression. Inhibi-
tion of PRMT1 downregulates c-Myc and sensitizes TNBC cells to Olaparib, suggesting
that the methylation activity of PRMT1 may play a role in mediating resistance to PARP
inhibitors [101,102].

Metabolic remodeling is a mechanism by which cancer cells acquire resistance. PRMT1
methylates 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKB3), inducing
the activation of phosphofructokinase 1 (PFK-1). PFKB3 methylation contributes to a
metabolic shift towards the pentose phosphate pathway (PPP) to accelerate the synthesis
of NADPH, a reducing equivalent for recycling reduced glutathione (GSH), which helps
chemoresistance [119]. PRMT1 also upregulates the serine synthesis pathway (SSP) in
chemo-resistant TNBC cells [120]. In these cell lines, PRMT1 increases arginine methylation
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of PFKB3, PKM2 (pyruvate kinase M2), and PHGDH (3-phosphoglycerate dehydrogenase.
These three enzymes (PHGDH, PFKB3, and PKM2) catalyze the biotransformation of
glucose into SSP, which branches out of glycolysis to deliver a substrate for the survival of
TNBC cell lines. In addition, PRMT1 simultaneously activates de novo fatty acid synthesis
through the production of α-ketoglutarate (α-KG) via activation of PHGDH by arginine
methylation at R20 and R54. A-KG is a source of fatty acid synthesis to produce citrate and
acetyl-CoA in breast cancer cells [121].

4. PRMT5 in Breast Cancer

PRMT5 is the major type II protein arginine methyltransferase and regulates a wide
range of histones and non-histone substrates [122,123]. The structure of PRMT5 includes an
N-terminal TIM barrel domain, a middle Rossman fold domain, and a C-terminal β-barrel
domain. PRMT5 commonly associates with the methylosome protein 50 (MEP50) in an
octameric complex of four PRMT5 and four MEP50. The PRMT5-MEP50 complex stabilizes
and potentiates PRMT5 methyltransferase activity [124]. PRMT5 is responsible for the
methylation of various proteins like histones H2A, H3, and H4, transcription factors, and
cell receptors [125,126]. PRMT5 regulates a broad range of biological processes, including
differentiation, chromatin regulation, splicing, DNA damage response, cellular growth
and development, and cell signaling [127]. Several studies have highlighted the role of
PRMT5 as a tumor-promoting factor in several types of cancers, including colon, breast,
lung, leukemia, and pancreatic cancers among others [128–132]. PRMT5 is upregulated in
BC tissues compared to normal tissues, and its high expression is associated with decreased
RFS for all subtypes except HE2+ tumors [133,134] (Figure 3).
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Figure 3. Association of PRMT5 expression and relapse-free survival (RFS) in breast cancer subtypes.
Kaplan–Meier curves created by the public database and web application KM plotter. Molecular
substypes are based on St Gallen criteria [33].

PRMT5 regulates key BC pathways, including cell cycle, EMT, DNA damage repair,
cancer stem cell maintenance [24,129,135,136], and gene expression through histone modi-
fication and chromatin remodeling [129,136–138] (Table 2).

Table 2. PRMT5 substrates in breast cancer.

Substrate Residue Functional Impact Refs.

H3 R8, R2 Transcriptional regulation [94,103–105]
H4 R3 Transcriptional regulation [103,105]

NF-κB (p65) R30 Enhances p65 binding to DNA and
transcriptional activity [106]

KLF4 R376, R377 Protein stabilization [107]
KLF5 R57 Protein stabilization [108]
GR ND Promotes GR transcriptional activity [109]

ERα ND Inhibits ERα transcriptional activity [23]

4.1. Regulations of Oncogenic Pathways

Krüppel-like factor 4 (KLF4, GKLF) is a major regulator of DNA damage response,
inflammation, apoptosis, and stem cell renewal [139,140]. KLF4 has been reported to act as
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an oncogenic factor in breast tumors [141,142]. The Von Hippel–Lindau tumor suppressor
(pVHL), a ubiquitin protein ligase, regulates the proteasome-dependent degradation of
KFL4. PRMT5 physically interacts with KLF4 to catalyze its methylation on R374, R376,
and R377 residues, altering KLF4 conformation and blocking its ubiquitylation by pVHL,
thereby stabilizing KLF4 [143]. Stabilization of KLF4 in BC cells increases oncogenic
pathways such as EGF/EGFR, MAPK, and CDK1, promoting cell growth in mammary
gland and breast tumor cells [144] (Figure 4). PRMT5 has also been shown to interact with
Krüppel-like factor 5 (KLF5), an oncogenic factor highly expressed in basal-like BC [145,146].
PRMT5 catalyzes the dimethylation of KLF5 at R57 residue, inhibiting its phosphorylation,
ubiquitylation, and degradation by FBW7, promoting BC cell proliferation [147] (Figure 4).
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Figure 4. PRMT5 in breast cancer (A). PRMT5 promotes aerobic glycolysis and invasion of BC
cells by regulating the LXRα/NF-κBp65 pathway. (B). PRMT5 interacts with KLF4 and KLF5 and
regulates their methylation and stability. Stabilization of KLF4 and KLF5 in BC cells increases the
expression of oncogenic pathways such as EGF/EGFR, MAPK, and CDK1 and cell proliferation, BCSC
maintenance, and metastasis. (C). PRMT5 activates Wnt/β-catenin signaling via epigenetic silencing
of DKK1 and DKK3. (D). SNAI2 interacts with PRMT5 and KDM1A and is recruited to the E-cadherin
promoter region. PRMT5 catalyzes H4R3me2s, and KDM1A mediates the demethylation of H3K4me2,
inhibiting E-cadherin expression. PRMT5 catalyzes H3R2me2s, and KDM1A removes H3K9me2 on
the vimentin promoter to function as a transcriptional coactivator. (E). PRMT5 recruitment to the
FOXP1 promoter facilitates H3R2me2s, SET1 recruitment, H3K4me3, and FOXP1 gene expression.

The liver X receptor α (LXRα) acts as a tumor suppressor gene in a variety of tumors
and in BC. Downregulation of LXRα is often observed in BC patients, and its loss increases
proliferation, invasion, and aerobic glycolysis. LXRα also regulates the expression of the
NF-κBp65 subunit, a major actor in aerobic glycolysis of BC cells [148]. PRMT5 has been
shown to regulate the expression of LRXα in BC cells and mouse models and promotes
BC cell proliferation, invasion, and aerobic glycolysis in an NF-κBp65-dependent man-
ner [149] (Figure 4). Wnt/β-catenin signaling is known to be activated in almost 50% of
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BC patients [150]. In TNBC cells, PRMT5 promotes Wnt/β-catenin proliferative signaling
through transcriptional repression of DKK1 and DKK3. PRMT5 interacts with the promoter
regions of DKK1 and DKK3 and catalyzes H3R8 and H4R3 symmetric methylation. PRMT5
is recruited to the promoter regions of the two Wnt/β-catenin antagonists DKK1 and
DKK3 and regulates H3R8 and H4R3 symmetric methylation in their promoter regions.
PRMT5-silencing of DKK1 and DKK3 leads to enhanced expression of c-MYC, CYCLIN D1,
and SURVIVIN, and BC cell proliferation [137] (Figure 4).

4.2. Maintenance of Breast Cancer Stem Cells

Breast cancer stem cells (BCSCs) are a small subpopulation of heterogeneous BC
cells with self-renewal and proliferation properties. BCSCs are believed to be the driv-
ing force behind BC tumor initiation, progression, metastasis, and drug resistance [151].
Previously, PRMT5 has been shown to contribute to stem cell function in leukemia and
glioblastoma [152,153]. In BC cells, PRMT5 is recruited to the Forkhead Box P1 (FOXP1)
promoter, a winged helix/forkhead transcription factor associated with cancer stem cell
function [154] and facilitates H3R2 methylation. H3R2 methylation triggers the recruitment
of the SET domain-containing 1 (SET1) histone methyltransferase via WDR5, leading to
H3K4 trimethylation and gene expression. Increased levels of PRMT5 and FOXP1 induce
BCSC proliferation and self-renewal (Figure 4). Moreover, depletion of PRMT5 in estab-
lished tumors decreases BCSC frequency, highlighting its role in BCSC maintenance [129].
Furthermore, stabilization of KLF4 by PRMT5 in BC cells increases the expression of several
crucial stem cell factors such as Myc, Sox9, and BMI1, suggesting a role of PRMT5/KLF4 in
the maintenance of BCSCs [144].

4.3. Regulation of Epithelial–Mesenchymal Transition

PRMT5 has been shown to regulate EMT in tumors [155–157]. In BC cells PRMT5
interacts with Snail Family Transcriptional Repressor 2 (SNAI2) and lysine demethylase
1A (KDM1A) to modulate the expression of E-cadherin and vimentin, two major EMT
molecular markers. SNAI2 interacts with PRMT5 and KDM1A, and the tri-complex is
recruited to the E-cadherin promoter region. PRMT5 catalyzes H4R3me2s, and KDM1A
mediates the demethylation of H3K4me2 on the E-cadherin promoter, inhibiting E-cadherin
expression. Furthermore, the tri-complex is also recruited to the vimentin promoter region
to function as a transcriptional coactivator. In this case, PRMT5 catalyzes H3R2me2s, and
KDM1A removes H3K9me2 on the vimentin promoter (Figure 4). These results show that
PRMT5 and KDM1A act as a dual epigenetic regulator on the promoters of E-cadherin and
vimentin and cooperate to promote the EMT and invasion of BC cells. TGFβ signaling is one
of the major pathways regulating the EMT process and is frequently associated with tumor
progression and metastasis dissemination. TGFβ simulation of BC cells promotes increased
PRMT5, an increase in H3R2me1, H3R2me2s, and H4R3me2s histone methylation, and an
altered expression of EMT markers such as E-cadherin, vimentin, and SNAI2 [158].

4.4. Splicing Regulation

The role of PRMT5 in splicing regulation has been the focus of several studies. PRMT5
regulates the assembly of the spliceosome, responsible for removing introns from pre-
mRNA transcripts in the nucleus [159]. PRMT5 catalyzes symmetric dimethylation motifs
in Sm B/D1/D3, promoting the loading of Sm proteins onto the SMN complex, a necessary
step the spliceosome assembly [160,161]. In addition, PRMT5 substrates and interactors
include spliceosomal proteins and pre-mRNA splicing factors, and inhibiting PRMT5
leads to global alteration in AS events [162–164]. PRMT5 depletion or inhibition causes
AS of MDM4, leading to the activation of the p53 pathway and apoptosis in different
models [165–167]. PRMT5 also regulates the splicing of activating transcription factor
4 (ATF4), and its loss decreases ATF4 expression and increases oxidative stress [168]. The
methylation of the SRSF1 splicing factor by PRMT5 affects SRSF1 binding to splice sites,
resulting in broad changes in splicing programs [164]. In BC cells, MEP50 interacts with the
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splicing factor ZNF326, and PRMT5 catalyzes its symmetric demethylation at R175 [169].
Loss of PRMT5 induces alteration in AS events such as the inclusion of A-T rich exons, an
AS defect resulting from the loss of ZNF326 [169]. Through its roles in the spliceosome
assembly and the regulation of splicing factor functions, PRMT5 controls splicing events in
cells, and its loss or inhibition causes major splicing defects.

4.5. Regulation of Immunotherapy

Although the immune system can remove aberrant cells [170], cancer cells use a
variety of mechanisms to escape immune surveillance to proliferate, including recruitment
of immunosuppressive cells, such as regulatory T cells (Tregs) or TMA [171,172]. PRMT5
has been shown to decrease the level of type I interferon (IFN) and chemokine production
and repress antigen presentation, suppressing cancer cell recognition by T cells. PRMT5
can attenuate the cGAS-STING pathway by dimethylating interferon-gamma inducible
protein 16 (IFI16), a cGAS complex component [173,174]. Using a mass spectrometry
approach, the forkhead family transcription factor FOXP3 was identified as a PRMT5
substrate. Methylation of FOXP3 by PRMT5 is necessary for its activation to maintain
Treg function [175]. Treg cells infiltrate into tumor tissues and impair anti-tumor immune
responses [176]. In human tumors, tumor infiltration with FOXP3+ Tregs is associated with
poor prognosis [177].

In TNBC, PRMT5 catalyzes the methylation of Kelch-like ECH-associated protein
1 (KEAP1) [178]. KEAP1 methylation by PRMT5 increases its stability and inhibits the
downstream NRF2/HMOX1 pathway, critical in the regulation of ferroptosis [179]. In
addition, high expression of PRMT5 indicated strong resistance in TNBC to immunotherapy,
and PRMT5 inhibitors potentiated the therapeutic efficacy of anti-PD-1 immunotherapy in
mice [178]. By regulating KEAP1, NRF2, and HMOX1 expression levels, PRMT5 promotes
resistance to immunotherapy-induced ferroptosis in breast cancer.

4.6. Involvement in Double-Strand Break DNA Repair

PRMT5 plays a fundamental role in DNA damage repair. Histone arginine methylation
by PRMT5 induces the expression of DDR genes. PRMT5 increases the expression of DDR
genes involved in HR and NHEJ pathways, such as RAD51 and BRCA1/2 [180]. PRMT5
also regulates the expression of DDR proteins by regulating RNA splicing [181]. In BC,
after doxorubicin treatment, PRMT5 promotes BRCA1 expression by attenuating m6A
methylation of BRCA1 mRNA and enhancing its stability [182]. PRMT5 substrates include
multiple DDR proteins, and their functions, stability, DNA-binding ability, and interaction
are regulated by PRMT5-catalyzed symmetrical demethylation of arginine residues. PRMT5
regulates the methylation of p53, a central protein in the DDR that maintains genome
stability, on R335 and R337 [12]. Methylation of p53 enhances its function in DNA damage
response and promotes the expression of other DDR genes [183].

In BC, PRMT5 regulates the methylation of KLF4 at three arginine residues (R374, R376,
and R378) [184]. Interestingly, mutation of these three residues increases foci formation
and the presence of 53BP1 at DNA damage sites, suggesting a defect in HR and enhanced
NHEJ [144]. Knockdown of PRMT5 or KLF4 mutant impairs BRCA1 foci formation and
suppresses HR pathways [185]. PRMT5-mediated methylation of KLF4 facilitates DSB
repair by HR.

Preclinical studies suggest PRMT5 regulation of DDR pathways may be a therapeutic
opportunity, and PRMT5 inhibition may increase the sensitivity of cancer cells to PARP
inhibition [180,186,187]. PRMT5 inhibition increases the expression of DNA damage protein
in breast cancer cell lines. A combination of PRMT5 inhibitor (GSK3326595) and PARP
inhibitor, (niraparib) produced a synergistic effect on growth inhibition of BC cell lines
and patient-derived xenograft (PDX) models. In mice, a combination of the two treatments
resulted in a diminution of tumor growth [188]. In addition, inhibition of PRMT5 using a
potent and highly selective small-molecule inhibitor (C220) correlates with downregulated
DDR genes such as BRCA1, RAD51, and ATM in BC cell lines. PRMT5 inhibition reduces
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the presence of PRMT5 and H4R3me2s on promoter regions of DDR genes and regulates
DDR gene expression by promoting exon skipping and intron retention. The combination of
PRMT5 inhibitors and olaparib inhibits PDX growth both in vitro and in vivo. Furthermore,
PRMT5 inhibition was shown to significantly inhibit the growth of olaparib-resistant
tumors [136]. These studies reveal the beneficial combinatorial effects of PRMT5 inhibition
with other therapies.

4.7. Dual Role of PRMT5

Growing evidence shows that different subcellular localizations of PRMT5 within
cells determine its effect: cytoplasmic expression of PRMT5 seems to be associated with
less-differentiated cells, while nuclear PRMT5 correlates with cell differentiation and cell
cycle arrest. In self-renewing embryonic stem cells, cytoplasmic PRMT5 plays an essen-
tial role in maintaining an undifferentiated state, while it relocates to the nucleus upon
differentiation [189,190].

Although PRMT5 is a major cytoplasmic protein, it appears to also be expressed in the
nucleus. This dual localization suggests that in each compartment the PRMT5 interactome
is different, thus regulating distinct molecular programs associated with diverse outcomes.
For instance, in prostate epithelial cells, PRMT5 was shown to be predominantly nuclear,
whereas it was mainly in the cytoplasm of prostate cancer cells [191]. This observation
was confirmed in other tissues such as lung and skin. In BC, the cytoplasmic expression
of PRMT5 is higher in the aggressive form of BC, such as TNBC, whereas it is mostly
nuclear in luminal BC [192]. Likewise, our team showed that a high expression of PRMT5
in the nucleus is associated with better patient survival [193]. More recently, using two
retrospective cohorts of unselected BC, our team showed that the nuclear expression
of PRMT5 is a predictive marker of sensitivity to tamoxifen but was not correlated to
the response to aromatase inhibitors [194]. In addition, in tamoxifen-sensitive tumors,
tamoxifen triggers PRMT5 nuclear translocation, where it methylates ERα in the DNA-
binding domain, a prerequisite for the recruitment of transcriptional corepressors such as
SMRT and HDAC1 which participate in the inhibition of the transcription of ERα target
genes [25] (Figure 5).
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complexes that inhibit transcription.
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Conversely, in TNBC glucocorticoids trigger the interaction of the glucocorticoid
receptor (GR) with PRMT5 on chromatin, a key event for the recruitment of HP1γ that
facilitates the binding of the activated form of RNA polymerase II. This complex regulates
the expression of GC-dependent target genes involved in cell migration in vitro and in vivo.
Even though PRMT5 has been demonstrated to methylate GR [193], in this context PRMT5
regulates cell migration independently of its catalytic activity, acting instead as a scaffold
protein [194] (Figure 5).

From a mechanistic point of view, little information is available concerning the regu-
lation of the nucleocytoplasmic translocation of PRMT5, particularly in BC cells. PRMT5
is most frequently localized in the cytoplasm of the cells, likely due to the fact that it
possesses no nuclear localization signal (NLS) but three nuclear export signals (NES) [191].
In osteosarcoma cells, PRMT5 is sent into the nucleus by the EMT transcription factor
SNAIL associated with the transcriptional corepressor AJUBA to repress the transcription
of E-cadherin [195]. In lung cancer cells, Akt activation promotes the transport of PRMT5
from the nucleus to the cytoplasm, although the mechanisms underlying this process have
not been elucidated [196].

5. Targeting PRMTs in Breast Cancer

PRMT inhibitors were initially reported in the early 2000s, and recently specific in-
hibitors were designed to specifically target PRMT3, PRMT4, PRMT5, and PRMT6 in pre-
clinical cell culture animal models, revealing the therapeutic and pharmacological potential
of targeting PRMTs in cancer [197,198]. Significant efforts have been devoted to identifying,
synthesizing, and applying PRMT inhibitors as potential cancer treatments. PRMT in-
hibitors, particularly those targeting PRMT1 and PRMT5 due to their well-documented role
in cancer progression, are being investigated as therapies for hematological malignancies
and solid tumors and have progressed to clinical trials [199–201] (Table 3).

Table 3. PRMT inhibitors.

Target Drug Mechanism of Action Phase/Status Intended Use

Type I PRMTs GSK3368715 Substrate competitive Phase I;
terminated Single agent

PRMT1 ZJG51 Substrate competitive Preclinical models Single agent
TC-E 5003 Substrate competitive Preclinical models Single agent

PRMT5 GSK3326595 Substrate competitive Phase II;
terminated Single agent

Phase I; active Combination with
pembrolizumab

Preclinical models Combination with
palbociclib

JNJ-64619178 Dual SAM/substrate
competitive Phase I; active Single agent

CMP5 SAM-competitive Preclinical models Single agent
EPZ015666 Substrate competitive Preclinical models Single agent

Preclinical models Combination with
erlotinib

Preclinical models Combination with
paclitaxel

MRTX1719 PRMT5-MTA
inhibitor

Phase I/II;
recruiting Single agent

5.1. PRMT1 Inhibitors

For a long time, the inhibitors available for PRMT1 lacked specificity, efficacy, and
bioavailability. GSK3368715 is a powerful and reversible inhibitor that targets type I PRMTs
by binding to the protein substrate pocket in a SAM-uncompetitive manner. This inhibition
decreases intracellular levels of ADMA and results in the accumulation of MMA and
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SDMA. In preclinical cancer models, including BC, GSK3368715 significantly reduced
global ADMA levels and demonstrated strong anti-proliferative effects across various
tumor types. While targeting PRMT1 seems to be a promising therapeutic strategy, the
phase 1 clinical trial for GSK3368715 was terminated early due to a lack of clinical efficacy,
extensive treatment-related side effects, and dose-limiting toxicities [199].

ZJG51 and ZJG58 were synthesized using molecular modeling to target and occupy a
sub-binding pocket of PRMT1. These two compounds display significant inhibitory effects
on PRMT1 and inhibitory properties on the growth of tested cancer cell lines, with ZJG51
having relatively stronger activities against cancer cells. ZJG51 inhibited migration of HeLa
cells and induced apoptosis by regulating PRMT1-related proteins. ZJG51 was shown to
stably bind to PRMT1. Its mechanism of action may involve the activation of caspase 9 and
inhibition of EMT [202].

TC-E 5003, also known as N,N′-(Sulfonyldi-4,1-phenylene)bis(2-chloroacetamide), is a
selective inhibitor of PRMT1. It has successfully been used to modulate the inflammatory
response by reducing lipopolysaccharide (LPS)-induced nitric oxide (NO) production and
inflammatory gene expression and by downregulating key signaling pathways such as
NF-κB and AP-1 [203]. Additionally, TC-E 5003 exhibits strong anti-tumor effects in vitro in
the context of lung and breast cancer cell lines. Using an injectable, in situ-forming implant
system (INEI) to deliver TC-E 5003 was reported to significantly enhance its anti-tumor
efficacy in animal models, reaching 68.23% growth rate inhibition of xenografted human
lung cancer cells compared to 31.76% with TC-E 5003 alone [204]. These findings suggest
that TC-E 5003 may be a highly promising molecule not only with anti-inflammatory affects
but also as a broad-spectrum anti-tumor drug, with improved druggability when delivered
via the INEI system.

5.2. PRMT5 Inhibitors

Various PRMT5 inhibitors have been developed, demonstrating potent anticancer ef-
fects in both preclinical and clinical settings. Key inhibitors such as EPZ015938 (GSK3326595)
and JNJ-64619178 have been reported to attenuate cancer growth in cell and animal models,
to display tumor inhibition and regression in biomarker-driven xenograft models, and to
maintain tumor growth inhibition after treatment. These inhibitors are currently undergo-
ing clinical trials for various cancers, including solid tumors, non-Hodgkin’s lymphoma
(NCT02783300), myelodysplastic syndrome (MDS), and acute myeloid leukemia (AML)
(NCT03614728).

CMP5, the first PRMT5-specific inhibitor, was identified by screening the ChemBridge
CNS-Set library of small molecules and shows reduced tumor cell viability by inhibiting
PRMT5 [205]. In BC cells, PRMT5 inhibition by CMP5 reduces its recruitment and histone
methylation at specific promoter regions, leading to decreased expression of cyclin D1 and
survivin. This inhibition alters the growth characteristics of BC cells and induces their
death [204,206]. Additionally, co-inhibition of cyclin-dependent kinase 4/6 (CDK4/6) and
PRMT5 was reported as an effective and well-tolerated treatment strategy [207].

Another PRMT5 inhibitor, EPZ015666, identified through a homogeneous time-resolved
fluorescence assay, disrupts the MEP50 complex crucial for PRMT5 methyltransferase ac-
tivity. EPZ015666 is the first orally bioavailable and highly selective PRMT5 inhibitor,
showing anti-proliferative effects in both in vitro and in vivo models [208]. PRMT5 de-
grader MS4322, developed using proteolysis-targeting chimera (PROTAC) technology, links
EPZ015666 to a von Hippel–Lindau (VHL) E3 ligase ligand, reducing PRMT5 expression,
and has shown promising results in a mouse pharmacokinetic study [209]. Combining
PRMT5 inhibitors with existing chemotherapeutics has proven beneficial in different can-
cer types. For instance, the combination of EPZ015666 with gemcitabine enhances the
DNA-damaging effect of gemcitabine in pancreatic ductal adenocarcinoma (PDAC) cells,
helping to overcome therapeutic resistance [210]. In BC cells, combining EPZ015666 with
chemotherapeutic agents like etoposide or cisplatin leads to a synergistic effect, improving
cell viability [211].
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More recently, the PRMT5-MTA complex emerged as a promising drug target for treating
MTAP-deleted cancers. MRTX1719, a potent and selective inhibitor of the PRMT5-MTA
complex, was discovered to selectively inhibit PRMT5 activity in MTAP-deleted cells. In
tumor xenograft-bearing mice, daily oral administration of MRTX1719 led to dose-dependent
inhibition of PRMT5-dependent protein modification, correlated with anti-tumor activity [212].

6. Conclusions

BC remains a prevalent and challenging disease, characterized by its molecular hetero-
geneity dictating distinct treatment approaches for its various subtypes. While therapies
targeting the estrogen receptor, progesterone receptor, and HER2 have significantly im-
proved patient outcome, resistance remains a major challenge.

This review highlights the critical roles of PRMTs, specifically PRMT1 and PRMT5, in
BC initiation, progression, dissemination, and treatment resistance. PRMT1 is implicated in
numerous oncogenic pathways, including transcriptional regulation, DNA repair, and cell
signaling, promoting breast cancer cell proliferation, invasion, and resistance to therapy.
Similarly, PRMT5 influences gene expression, cell cycle control, and maintenance of cancer
stem cells, contributing to tumor progression and poor prognosis. The dual role and
localization of PRMT5 in BC further underscores its complex involvement in tumor biology.
Our group has shown that nuclear PRMT5 is associated with differentiated cells and better
prognosis, while cytoplasmic PRMT5 is linked to less differentiated, aggressive cancer
cells [194]. This localization-dependent function of PRMT5 presents potential avenues for
targeted therapies. Emerging results show that specific inhibitors targeting PRMTs display
promising results in a large range of preclinical cancer models, reducing tumor growth and
sensitizing BC cells to therapies. Targeting PRMTs could provide new therapeutic strategies
to overcome resistance to treatment and improve clinical outcome for breast cancer patients.
Future research should focus on developing and refining PRMT inhibitors and further
characterize the mechanisms regulating PRMT activity and localization. Moreover, the
combination of PRMT inhibitors with current therapeutics could enhance their efficacy.
Overall, targeting PRMT1 and PRMT5 represents a promising therapeutic strategy in BC to
improve patient clinical outcome.
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33. Győrffy, B. Integrated Analysis of Public Datasets for the Discovery and Validation of Survival-Associated Genes in Solid Tumors.
Innovation 2024, 5, 100625. [CrossRef]

34. Guendel, I.; Carpio, L.; Pedati, C.; Schwartz, A.; Teal, C.; Kashanchi, F.; Kehn-Hall, K. Methylation of the Tumor Suppressor
Protein, BRCA1, Influences Its Transcriptional Cofactor Function. PLoS ONE 2010, 5, e11379. [CrossRef] [PubMed]

https://doi.org/10.3390/pharmaceutics15071796
https://doi.org/10.3390/cancers15041320
https://doi.org/10.18632/oncotarget.11376
https://doi.org/10.1016/j.molmed.2019.05.007
https://www.ncbi.nlm.nih.gov/pubmed/31230909
https://doi.org/10.1038/s12276-021-00613-y
https://www.ncbi.nlm.nih.gov/pubmed/34006904
https://doi.org/10.1016/0006-291X(67)90533-5
https://www.ncbi.nlm.nih.gov/pubmed/6055181
https://doi.org/10.1016/0304-4165(71)90206-6
https://www.ncbi.nlm.nih.gov/pubmed/5573356
https://doi.org/10.1074/jbc.271.25.15034
https://doi.org/10.1242/jcs.019885
https://doi.org/10.1016/j.molcel.2016.11.003
https://www.ncbi.nlm.nih.gov/pubmed/28061334
https://doi.org/10.1074/jbc.M111.336271
https://doi.org/10.1007/s00018-019-03140-2
https://doi.org/10.1042/BSR20080176
https://doi.org/10.1038/nrc3409
https://doi.org/10.1038/s41580-019-0155-x
https://doi.org/10.1038/srep19874
https://doi.org/10.1038/s41467-024-46495-2
https://doi.org/10.15252/emmm.202217248
https://doi.org/10.1128/MCB.00042-09
https://doi.org/10.3389/fcell.2020.545934
https://doi.org/10.1016/j.bbagen.2020.129776
https://doi.org/10.1002/ijc.25366
https://doi.org/10.1158/0008-5472.CAN-18-1995
https://doi.org/10.1093/mutage/geu039
https://www.ncbi.nlm.nih.gov/pubmed/25688111
https://doi.org/10.3390/life11111147
https://www.ncbi.nlm.nih.gov/pubmed/34833023
https://doi.org/10.1016/j.xinn.2024.100625
https://doi.org/10.1371/journal.pone.0011379
https://www.ncbi.nlm.nih.gov/pubmed/20614009


Int. J. Mol. Sci. 2024, 25, 8854 18 of 25

35. Zhao, X.; Jankovic, V.; Gural, A.; Huang, G.; Pardanani, A.; Menendez, S.; Zhang, J.; Dunne, R.; Xiao, A.; Erdjument-Bromage, H.;
et al. Methylation of RUNX1 by PRMT1 Abrogates SIN3A Binding and Potentiates Its Transcriptional Activity. Genes Dev. 2008,
22, 640–653. [CrossRef] [PubMed]

36. Boisvert, F.-M.; Déry, U.; Masson, J.-Y.; Richard, S. Arginine Methylation of MRE11 by PRMT1 Is Required for DNA Damage
Checkpoint Control. Genes Dev. 2005, 19, 671–676. [CrossRef] [PubMed]

37. Guo, Z.; Zheng, L.; Xu, H.; Dai, H.; Zhou, M.; Pascua, M.R.; Chen, Q.M.; Shen, B. Methylation of FEN1 Suppresses Nearby
Phosphorylation and Facilitates PCNA Binding. Nat. Chem. Biol. 2010, 6, 766–773. [CrossRef]

38. Baldwin, R.M.; Morettin, A.; Côté, J. Role of PRMTs in Cancer: Could Minor Isoforms Be Leaving a Mark? World J. Biol. Chem.
2014, 5, 115–129. [CrossRef]

39. Suresh, S.; Huard, S.; Brisson, A.; Némati, F.; Dakroub, R.; Poulard, C.; Ye, M.; Martel, E.; Reyes, C.; Silvestre, D.C.; et al. PRMT1
Regulates EGFR and Wnt Signaling Pathways and Is a Promising Target for Combinatorial Treatment of Breast Cancer. Cancers
2022, 14, 306. [CrossRef]

40. Liu, L.-M.; Sun, W.-Z.; Fan, X.-Z.; Xu, Y.-L.; Cheng, M.-B.; Zhang, Y. Methylation of C/EBPα by PRMT1 Inhibits Its Tumor-
Suppressive Function in Breast Cancer. Cancer Res. 2019, 79, 2865–2877. [CrossRef]

41. Harms, K.L.; Chen, X. The Functional Domains in P53 Family Proteins Exhibit Both Common and Distinct Properties. Cell Death
Differ. 2006, 13, 890–897. [CrossRef] [PubMed]

42. Scoumanne, A.; Chen, X. Protein Methylation: A New Regulator of the P53 Tumor Suppressor. Histol. Histopathol. 2008, 23,
1143–1149.

43. Yang, E.S.; Xia, F. BRCA1 16 Years Later: DNA Damage-Induced BRCA1 Shuttling. FEBS J. 2010, 277, 3079–3085. [CrossRef]
[PubMed]

44. Liu, L.-M.; Tang, Q.; Hu, X.; Zhao, J.-J.; Zhang, Y.; Ying, G.-G.; Zhang, F. Arginine Methyltransferase PRMT1 Regulates P53
Activity in Breast Cancer. Life 2021, 11, 789. [CrossRef]

45. Wang, H.; Yang, E.S.; Jiang, J.; Nowsheen, S.; Xia, F. DNA Damage-Induced Cytotoxicity Is Dissociated from BRCA1’s DNA
Repair Function but Is Dependent on Its Cytosolic Accumulation. Cancer Res. 2010, 70, 6258–6267. [CrossRef] [PubMed]

46. Laulier, C.; Barascu, A.; Guirouilh-Barbat, J.; Pennarun, G.; Le Chalony, C.; Chevalier, F.; Palierne, G.; Bertrand, P.; Verbavatz, J.M.;
Lopez, B.S. Bcl-2 Inhibits Nuclear Homologous Recombination by Localizing BRCA1 to the Endomembranes. Cancer Res. 2011,
71, 3590–3602. [CrossRef]

47. Montenegro, M.F.; González-Guerrero, R.; Sánchez-Del-Campo, L.; Piñero-Madrona, A.; Cabezas-Herrera, J.; Rodríguez-López,
J.N. PRMT1-Dependent Methylation of BRCA1 Contributes to the Epigenetic Defense of Breast Cancer Cells against Ionizing
Radiation. Sci. Rep. 2020, 10, 13275. [CrossRef] [PubMed]

48. Gery, S.; Tanosaki, S.; Bose, S.; Bose, N.; Vadgama, J.; Koeffler, H.P. Down-Regulation and Growth Inhibitory Role of C/EBPalpha
in Breast Cancer. Clin. Cancer Res. 2005, 11, 3184–3190. [CrossRef]

49. Milde-Langosch, K.; Löning, T.; Bamberger, A.-M. Expression of the CCAAT/Enhancer-Binding Proteins C/EBPalpha, C/EBPbeta
and C/EBPdelta in Breast Cancer: Correlations with Clinicopathologic Parameters and Cell-Cycle Regulatory Proteins. Breast
Cancer Res. Treat. 2003, 79, 175–185. [CrossRef]

50. Pohl, S.-G.; Brook, N.; Agostino, M.; Arfuso, F.; Kumar, A.P.; Dharmarajan, A. Wnt Signaling in Triple-Negative Breast Cancer.
Oncogenesis 2017, 6, e310. [CrossRef]

51. Merikhian, P.; Eisavand, M.R.; Farahmand, L. Triple-Negative Breast Cancer: Understanding Wnt Signaling in Drug Resistance.
Cancer Cell Int. 2021, 21, 419. [CrossRef] [PubMed]

52. Maubant, S.; Tahtouh, T.; Brisson, A.; Maire, V.; Némati, F.; Tesson, B.; Ye, M.; Rigaill, G.; Noizet, M.; Dumont, A.; et al. LRP5
Regulates the Expression of STK40, a New Potential Target in Triple-Negative Breast Cancers. Oncotarget 2018, 9, 22586–22604.
[CrossRef] [PubMed]

53. Johnston, S.R.D. New Strategies in Estrogen Receptor-Positive Breast Cancer. Clin. Cancer Res. 2010, 16, 1979–1987. [CrossRef]
[PubMed]

54. Castoria, G.; Migliaccio, A.; Bilancio, A.; Di Domenico, M.; de Falco, A.; Lombardi, M.; Fiorentino, R.; Varricchio, L.; Barone, M.V.;
Auricchio, F. PI3-Kinase in Concert with Src Promotes the S-Phase Entry of Oestradiol-Stimulated MCF-7 Cells. EMBO J. 2001, 20,
6050–6059. [CrossRef] [PubMed]

55. Levin, E.R. Integration of the Extranuclear and Nuclear Actions of Estrogen. Mol. Endocrinol. 2005, 19, 1951–1959. [CrossRef]
[PubMed]

56. Simpson, A.; Petnga, W.; Macaulay, V.M.; Weyer-Czernilofsky, U.; Bogenrieder, T. Insulin-Like Growth Factor (IGF) Pathway
Targeting in Cancer: Role of the IGF Axis and Opportunities for Future Combination Studies. Target. Oncol. 2017, 12, 571–597.
[CrossRef]

57. Choucair, A.; Pham, T.H.; Omarjee, S.; Jacquemetton, J.; Kassem, L.; Trédan, O.; Rambaud, J.; Marangoni, E.; Corbo, L.; Treilleux,
I.; et al. The Arginine Methyltransferase PRMT1 Regulates IGF-1 Signaling in Breast Cancer. Oncogene 2019, 38, 4015–4027.
[CrossRef] [PubMed]

58. Yang, J.; Antin, P.; Berx, G.; Blanpain, C.; Brabletz, T.; Bronner, M.; Campbell, K.; Cano, A.; Casanova, J.; Christofori, G.; et al.
Author Correction: Guidelines and Definitions for Research on Epithelial-Mesenchymal Transition. Nat. Rev. Mol. Cell Biol. 2021,
22, 834. [CrossRef] [PubMed]

59. Kalluri, R.; Weinberg, R.A. The Basics of Epithelial-Mesenchymal Transition. J. Clin. Investig. 2009, 119, 1420–1428. [CrossRef]

https://doi.org/10.1101/gad.1632608
https://www.ncbi.nlm.nih.gov/pubmed/18316480
https://doi.org/10.1101/gad.1279805
https://www.ncbi.nlm.nih.gov/pubmed/15741314
https://doi.org/10.1038/nchembio.422
https://doi.org/10.4331/wjbc.v5.i2.115
https://doi.org/10.3390/cancers14020306
https://doi.org/10.1158/0008-5472.CAN-18-3211
https://doi.org/10.1038/sj.cdd.4401904
https://www.ncbi.nlm.nih.gov/pubmed/16543939
https://doi.org/10.1111/j.1742-4658.2010.07734.x
https://www.ncbi.nlm.nih.gov/pubmed/20608971
https://doi.org/10.3390/life11080789
https://doi.org/10.1158/0008-5472.CAN-09-4713
https://www.ncbi.nlm.nih.gov/pubmed/20631074
https://doi.org/10.1158/0008-5472.CAN-10-3119
https://doi.org/10.1038/s41598-020-70289-3
https://www.ncbi.nlm.nih.gov/pubmed/32764667
https://doi.org/10.1158/1078-0432.CCR-04-2625
https://doi.org/10.1023/A:1023929504884
https://doi.org/10.1038/oncsis.2017.14
https://doi.org/10.1186/s12935-021-02107-3
https://www.ncbi.nlm.nih.gov/pubmed/34376211
https://doi.org/10.18632/oncotarget.25187
https://www.ncbi.nlm.nih.gov/pubmed/29854300
https://doi.org/10.1158/1078-0432.CCR-09-1823
https://www.ncbi.nlm.nih.gov/pubmed/20332324
https://doi.org/10.1093/emboj/20.21.6050
https://www.ncbi.nlm.nih.gov/pubmed/11689445
https://doi.org/10.1210/me.2004-0390
https://www.ncbi.nlm.nih.gov/pubmed/15705661
https://doi.org/10.1007/s11523-017-0514-5
https://doi.org/10.1038/s41388-019-0694-9
https://www.ncbi.nlm.nih.gov/pubmed/30692633
https://doi.org/10.1038/s41580-021-00428-9
https://www.ncbi.nlm.nih.gov/pubmed/34654908
https://doi.org/10.1172/JCI39104


Int. J. Mol. Sci. 2024, 25, 8854 19 of 25

60. Das, V.; Bhattacharya, S.; Chikkaputtaiah, C.; Hazra, S.; Pal, M. The Basics of Epithelial-Mesenchymal Transition (EMT): A Study
from a Structure, Dynamics, and Functional Perspective. J. Cell. Physiol. 2019, 234, 14535–14555. [CrossRef]

61. Wu, S.C.; Zhang, Y. Cyclin-Dependent Kinase 1 (CDK1)-Mediated Phosphorylation of Enhancer of Zeste 2 (Ezh2) Regulates Its
Stability. J. Biol. Chem. 2011, 286, 28511–28519. [CrossRef] [PubMed]

62. Li, Z.; Wang, D.; Lu, J.; Huang, B.; Wang, Y.; Dong, M.; Fan, D.; Li, H.; Gao, Y.; Hou, P.; et al. Methylation of EZH2 by PRMT1
Regulates Its Stability and Promotes Breast Cancer Metastasis. Cell Death Differ. 2020, 27, 3226–3242. [CrossRef]

63. You, K.S.; Yi, Y.W.; Cho, J.; Park, J.-S.; Seong, Y.-S. Potentiating Therapeutic Effects of Epidermal Growth Factor Receptor Inhibition
in Triple-Negative Breast Cancer. Pharmaceuticals 2021, 14, 589. [CrossRef]

64. Liao, H.-W.; Hsu, J.-M.; Xia, W.; Wang, H.-L.; Wang, Y.-N.; Chang, W.-C.; Arold, S.T.; Chou, C.-K.; Tsou, P.-H.; Yamaguchi, H.; et al.
PRMT1-Mediated Methylation of the EGF Receptor Regulates Signaling and Cetuximab Response. J. Clin. Investig. 2015, 125,
4529–4543. [CrossRef] [PubMed]

65. Bae, G.-Y.; Choi, S.-J.; Lee, J.-S.; Jo, J.; Lee, J.; Kim, J.; Cha, H.-J. Loss of E-Cadherin Activates EGFR-MEK/ERK Signaling, Which
Promotes Invasion via the ZEB1/MMP2 Axis in Non-Small Cell Lung Cancer. Oncotarget 2013, 4, 2512–2522. [CrossRef] [PubMed]

66. Bonnal, S.C.; López-Oreja, I.; Valcárcel, J. Roles and Mechanisms of Alternative Splicing in Cancer—Implications for Care. Nat.
Rev. Clin. Oncol. 2020, 17, 457–474. [CrossRef] [PubMed]

67. Yang, Q.; Zhao, J.; Zhang, W.; Chen, D.; Wang, Y. Aberrant Alternative Splicing in Breast Cancer. J. Mol. Cell Biol. 2019, 11, 920–929.
[CrossRef] [PubMed]

68. Zhang, Y.; Qian, J.; Gu, C.; Yang, Y. Alternative Splicing and Cancer: A Systematic Review. Signal Transduct. Target. Ther. 2021, 6, 78.
[CrossRef]

69. Wang, Y.; Bernhardy, A.J.; Cruz, C.; Krais, J.J.; Nacson, J.; Nicolas, E.; Peri, S.; van der Gulden, H.; van der Heijden, I.; O’Brien,
S.W.; et al. The BRCA1-∆11q Alternative Splice Isoform Bypasses Germline Mutations and Promotes Therapeutic Resistance to
PARP Inhibition and Cisplatin. Cancer Res. 2016, 76, 2778–2790. [CrossRef]

70. Jackson, C.; Browell, D.; Gautrey, H.; Tyson-Capper, A. Clinical Significance of HER-2 Splice Variants in Breast Cancer Progression
and Drug Resistance. Int. J. Cell Biol. 2013, 2013, 973584. [CrossRef]

71. Zhang, Y.; Yao, X.; Zhou, H.; Wu, X.; Tian, J.; Zeng, J.; Yan, L.; Duan, C.; Liu, H.; Li, H.; et al. OncoSplicing: An Updated Database
for Clinically Relevant Alternative Splicing in 33 Human Cancers. Nucleic Acids Res. 2022, 50, D1340–D1347. [CrossRef] [PubMed]

72. Ma, M.; Liu, F.; Miles, H.N.; Kim, E.-J.; Fields, L.; Xu, W.; Li, L. Proteome-Wide Profiling of Asymmetric Dimethylated Arginine in
Human Breast Tumors. J. Am. Soc. Mass Spectrom. 2023, 34, 1692–1700. [CrossRef]

73. Li, W.-J.; Huang, Y.; Lin, Y.-A.; Zhang, B.-D.; Li, M.-Y.; Zou, Y.-Q.; Hu, G.-S.; He, Y.-H.; Yang, J.-J.; Xie, B.-L.; et al. Targeting
PRMT1-Mediated SRSF1 Methylation to Suppress Oncogenic Exon Inclusion Events and Breast Tumorigenesis. Cell Rep. 2023, 42,
113385. [CrossRef] [PubMed]

74. Peng, F.; Xu, J.; Cui, B.; Liang, Q.; Zeng, S.; He, B.; Zou, H.; Li, M.; Zhao, H.; Meng, Y.; et al. Oncogenic AURKA-Enhanced
N6-Methyladenosine Modification Increases DROSHA mRNA Stability to Transactivate STC1 in Breast Cancer Stem-like Cells.
Cell Res. 2021, 31, 345–361. [CrossRef] [PubMed]

75. Donnella, H.J.; Webber, J.T.; Levin, R.S.; Camarda, R.; Momcilovic, O.; Bayani, N.; Shah, K.N.; Korkola, J.E.; Shokat, K.M.; Goga,
A.; et al. Kinome Rewiring Reveals AURKA Limits PI3K-Pathway Inhibitor Efficacy in Breast Cancer. Nat. Chem. Biol. 2018, 14,
768–777. [CrossRef] [PubMed]

76. Zheng, F.; Yue, C.; Li, G.; He, B.; Cheng, W.; Wang, X.; Yan, M.; Long, Z.; Qiu, W.; Yuan, Z.; et al. Nuclear AURKA Acquires
Kinase-Independent Transactivating Function to Enhance Breast Cancer Stem Cell Phenotype. Nat. Commun. 2016, 7, 10180.
[CrossRef]

77. Cai, R.L.; Yan-Neale, Y.; Cueto, M.A.; Xu, H.; Cohen, D. HDAC1, a Histone Deacetylase, Forms a Complex with Hus1 and Rad9,
Two G2/M Checkpoint Rad Proteins. J. Biol. Chem. 2000, 275, 27909–27916. [CrossRef] [PubMed]

78. Thiebaut, C.; Vlaeminck-Guillem, V.; Trédan, O.; Poulard, C.; Le Romancer, M. Non-Genomic Signaling of Steroid Receptors in
Cancer. Mol. Cell. Endocrinol. 2021, 538, 111453. [CrossRef]

79. Grimm, S.L.; Hartig, S.M.; Edwards, D.P. Progesterone Receptor Signaling Mechanisms. J. Mol. Biol. 2016, 428, 3831–3849.
[CrossRef]

80. Knutson, T.P.; Lange, C.A. Tracking Progesterone Receptor-Mediated Actions in Breast Cancer. Pharmacol. Ther. 2014, 142, 114–125.
[CrossRef]

81. Malbeteau, L.; Poulard, C.; Languilaire, C.; Mikaelian, I.; Flamant, F.; Le Romancer, M.; Corbo, L. PRMT1 Is Critical for the
Transcriptional Activity and the Stability of the Progesterone Receptor. iScience 2020, 23, 101236. [CrossRef]

82. Le Romancer, M.; Treilleux, I.; Leconte, N.; Robin-Lespinasse, Y.; Sentis, S.; Bouchekioua-Bouzaghou, K.; Goddard, S.; Gobert-
Gosse, S.; Corbo, L. Regulation of Estrogen Rapid Signaling through Arginine Methylation by PRMT1. Mol. Cell 2008, 31, 212–221.
[CrossRef]

83. Poulard, C.; Treilleux, I.; Lavergne, E.; Bouchekioua-Bouzaghou, K.; Goddard-Léon, S.; Chabaud, S.; Trédan, O.; Corbo, L.;
Le Romancer, M. Activation of Rapid Oestrogen Signalling in Aggressive Human Breast Cancers. EMBO Mol. Med. 2012, 4,
1200–1213. [CrossRef]

84. Poulard, C.; Jacquemetton, J.; Trédan, O.; Cohen, P.A.; Vendrell, J.; Ghayad, S.E.; Treilleux, I.; Marangoni, E.; Le Romancer, M.
Oestrogen Non-Genomic Signalling Is Activated in Tamoxifen-Resistant Breast Cancer. Int. J. Mol. Sci. 2019, 20, 2773. [CrossRef]
[PubMed]

https://doi.org/10.1002/jcp.28160
https://doi.org/10.1074/jbc.M111.240515
https://www.ncbi.nlm.nih.gov/pubmed/21659531
https://doi.org/10.1038/s41418-020-00615-9
https://doi.org/10.3390/ph14060589
https://doi.org/10.1172/JCI82826
https://www.ncbi.nlm.nih.gov/pubmed/26571401
https://doi.org/10.18632/oncotarget.1463
https://www.ncbi.nlm.nih.gov/pubmed/24318272
https://doi.org/10.1038/s41571-020-0350-x
https://www.ncbi.nlm.nih.gov/pubmed/32303702
https://doi.org/10.1093/jmcb/mjz033
https://www.ncbi.nlm.nih.gov/pubmed/31065692
https://doi.org/10.1038/s41392-021-00486-7
https://doi.org/10.1158/0008-5472.CAN-16-0186
https://doi.org/10.1155/2013/973584
https://doi.org/10.1093/nar/gkab851
https://www.ncbi.nlm.nih.gov/pubmed/34554251
https://doi.org/10.1021/jasms.3c00154
https://doi.org/10.1016/j.celrep.2023.113385
https://www.ncbi.nlm.nih.gov/pubmed/37938975
https://doi.org/10.1038/s41422-020-00397-2
https://www.ncbi.nlm.nih.gov/pubmed/32859993
https://doi.org/10.1038/s41589-018-0081-9
https://www.ncbi.nlm.nih.gov/pubmed/29942081
https://doi.org/10.1038/ncomms10180
https://doi.org/10.1074/jbc.M000168200
https://www.ncbi.nlm.nih.gov/pubmed/10846170
https://doi.org/10.1016/j.mce.2021.111453
https://doi.org/10.1016/j.jmb.2016.06.020
https://doi.org/10.1016/j.pharmthera.2013.11.010
https://doi.org/10.1016/j.isci.2020.101236
https://doi.org/10.1016/j.molcel.2008.05.025
https://doi.org/10.1002/emmm.201201615
https://doi.org/10.3390/ijms20112773
https://www.ncbi.nlm.nih.gov/pubmed/31195751


Int. J. Mol. Sci. 2024, 25, 8854 20 of 25

85. Jacquemetton, J.; Kassem, L.; Poulard, C.; Dahmani, A.; De Plater, L.; Montaudon, E.; Sourd, L.; Morisset, L.; El Botty, R.;
Chateau-Joubert, S.; et al. Analysis of Genomic and Non-Genomic Signaling of Estrogen Receptor in PDX Models of Breast Cancer
Treated with a Combination of the PI3K Inhibitor Alpelisib (BYL719) and Fulvestrant. Breast Cancer Res. 2021, 23, 57. [CrossRef]

86. Malbeteau, L.; Jacquemetton, J.; Languilaire, C.; Corbo, L.; Le Romancer, M.; Poulard, C. PRMT1, a Key Modulator of Unliganded
Progesterone Receptor Signaling in Breast Cancer. Int. J. Mol. Sci. 2022, 23, 9509. [CrossRef]

87. Brobbey, C.; Liu, L.; Yin, S.; Gan, W. The Role of Protein Arginine Methyltransferases in DNA Damage Response. Int. J. Mol. Sci.
2022, 23, 9780. [CrossRef] [PubMed]

88. Auclair, Y.; Richard, S. The Role of Arginine Methylation in the DNA Damage Response. DNA Repair 2013, 12, 459–465. [CrossRef]
[PubMed]

89. Yu, Z.; Vogel, G.; Coulombe, Y.; Dubeau, D.; Spehalski, E.; Hébert, J.; Ferguson, D.O.; Masson, J.Y.; Richard, S. The MRE11 GAR
Motif Regulates DNA Double-Strand Break Processing and ATR Activation. Cell Res. 2012, 22, 305–320. [CrossRef]

90. Sanchez-Bailon, M.P.; Choi, S.-Y.; Dufficy, E.R.; Sharma, K.; McNee, G.S.; Gunnell, E.; Chiang, K.; Sahay, D.; Maslen, S.; Stewart,
G.S.; et al. Arginine Methylation and Ubiquitylation Crosstalk Controls DNA End-Resection and Homologous Recombination
Repair. Nat. Commun. 2021, 12, 6313. [CrossRef]

91. Orthwein, A.; Noordermeer, S.M.; Wilson, M.D.; Landry, S.; Enchev, R.I.; Sherker, A.; Munro, M.; Pinder, J.; Salsman, J.; Dellaire,
G.; et al. A Mechanism for the Suppression of Homologous Recombination in G1 Cells. Nature 2015, 528, 422–426. [CrossRef]
[PubMed]

92. Ting, X.; Xia, L.; Yang, J.; He, L.; Si, W.; Shang, Y.; Sun, L. USP11 Acts as a Histone Deubiquitinase Functioning in Chromatin
Reorganization during DNA Repair. Nucleic Acids Res. 2019, 47, 9721–9740. [CrossRef]

93. Nishi, R.; Wijnhoven, P.; le Sage, C.; Tjeertes, J.; Galanty, Y.; Forment, J.V.; Clague, M.J.; Urbé, S.; Jackson, S.P. Systematic
Characterization of Deubiquitylating Enzymes for Roles in Maintaining Genome Integrity. Nat. Cell Biol. 2014, 16, 1016–1026.
[CrossRef] [PubMed]

94. Schoenfeld, A.R.; Apgar, S.; Dolios, G.; Wang, R.; Aaronson, S.A. BRCA2 Is Ubiquitinated in Vivo and Interacts with USP11, a
Deubiquitinating Enzyme That Exhibits Prosurvival Function in the Cellular Response to DNA Damage. Mol. Cell. Biol. 2004, 24,
7444–7455. [CrossRef] [PubMed]

95. Garcia, D.A.; Baek, C.; Estrada, M.V.; Tysl, T.; Bennett, E.J.; Yang, J.; Chang, J.T. USP11 Enhances TGFβ-Induced Epithelial-
Mesenchymal Plasticity and Human Breast Cancer Metastasis. Mol. Cancer Res. 2018, 16, 1172–1184. [CrossRef] [PubMed]

96. Mirman, Z.; de Lange, T. 53BP1: A DSB Escort. Genes Dev. 2020, 34, 7–23. [CrossRef] [PubMed]
97. Chapman, J.R.; Taylor, M.R.G.; Boulton, S.J. Playing the End Game: DNA Double-Strand Break Repair Pathway Choice. Mol. Cell

2012, 47, 497–510. [CrossRef] [PubMed]
98. Paiano, J.; Zolnerowich, N.; Wu, W.; Pavani, R.; Wang, C.; Li, H.; Zheng, L.; Shen, B.; Sleckman, B.P.; Chen, B.-R.; et al. Role of

53BP1 in End Protection and DNA Synthesis at DNA Breaks. Genes Dev. 2021, 35, 1356–1367. [CrossRef] [PubMed]
99. Boisvert, F.-M.; Rhie, A.; Richard, S.; Doherty, A.J. The GAR Motif of 53BP1 Is Arginine Methylated by PRMT1 and Is Necessary

for 53BP1 DNA Binding Activity. Cell Cycle 2005, 4, 1834–1841. [CrossRef]
100. Adams, M.M.; Wang, B.; Xia, Z.; Morales, J.C.; Lu, X.; Donehower, L.A.; Bochar, D.A.; Elledge, S.J.; Carpenter, P.B. 53BP1

Oligomerization Is Independent of Its Methylation by PRMT1. Cell Cycle 2005, 4, 1854–1861. [CrossRef]
101. Hsu, W.-J.; Chen, C.-H.; Chang, Y.-C.; Cheng, C.-H.; TsaI, Y.-H.; Lin, C.-W. PRMT1 Confers Resistance to Olaparib via Modulating

MYC Signaling in Triple-Negative Breast Cancer. J. Pers. Med. 2021, 11, 1009. [CrossRef] [PubMed]
102. Luoto, K.R.; Meng, A.X.; Wasylishen, A.R.; Zhao, H.; Coackley, C.L.; Penn, L.Z.; Bristow, R.G. Tumor Cell Kill by C-MYC

Depletion: Role of MYC-Regulated Genes That Control DNA Double-Strand Break Repair. Cancer Res. 2010, 70, 8748–8759.
[CrossRef]

103. Gonzalez, H.; Hagerling, C.; Werb, Z. Roles of the Immune System in Cancer: From Tumor Initiation to Metastatic Progression.
Genes Dev. 2018, 32, 1267–1284. [CrossRef] [PubMed]

104. Wolchok, J. Putting the Immunologic Brakes on Cancer. Cell 2018, 175, 1452–1454. [CrossRef]
105. Kalbasi, A.; Ribas, A. Tumour-Intrinsic Resistance to Immune Checkpoint Blockade. Nat. Rev. Immunol. 2020, 20, 25–39. [CrossRef]

[PubMed]
106. Liu, J.; Bu, X.; Chu, C.; Dai, X.; Asara, J.M.; Sicinski, P.; Freeman, G.J.; Wei, W. PRMT1 Mediated Methylation of cGAS Suppresses

Anti-Tumor Immunity. Nat. Commun. 2023, 14, 2806. [CrossRef] [PubMed]
107. Sun, L.; Wu, J.; Du, F.; Chen, X.; Chen, Z.J. Cyclic GMP-AMP Synthase Is a Cytosolic DNA Sensor That Activates the Type I

Interferon Pathway. Science 2013, 339, 786–791. [CrossRef] [PubMed]
108. Duan, D.; Shang, M.; Han, Y.; Liu, J.; Liu, J.; Kong, S.H.; Hou, J.; Huang, B.; Lu, J.; Zhang, Y. EZH2-CCF-cGAS Axis Promotes

Breast Cancer Metastasis. Int. J. Mol. Sci. 2022, 23, 1788. [CrossRef]
109. Bakhoum, S.F.; Ngo, B.; Laughney, A.M.; Cavallo, J.-A.; Murphy, C.J.; Ly, P.; Shah, P.; Sriram, R.K.; Watkins, T.B.K.; Taunk, N.K.;

et al. Chromosomal Instability Drives Metastasis through a Cytosolic DNA Response. Nature 2018, 553, 467–472. [CrossRef]
110. Li, Z.; Wang, D.; Wang, W.; Chen, X.; Tang, A.; Hou, P.; Li, M.; Zheng, J.; Bai, J. Macrophages-Stimulated PRMT1-Mediated EZH2

Methylation Promotes Breast Cancer Metastasis. Biochem. Biophys. Res. Commun. 2020, 533, 679–684. [CrossRef]
111. Sakamaki, J.; Daitoku, H.; Ueno, K.; Hagiwara, A.; Yamagata, K.; Fukamizu, A. Arginine Methylation of BCL-2 Antagonist of

Cell Death (BAD) Counteracts Its Phosphorylation and Inactivation by Akt. Proc. Natl. Acad. Sci. USA 2011, 108, 6085–6090.
[CrossRef] [PubMed]

https://doi.org/10.1186/s13058-021-01433-8
https://doi.org/10.3390/ijms23179509
https://doi.org/10.3390/ijms23179780
https://www.ncbi.nlm.nih.gov/pubmed/36077176
https://doi.org/10.1016/j.dnarep.2013.04.006
https://www.ncbi.nlm.nih.gov/pubmed/23684798
https://doi.org/10.1038/cr.2011.128
https://doi.org/10.1038/s41467-021-26413-6
https://doi.org/10.1038/nature16142
https://www.ncbi.nlm.nih.gov/pubmed/26649820
https://doi.org/10.1093/nar/gkz726
https://doi.org/10.1038/ncb3028
https://www.ncbi.nlm.nih.gov/pubmed/25194926
https://doi.org/10.1128/MCB.24.17.7444-7455.2004
https://www.ncbi.nlm.nih.gov/pubmed/15314155
https://doi.org/10.1158/1541-7786.MCR-17-0723
https://www.ncbi.nlm.nih.gov/pubmed/29724812
https://doi.org/10.1101/gad.333237.119
https://www.ncbi.nlm.nih.gov/pubmed/31896689
https://doi.org/10.1016/j.molcel.2012.07.029
https://www.ncbi.nlm.nih.gov/pubmed/22920291
https://doi.org/10.1101/gad.348667.121
https://www.ncbi.nlm.nih.gov/pubmed/34503990
https://doi.org/10.4161/cc.4.12.2250
https://doi.org/10.4161/cc.4.12.2282
https://doi.org/10.3390/jpm11101009
https://www.ncbi.nlm.nih.gov/pubmed/34683150
https://doi.org/10.1158/0008-5472.CAN-10-0944
https://doi.org/10.1101/gad.314617.118
https://www.ncbi.nlm.nih.gov/pubmed/30275043
https://doi.org/10.1016/j.cell.2018.11.006
https://doi.org/10.1038/s41577-019-0218-4
https://www.ncbi.nlm.nih.gov/pubmed/31570880
https://doi.org/10.1038/s41467-023-38443-3
https://www.ncbi.nlm.nih.gov/pubmed/37193698
https://doi.org/10.1126/science.1232458
https://www.ncbi.nlm.nih.gov/pubmed/23258413
https://doi.org/10.3390/ijms23031788
https://doi.org/10.1038/nature25432
https://doi.org/10.1016/j.bbrc.2020.10.037
https://doi.org/10.1073/pnas.1015328108
https://www.ncbi.nlm.nih.gov/pubmed/21444773


Int. J. Mol. Sci. 2024, 25, 8854 21 of 25

112. Cho, J.-H.; Lee, M.-K.; Yoon, K.W.; Lee, J.; Cho, S.-G.; Choi, E.-J. Arginine Methylation-Dependent Regulation of ASK1 Signaling
by PRMT1. Cell Death Differ. 2012, 19, 859–870. [CrossRef]

113. Hatai, T.; Matsuzawa, A.; Inoshita, S.; Mochida, Y.; Kuroda, T.; Sakamaki, K.; Kuida, K.; Yonehara, S.; Ichijo, H.; Takeda,
K. Execution of Apoptosis Signal-Regulating Kinase 1 (ASK1)-Induced Apoptosis by the Mitochondria-Dependent Caspase
Activation. J. Biol. Chem. 2000, 275, 26576–26581. [CrossRef]

114. Tobiume, K.; Matsuzawa, A.; Takahashi, T.; Nishitoh, H.; Morita, K.; Takeda, K.; Minowa, O.; Miyazono, K.; Noda, T.; Ichijo, H.
ASK1 Is Required for Sustained Activations of JNK/P38 MAP Kinases and Apoptosis. EMBO Rep. 2001, 2, 222–228. [CrossRef]

115. Ichijo, H.; Nishida, E.; Irie, K.; ten Dijke, P.; Saitoh, M.; Moriguchi, T.; Takagi, M.; Matsumoto, K.; Miyazono, K.; Gotoh, Y.
Induction of Apoptosis by ASK1, a Mammalian MAPKKK That Activates SAPK/JNK and P38 Signaling Pathways. Science 1997,
275, 90–94. [CrossRef]

116. Rodgers, K.; McVey, M. Error-Prone Repair of DNA Double-Strand Breaks. J. Cell. Physiol. 2016, 231, 15–24. [CrossRef] [PubMed]
117. Sachdev, E.; Tabatabai, R.; Roy, V.; Rimel, B.J.; Mita, M.M. PARP Inhibition in Cancer: An Update on Clinical Development. Target.

Oncol. 2019, 14, 657–679. [CrossRef] [PubMed]
118. Javle, M.; Curtin, N.J. The Role of PARP in DNA Repair and Its Therapeutic Exploitation. Br. J. Cancer 2011, 105, 1114–1122.

[CrossRef]
119. Yamamoto, T.; Takano, N.; Ishiwata, K.; Ohmura, M.; Nagahata, Y.; Matsuura, T.; Kamata, A.; Sakamoto, K.; Nakanishi, T.; Kubo,

A.; et al. Reduced Methylation of PFKFB3 in Cancer Cells Shunts Glucose towards the Pentose Phosphate Pathway. Nat. Commun.
2014, 5, 3480. [CrossRef]

120. Yamamoto, T.; Hayashida, T.; Masugi, Y.; Oshikawa, K.; Hayakawa, N.; Itoh, M.; Nishime, C.; Suzuki, M.; Nagayama, A.; Kawai,
Y.; et al. PRMT1 Sustains de Novo Fatty Acid Synthesis by Methylating PHGDH to Drive Chemoresistance in Triple-Negative
Breast Cancer. Cancer Res. 2024, 84, 1065–1083. [CrossRef] [PubMed]

121. Possemato, R.; Marks, K.M.; Shaul, Y.D.; Pacold, M.E.; Kim, D.; Birsoy, K.; Sethumadhavan, S.; Woo, H.-K.; Jang, H.G.; Jha, A.K.;
et al. Functional Genomics Reveal That the Serine Synthesis Pathway Is Essential in Breast Cancer. Nature 2011, 476, 346–350.
[CrossRef] [PubMed]

122. Motolani, A.; Martin, M.; Sun, M.; Lu, T. The Structure and Functions of PRMT5 in Human Diseases. Life 2021, 11, 1074. [CrossRef]
[PubMed]

123. Stopa, N.; Krebs, J.E.; Shechter, D. The PRMT5 Arginine Methyltransferase: Many Roles in Development, Cancer and Beyond.
Cell. Mol. Life Sci. 2015, 72, 2041–2059. [CrossRef] [PubMed]

124. Chen, H.; Lorton, B.; Gupta, V.; Shechter, D. A TGFβ-PRMT5-MEP50 Axis Regulates Cancer Cell Invasion through Histone
H3 and H4 Arginine Methylation Coupled Transcriptional Activation and Repression. Oncogene 2017, 36, 373–386. [CrossRef]
[PubMed]

125. Pollack, B.P.; Kotenko, S.V.; He, W.; Izotova, L.S.; Barnoski, B.L.; Pestka, S. The Human Homologue of the Yeast Proteins Skb1
and Hsl7p Interacts with Jak Kinases and Contains Protein Methyltransferase Activity. J. Biol. Chem. 1999, 274, 31531–31542.
[CrossRef] [PubMed]

126. Branscombe, T.L.; Frankel, A.; Lee, J.H.; Cook, J.R.; Yang, Z.; Pestka, S.; Clarke, S. PRMT5 (Janus Kinase-Binding Protein 1)
Catalyzes the Formation of Symmetric Dimethylarginine Residues in Proteins. J. Biol. Chem. 2001, 276, 32971–32976. [CrossRef]
[PubMed]

127. Kim, H.; Ronai, Z.A. PRMT5 Function and Targeting in Cancer. Cell Stress 2020, 4, 199–215. [CrossRef] [PubMed]
128. Tarighat, S.S.; Santhanam, R.; Frankhouser, D.; Radomska, H.S.; Lai, H.; Anghelina, M.; Wang, H.; Huang, X.; Alinari, L.; Walker,

A.; et al. The Dual Epigenetic Role of PRMT5 in Acute Myeloid Leukemia: Gene Activation and Repression via Histone Arginine
Methylation. Leukemia 2016, 30, 789–799. [CrossRef] [PubMed]

129. Chiang, K.; Zielinska, A.E.; Shaaban, A.M.; Sanchez-Bailon, M.P.; Jarrold, J.; Clarke, T.L.; Zhang, J.; Francis, A.; Jones, L.J.; Smith,
S.; et al. PRMT5 Is a Critical Regulator of Breast Cancer Stem Cell Function via Histone Methylation and FOXP1 Expression. Cell
Rep. 2017, 21, 3498–3513. [CrossRef]

130. Fu, T.; Lv, X.; Kong, Q.; Yuan, C. A Novel SHARPIN-PRMT5-H3R2me1 Axis Is Essential for Lung Cancer Cell Invasion. Oncotarget
2017, 8, 54809–54820. [CrossRef]

131. Cho, E.-C.; Zheng, S.; Munro, S.; Liu, G.; Carr, S.M.; Moehlenbrink, J.; Lu, Y.-C.; Stimson, L.; Khan, O.; Konietzny, R.; et al.
Arginine Methylation Controls Growth Regulation by E2F-1. EMBO J. 2012, 31, 1785–1797. [CrossRef] [PubMed]

132. Liu, R.; Gao, J.; Yang, Y.; Qiu, R.; Zheng, Y.; Huang, W.; Zeng, Y.; Hou, Y.; Wang, S.; Leng, S.; et al. PHD Finger Protein 1 (PHF1) Is
a Novel Reader for Histone H4R3 Symmetric Dimethylation and Coordinates with PRMT5–WDR77/CRL4B Complex to Promote
Tumorigenesis. Nucleic Acids Res. 2018, 46, 6608–6626. [CrossRef] [PubMed]

133. Wang, Z.; Kong, J.; Wu, Y.; Zhang, J.; Wang, T.; Li, N.; Fan, J.; Wang, H.; Zhang, J.; Ling, R. PRMT5 Determines the Sensitivity to
Chemotherapeutics by Governing Stemness in Breast Cancer. Breast Cancer Res. Treat. 2018, 168, 531–542. [CrossRef] [PubMed]

134. Wu, Y.; Wang, Z.; Zhang, J.; Ling, R. Elevated Expression of Protein Arginine Methyltransferase 5 Predicts the Poor Prognosis of
Breast Cancer. Tumor Biol. 2017, 39, 1010428317695917. [CrossRef] [PubMed]

135. Zhang, J.; Fan, X.; Zhou, Y.; Chen, L.; Rao, H. The PRMT5-LSD1 Axis Confers Slug Dual Transcriptional Activities and Promotes
Breast Cancer Progression. J. Exp. Clin. Cancer Res. 2022, 41, 191. [CrossRef] [PubMed]

https://doi.org/10.1038/cdd.2011.168
https://doi.org/10.1074/jbc.M003412200
https://doi.org/10.1093/embo-reports/kve046
https://doi.org/10.1126/science.275.5296.90
https://doi.org/10.1002/jcp.25053
https://www.ncbi.nlm.nih.gov/pubmed/26033759
https://doi.org/10.1007/s11523-019-00680-2
https://www.ncbi.nlm.nih.gov/pubmed/31625002
https://doi.org/10.1038/bjc.2011.382
https://doi.org/10.1038/ncomms4480
https://doi.org/10.1158/0008-5472.CAN-23-2266
https://www.ncbi.nlm.nih.gov/pubmed/38383964
https://doi.org/10.1038/nature10350
https://www.ncbi.nlm.nih.gov/pubmed/21760589
https://doi.org/10.3390/life11101074
https://www.ncbi.nlm.nih.gov/pubmed/34685445
https://doi.org/10.1007/s00018-015-1847-9
https://www.ncbi.nlm.nih.gov/pubmed/25662273
https://doi.org/10.1038/onc.2016.205
https://www.ncbi.nlm.nih.gov/pubmed/27270440
https://doi.org/10.1074/jbc.274.44.31531
https://www.ncbi.nlm.nih.gov/pubmed/10531356
https://doi.org/10.1074/jbc.M105412200
https://www.ncbi.nlm.nih.gov/pubmed/11413150
https://doi.org/10.15698/cst2020.08.228
https://www.ncbi.nlm.nih.gov/pubmed/32743345
https://doi.org/10.1038/leu.2015.308
https://www.ncbi.nlm.nih.gov/pubmed/26536822
https://doi.org/10.1016/j.celrep.2017.11.096
https://doi.org/10.18632/oncotarget.18957
https://doi.org/10.1038/emboj.2012.17
https://www.ncbi.nlm.nih.gov/pubmed/22327218
https://doi.org/10.1093/nar/gky461
https://www.ncbi.nlm.nih.gov/pubmed/29846670
https://doi.org/10.1007/s10549-017-4597-6
https://www.ncbi.nlm.nih.gov/pubmed/29185119
https://doi.org/10.1177/1010428317695917
https://www.ncbi.nlm.nih.gov/pubmed/28381188
https://doi.org/10.1186/s13046-022-02400-7
https://www.ncbi.nlm.nih.gov/pubmed/35655230


Int. J. Mol. Sci. 2024, 25, 8854 22 of 25

136. Carter, J.; Hulse, M.; Sivakumar, M.; Burtell, J.; Thodima, V.; Wang, M.; Agarwal, A.; Vykuntam, K.; Spruance, J.; Bhagwat, N.;
et al. PRMT5 Inhibitors Regulate DNA Damage Repair Pathways in Cancer Cells and Improve Response to PARP Inhibition and
Chemotherapies. Cancer Res. Commun. 2023, 3, 2233–2243. [CrossRef] [PubMed]

137. Shailesh, H.; Siveen, K.S.; Sif, S. Protein Arginine Methyltransferase 5 (PRMT5) Activates WNT/B-catenin Signalling in Breast
Cancer Cells via Epigenetic Silencing of DKK1 and DKK3. J. Cell. Mol. Med. 2021, 25, 1583–1600. [CrossRef] [PubMed]

138. Girardot, M.; Hirasawa, R.; Kacem, S.; Fritsch, L.; Pontis, J.; Kota, S.K.; Filipponi, D.; Fabbrizio, E.; Sardet, C.; Lohmann, F.; et al.
PRMT5-Mediated Histone H4 Arginine-3 Symmetrical Dimethylation Marks Chromatin at G + C-Rich Regions of the Mouse
Genome. Nucleic Acids Res. 2014, 42, 235–248. [CrossRef] [PubMed]

139. Rowland, B.D.; Peeper, D.S. KLF4, P21 and Context-Dependent Opposing Forces in Cancer. Nat. Rev. Cancer 2006, 6, 11–23.
[CrossRef]

140. Tetreault, M.-P.; Yang, Y.; Katz, J.P. Krüppel-like Factors in Cancer. Nat. Rev. Cancer 2013, 13, 701–713. [CrossRef]
141. Foster, K.W.; Frost, A.R.; McKie-Bell, P.; Lin, C.Y.; Engler, J.A.; Grizzle, W.E.; Ruppert, J.M. Increase of GKLF Messenger RNA and

Protein Expression during Progression of Breast Cancer. Cancer Res. 2000, 60, 6488–6495. [PubMed]
142. Pandya, A.Y.; Talley, L.I.; Frost, A.R.; Fitzgerald, T.J.; Trivedi, V.; Chakravarthy, M.; Chhieng, D.C.; Grizzle, W.E.; Engler, J.A.;

Krontiras, H.; et al. Nuclear Localization of KLF4 Is Associated with an Aggressive Phenotype in Early-Stage Breast Cancer. Clin.
Cancer Res. 2004, 10, 2709–2719. [CrossRef] [PubMed]

143. Gamper, A.M.; Qiao, X.; Kim, J.; Zhang, L.; DeSimone, M.C.; Rathmell, W.K.; Wan, Y. Regulation of KLF4 Turnover Reveals an
Unexpected Tissue-Specific Role of pVHL in Tumorigenesis. Mol. Cell 2012, 45, 233–243. [CrossRef] [PubMed]

144. Hu, D.; Gur, M.; Zhou, Z.; Gamper, A.; Hung, M.-C.; Fujita, N.; Lan, L.; Bahar, I.; Wan, Y. Interplay between Arginine Methylation
and Ubiquitylation Regulates KLF4-Mediated Genome Stability and Carcinogenesis. Nat. Commun. 2015, 6, 8419. [CrossRef]
[PubMed]

145. Liu, R.; Zheng, H.-Q.; Zhou, Z.; Dong, J.-T.; Chen, C. KLF5 Promotes Breast Cell Survival Partially through Fibroblast Growth
Factor-Binding Protein 1-pERK-Mediated Dual Specificity MKP-1 Protein Phosphorylation and Stabilization. J. Biol. Chem. 2009,
284, 16791–16798. [CrossRef] [PubMed]

146. Tong, D.; Czerwenka, K.; Heinze, G.; Ryffel, M.; Schuster, E.; Witt, A.; Leodolter, S.; Zeillinger, R. Expression of KLF5 Is a
Prognostic Factor for Disease-Free Survival and Overall Survival in Patients with Breast Cancer. Clin. Cancer Res. 2006, 12,
2442–2448. [CrossRef] [PubMed]

147. Wang, X.; Qiu, T.; Wu, Y.; Yang, C.; Li, Y.; Du, G.; He, Y.; Liu, W.; Liu, R.; Chen, C.; et al. Arginine Methyltransferase PRMT5
Methylates and Stabilizes KLF5 via Decreasing Its Phosphorylation and Ubiquitination to Promote Basal-like Breast Cancer. Cell
Death Differ. 2021, 28, 2931–2945. [CrossRef]

148. Nasir Kansestani, A.; Mansouri, K.; Hemmati, S.; Zare, M.E.; Moatafaei, A. High Glucose-Reduced Apoptosis in Human Breast
Cancer Cells Is Mediated by Activation of NF-κB. Iran. J. Allergy Asthma Immunol. 2019, 18, 153–162. [CrossRef]

149. Han, X.; Wei, L.; Wu, B. PRMT5 Promotes Aerobic Glycolysis and Invasion of Breast Cancer Cells by Regulating the LXRα/NF-
κBp65 Pathway. OncoTargets Ther. 2020, 13, 3347–3357. [CrossRef]

150. Lin, S.Y.; Xia, W.; Wang, J.C.; Kwong, K.Y.; Spohn, B.; Wen, Y.; Pestell, R.G.; Hung, M.C. Beta-Catenin, a Novel Prognostic Marker
for Breast Cancer: Its Roles in Cyclin D1 Expression and Cancer Progression. Proc. Natl. Acad. Sci. USA 2000, 97, 4262–4266.
[CrossRef]

151. Zheng, Q.; Zhang, M.; Zhou, F.; Zhang, L.; Meng, X. The Breast Cancer Stem Cells Traits and Drug Resistance. Front. Pharmacol.
2021, 11, 599965. [CrossRef]

152. Jin, Y.; Zhou, J.; Xu, F.; Jin, B.; Cui, L.; Wang, Y.; Du, X.; Li, J.; Li, P.; Ren, R.; et al. Targeting Methyltransferase PRMT5 Eliminates
Leukemia Stem Cells in Chronic Myelogenous Leukemia. J. Clin. Investig. 2016, 126, 3961–3980. [CrossRef] [PubMed]

153. Banasavadi-Siddegowda, Y.K.; Russell, L.; Frair, E.; Karkhanis, V.A.; Relation, T.; Yoo, J.Y.; Zhang, J.; Sif, S.; Imitola, J.; Baiocchi, R.;
et al. PRMT5–PTEN Molecular Pathway Regulates Senescence and Self-Renewal of Primary Glioblastoma Neurosphere Cells.
Oncogene 2017, 36, 263–274. [CrossRef]

154. Choi, E.J.; Seo, E.J.; Kim, D.K.; Lee, S.I.; Kwon, Y.W.; Jang, I.H.; Kim, K.-H.; Suh, D.-S.; Kim, J.H. FOXP1 Functions as an Oncogene
in Promoting Cancer Stem Cell-like Characteristics in Ovarian Cancer Cells. Oncotarget 2015, 7, 3506–3519. [CrossRef]

155. Huang, J.; Zheng, Y.; Zheng, X.; Qian, B.; Yin, Q.; Lu, J.; Lei, H. PRMT5 Promotes EMT Through Regulating Akt Activity in
Human Lung Cancer. Cell Transplant. 2021, 30, 9636897211001772. [CrossRef]

156. Zheng, Y.; Ji, H.; Yi, W.; Chen, Z.; Hu, X.; Zhou, J.; Wang, Y.; Zheng, X. PRMT5 Facilitates Angiogenesis and EMT via HIF-
1α/VEGFR/Akt Signaling Axis in Lung Cancer. Aging 2023, 15, 6163–6178. [CrossRef]

157. Ge, L.; Wang, H.; Xu, X.; Zhou, Z.; He, J.; Peng, W.; Du, F.; Zhang, Y.; Gong, A.; Xu, M. PRMT5 Promotes Epithelial-mesenchymal
Transition via EGFR-β-catenin Axis in Pancreatic Cancer Cells. J. Cell. Mol. Med. 2020, 24, 1969–1979. [CrossRef]

158. Hao, Y.; Baker, D.; ten Dijke, P. TGF-β-Mediated Epithelial-Mesenchymal Transition and Cancer Metastasis. Int. J. Mol. Sci. 2019,
20, 2767. [CrossRef]

159. Matera, A.G.; Wang, Z. A Day in the Life of the Spliceosome. Nat. Rev. Mol. Cell Biol. 2014, 15, 108–121. [CrossRef]
160. Will, C.L.; Lührmann, R. Spliceosome Structure and Function. Cold Spring Harb. Perspect. Biol. 2011, 3, a003707. [CrossRef]
161. Pesiridis, G.S.; Diamond, E.; Van Duyne, G.D. Role of pICLn in Methylation of Sm Proteins by PRMT5. J. Biol. Chem. 2009, 284,

21347–21359. [CrossRef] [PubMed]

https://doi.org/10.1158/2767-9764.CRC-23-0070
https://www.ncbi.nlm.nih.gov/pubmed/37861290
https://doi.org/10.1111/jcmm.16260
https://www.ncbi.nlm.nih.gov/pubmed/33462997
https://doi.org/10.1093/nar/gkt884
https://www.ncbi.nlm.nih.gov/pubmed/24097435
https://doi.org/10.1038/nrc1780
https://doi.org/10.1038/nrc3582
https://www.ncbi.nlm.nih.gov/pubmed/11103818
https://doi.org/10.1158/1078-0432.CCR-03-0484
https://www.ncbi.nlm.nih.gov/pubmed/15102675
https://doi.org/10.1016/j.molcel.2011.11.031
https://www.ncbi.nlm.nih.gov/pubmed/22284679
https://doi.org/10.1038/ncomms9419
https://www.ncbi.nlm.nih.gov/pubmed/26420673
https://doi.org/10.1074/jbc.M808919200
https://www.ncbi.nlm.nih.gov/pubmed/19411256
https://doi.org/10.1158/1078-0432.CCR-05-0964
https://www.ncbi.nlm.nih.gov/pubmed/16638850
https://doi.org/10.1038/s41418-021-00793-0
https://doi.org/10.18502/ijaai.v18i2.918
https://doi.org/10.2147/OTT.S239730
https://doi.org/10.1073/pnas.060025397
https://doi.org/10.3389/fphar.2020.599965
https://doi.org/10.1172/JCI85239
https://www.ncbi.nlm.nih.gov/pubmed/27643437
https://doi.org/10.1038/onc.2016.199
https://doi.org/10.18632/oncotarget.6510
https://doi.org/10.1177/09636897211001772
https://doi.org/10.18632/aging.204826
https://doi.org/10.1111/jcmm.14894
https://doi.org/10.3390/ijms20112767
https://doi.org/10.1038/nrm3742
https://doi.org/10.1101/cshperspect.a003707
https://doi.org/10.1074/jbc.M109.015578
https://www.ncbi.nlm.nih.gov/pubmed/19520849


Int. J. Mol. Sci. 2024, 25, 8854 23 of 25

162. Meister, G.; Eggert, C.; Bühler, D.; Brahms, H.; Kambach, C.; Fischer, U. Methylation of Sm Proteins by a Complex Containing
PRMT5 and the Putative U snRNP Assembly Factor pICln. Curr. Biol. 2001, 11, 1990–1994. [CrossRef] [PubMed]

163. Fong, J.Y.; Pignata, L.; Goy, P.-A.; Kawabata, K.C.; Lee, S.C.-W.; Koh, C.M.; Musiani, D.; Massignani, E.; Kotini, A.G.; Penson, A.;
et al. Therapeutic Targeting of RNA Splicing Catalysis through Inhibition of Protein Arginine Methylation. Cancer Cell 2019, 36,
194–209.e9. [CrossRef] [PubMed]

164. Li, W.; He, Y.; Yang, J.; Hu, G.; Lin, Y.; Ran, T.; Peng, B.; Xie, B.; Huang, M.; Gao, X.; et al. Profiling PRMT Methylome Reveals
Roles of hnRNPA1 Arginine Methylation in RNA Splicing and Cell Growth. Nat. Commun. 2021, 12, 1946. [CrossRef] [PubMed]

165. Radzisheuskaya, A.; Shliaha, P.V.; Grinev, V.; Lorenzini, E.; Kovalchuk, S.; Shlyueva, D.; Gorshkov, V.; Hendrickson, R.C.; Jensen,
O.N.; Helin, K. PRMT5 Methylome Profiling Uncovers a Direct Link to Splicing Regulation in Acute Myeloid Leukemia. Nat.
Struct. Mol. Biol. 2019, 26, 999–1012. [CrossRef]

166. Bezzi, M.; Teo, S.X.; Muller, J.; Mok, W.C.; Sahu, S.K.; Vardy, L.A.; Bonday, Z.Q.; Guccione, E. Regulation of Constitutive and
Alternative Splicing by PRMT5 Reveals a Role for Mdm4 Pre-mRNA in Sensing Defects in the Spliceosomal Machinery. Genes
Dev. 2013, 27, 1903–1916. [CrossRef] [PubMed]

167. Gerhart, S.V.; Kellner, W.A.; Thompson, C.; Pappalardi, M.B.; Zhang, X.-P.; Montes de Oca, R.; Penebre, E.; Duncan, K.; Boriack-
Sjodin, A.; Le, B.; et al. Activation of the P53-MDM4 Regulatory Axis Defines the Anti-Tumour Response to PRMT5 Inhibition
through Its Role in Regulating Cellular Splicing. Sci. Rep. 2018, 8, 9711. [CrossRef]

168. Szewczyk, M.M.; Luciani, G.M.; Vu, V.; Murison, A.; Dilworth, D.; Barghout, S.H.; Lupien, M.; Arrowsmith, C.H.; Minden, M.D.;
Barsyte-Lovejoy, D. PRMT5 Regulates ATF4 Transcript Splicing and Oxidative Stress Response. Redox Biol. 2022, 51, 102282.
[CrossRef] [PubMed]

169. Rengasamy, M.; Zhang, F.; Vashisht, A.; Song, W.-M.; Aguilo, F.; Sun, Y.; Li, S.; Zhang, W.; Zhang, B.; Wohlschlegel, J.A.; et al.
The PRMT5/WDR77 Complex Regulates Alternative Splicing through ZNF326 in Breast Cancer. Nucleic Acids Res. 2017, 45,
11106–11120. [CrossRef]

170. Chen, D.S.; Mellman, I. Oncology Meets Immunology: The Cancer-Immunity Cycle. Immunity 2013, 39, 1–10. [CrossRef]
171. Wagner, M.; Koyasu, S. Cancer Immunoediting by Innate Lymphoid Cells. Trends Immunol. 2019, 40, 415–430. [CrossRef]

[PubMed]
172. Schreiber, R.D.; Old, L.J.; Smyth, M.J. Cancer Immunoediting: Integrating Immunity’s Roles in Cancer Suppression and Promotion.

Science 2011, 331, 1565–1570. [CrossRef] [PubMed]
173. Almine, J.F.; O’Hare, C.A.J.; Dunphy, G.; Haga, I.R.; Naik, R.J.; Atrih, A.; Connolly, D.J.; Taylor, J.; Kelsall, I.R.; Bowie, A.G.; et al.

IFI16 and cGAS Cooperate in the Activation of STING during DNA Sensing in Human Keratinocytes. Nat. Commun. 2017, 8, 14392.
[CrossRef]

174. Kim, H.; Kim, H.; Feng, Y.; Li, Y.; Tamiya, H.; Tocci, S.; Ronai, Z.A. PRMT5 Control of cGAS/STING and NLRC5 Pathways
Defines Melanoma Response to Antitumor Immunity. Sci. Transl. Med. 2020, 12, eaaz5683. [CrossRef] [PubMed]

175. Nagai, Y.; Ji, M.Q.; Zhu, F.; Xiao, Y.; Tanaka, Y.; Kambayashi, T.; Fujimoto, S.; Goldberg, M.M.; Zhang, H.; Li, B.; et al. PRMT5
Associates With the FOXP3 Homomer and When Disabled Enhances Targeted p185erbB2/Neu Tumor Immunotherapy. Front.
Immunol. 2019, 10, 174. [CrossRef] [PubMed]

176. Zou, W. Regulatory T Cells, Tumour Immunity and Immunotherapy. Nat. Rev. Immunol. 2006, 6, 295–307. [CrossRef] [PubMed]
177. Nishikawa, H.; Sakaguchi, S. Regulatory T Cells in Tumor Immunity. Int. J. Cancer 2010, 127, 759–767. [CrossRef] [PubMed]
178. Wang, Z.; Li, R.; Hou, N.; Zhang, J.; Wang, T.; Fan, P.; Ji, C.; Zhang, B.; Liu, L.; Wang, Y.; et al. PRMT5 Reduces Immunotherapy Efficacy

in Triple-Negative Breast Cancer by Methylating KEAP1 and Inhibiting Ferroptosis. J. Immunother. Cancer 2023, 11, e006890. [CrossRef]
[PubMed]

179. Chang, L.-C.; Chiang, S.-K.; Chen, S.-E.; Yu, Y.-L.; Chou, R.-H.; Chang, W.-C. Heme Oxygenase-1 Mediates BAY 11-7085 Induced
Ferroptosis. Cancer Lett. 2018, 416, 124–137. [CrossRef]

180. Owens, J.L.; Beketova, E.; Liu, S.; Tinsley, S.L.; Asberry, A.M.; Deng, X.; Huang, J.; Li, C.; Wan, J.; Hu, C.-D. PRMT5 Cooperates
with pICln to Function as a Master Epigenetic Activator of DNA Double-Strand Break Repair Genes. iScience 2020, 23, 100750.
[CrossRef]

181. Sachamitr, P.; Ho, J.C.; Ciamponi, F.E.; Ba-Alawi, W.; Coutinho, F.J.; Guilhamon, P.; Kushida, M.M.; Cavalli, F.M.G.; Lee, L.;
Rastegar, N.; et al. PRMT5 Inhibition Disrupts Splicing and Stemness in Glioblastoma. Nat. Commun. 2021, 12, 979. [CrossRef]

182. Wu, Y.; Wang, Z.; Han, L.; Guo, Z.; Yan, B.; Guo, L.; Zhao, H.; Wei, M.; Hou, N.; Ye, J.; et al. PRMT5 Regulates RNA m6A
Demethylation for Doxorubicin Sensitivity in Breast Cancer. Mol. Ther. 2022, 30, 2603–2617. [CrossRef]

183. Du, W.; Amarachintha, S.; Erden, O.; Wilson, A.; Pang, Q. The Fanconi Anemia Pathway Controls Oncogenic Response in
Hematopoietic Stem and Progenitor Cells by Regulating PRMT5-Mediated P53 Arginine Methylation. Oncotarget 2016, 7,
60005–60020. [CrossRef]

184. Zhou, Z.; Feng, Z.; Hu, D.; Yang, P.; Gur, M.; Bahar, I.; Cristofanilli, M.; Gradishar, W.J.; Xie, X.; Wan, Y. A Novel Small-Molecule
Antagonizes PRMT5-Mediated KLF4 Methylation for Targeted Therapy. eBioMedicine 2019, 44, 98–111. [CrossRef] [PubMed]

185. Checa-Rodríguez, C.; Cepeda-García, C.; Ramón, J.; López-Saavedra, A.; Balestra, F.R.; Domínguez-Sánchez, M.S.; Gómez-Cabello,
D.; Huertas, P. Methylation of the Central Transcriptional Regulator KLF4 by PRMT5 Is Required for DNA End Resection and
Recombination. DNA Repair 2020, 94, 102902. [CrossRef]

186. Du, C.; Li, S.W.; Singh, S.X.; Roso, K.; Sun, M.A.; Pirozzi, C.J.; Yang, R.; Li, J.-L.; He, Y. Epigenetic Regulation of Fanconi Anemia
Genes Implicates PRMT5 Blockage as a Strategy for Tumor Chemosensitization. Mol. Cancer Res. 2021, 19, 2046–2056. [CrossRef]

https://doi.org/10.1016/S0960-9822(01)00592-9
https://www.ncbi.nlm.nih.gov/pubmed/11747828
https://doi.org/10.1016/j.ccell.2019.07.003
https://www.ncbi.nlm.nih.gov/pubmed/31408619
https://doi.org/10.1038/s41467-021-21963-1
https://www.ncbi.nlm.nih.gov/pubmed/33782401
https://doi.org/10.1038/s41594-019-0313-z
https://doi.org/10.1101/gad.219899.113
https://www.ncbi.nlm.nih.gov/pubmed/24013503
https://doi.org/10.1038/s41598-018-28002-y
https://doi.org/10.1016/j.redox.2022.102282
https://www.ncbi.nlm.nih.gov/pubmed/35305370
https://doi.org/10.1093/nar/gkx727
https://doi.org/10.1016/j.immuni.2013.07.012
https://doi.org/10.1016/j.it.2019.03.004
https://www.ncbi.nlm.nih.gov/pubmed/30992189
https://doi.org/10.1126/science.1203486
https://www.ncbi.nlm.nih.gov/pubmed/21436444
https://doi.org/10.1038/ncomms14392
https://doi.org/10.1126/scitranslmed.aaz5683
https://www.ncbi.nlm.nih.gov/pubmed/32641491
https://doi.org/10.3389/fimmu.2019.00174
https://www.ncbi.nlm.nih.gov/pubmed/30800128
https://doi.org/10.1038/nri1806
https://www.ncbi.nlm.nih.gov/pubmed/16557261
https://doi.org/10.1002/ijc.25429
https://www.ncbi.nlm.nih.gov/pubmed/20518016
https://doi.org/10.1136/jitc-2023-006890
https://www.ncbi.nlm.nih.gov/pubmed/37380368
https://doi.org/10.1016/j.canlet.2017.12.025
https://doi.org/10.1016/j.isci.2019.100750
https://doi.org/10.1038/s41467-021-21204-5
https://doi.org/10.1016/j.ymthe.2022.03.003
https://doi.org/10.18632/oncotarget.11088
https://doi.org/10.1016/j.ebiom.2019.05.011
https://www.ncbi.nlm.nih.gov/pubmed/31101597
https://doi.org/10.1016/j.dnarep.2020.102902
https://doi.org/10.1158/1541-7786.MCR-21-0093


Int. J. Mol. Sci. 2024, 25, 8854 24 of 25

187. Hamard, P.-J.; Santiago, G.E.; Liu, F.; Karl, D.L.; Martinez, C.; Man, N.; Mookhtiar, A.K.; Duffort, S.; Greenblatt, S.; Verdun, R.E.;
et al. PRMT5 Regulates DNA Repair by Controlling the Alternative Splicing of Histone-Modifying Enzymes. Cell Rep. 2018, 24,
2643–2657. [CrossRef]

188. O’Brien, S.; Butticello, M.; Thompson, C.; Wilson, B.; Wyce, A.; Mahajan, V.; Kruger, R.; Mohammad, H.; Fedoriw, A. Inhibiting
PRMT5 Induces DNA Damage and Increases Anti-Proliferative Activity of Niraparib, a PARP Inhibitor, in Models of Breast and
Ovarian Cancer. BMC Cancer 2023, 23, 775. [CrossRef] [PubMed]

189. Tee, W.-W.; Pardo, M.; Theunissen, T.W.; Yu, L.; Choudhary, J.S.; Hajkova, P.; Surani, M.A. Prmt5 Is Essential for Early Mouse
Development and Acts in the Cytoplasm to Maintain ES Cell Pluripotency. Genes Dev. 2010, 24, 2772–2777. [CrossRef]

190. Ancelin, K.; Lange, U.C.; Hajkova, P.; Schneider, R.; Bannister, A.J.; Kouzarides, T.; Surani, M.A. Blimp1 Associates with Prmt5
and Directs Histone Arginine Methylation in Mouse Germ Cells. Nat. Cell Biol. 2006, 8, 623–630. [CrossRef]

191. Gu, Z.; Li, Y.; Lee, P.; Liu, T.; Wan, C.; Wang, Z. Protein Arginine Methyltransferase 5 Functions in Opposite Ways in the Cytoplasm
and Nucleus of Prostate Cancer Cells. PLoS ONE 2012, 7, e44033. [CrossRef]

192. Vinet, M.; Suresh, S.; Maire, V.; Monchecourt, C.; Némati, F.; Lesage, L.; Pierre, F.; Ye, M.; Lescure, A.; Brisson, A.; et al. Protein
Arginine Methyltransferase 5: A Novel Therapeutic Target for Triple-negative Breast Cancers. Cancer Med. 2019, 8, 2414–2428.
[CrossRef]

193. Lattouf, H.; Kassem, L.; Jacquemetton, J.; Choucair, A.; Poulard, C.; Trédan, O.; Corbo, L.; Diab-Assaf, M.; Hussein, N.; Treilleux,
I.; et al. LKB1 Regulates PRMT5 Activity in Breast Cancer. Int. J. Cancer 2019, 144, 595–606. [CrossRef] [PubMed]

194. Noureddine, L.M.; Ablain, J.; Surmieliova-Garnès, A.; Jacquemetton, J.; Pham, T.H.; Marangoni, E.; Schnitzler, A.; Bieche, I.;
Badran, B.; Trédan, O.; et al. PRMT5 Triggers Glucocorticoid-Induced Cell Migration in Triple-Negative Breast Cancer. Life Sci.
Alliance 2023, 6, e202302009. [CrossRef] [PubMed]

195. Hou, Z.; Peng, H.; Ayyanathan, K.; Yan, K.-P.; Langer, E.M.; Longmore, G.D.; Rauscher, F.J. The LIM Protein AJUBA Recruits
Protein Arginine Methyltransferase 5 to Mediate SNAIL-Dependent Transcriptional Repression. Mol. Cell. Biol. 2008, 28,
3198–3207. [CrossRef] [PubMed]

196. Liang, Z.; Liu, L.; Wen, C.; Jiang, H.; Ye, T.; Ma, S.; Liu, X. Clinicopathological and Prognostic Significance of PRMT5 in Cancers:
A System Review and Meta-Analysis. Cancer Control 2021, 28, 10732748211050583. [CrossRef] [PubMed]

197. Kaniskan, H.Ü.; Martini, M.L.; Jin, J. Inhibitors of Protein Methyltransferases and Demethylases. Chem. Rev. 2018, 118, 989–1068.
[CrossRef] [PubMed]

198. Copeland, R.A. Protein Methyltransferase Inhibitors as Precision Cancer Therapeutics: A Decade of Discovery. Philos. Trans. R.
Soc. B Biol. Sci. 2018, 373, 20170080. [CrossRef] [PubMed]

199. El-Khoueiry, A.B.; Clarke, J.; Neff, T.; Crossman, T.; Ratia, N.; Rathi, C.; Noto, P.; Tarkar, A.; Garrido-Laguna, I.; Calvo, E.; et al.
Phase 1 Study of GSK3368715, a Type I PRMT Inhibitor, in Patients with Advanced Solid Tumors. Br. J. Cancer 2023, 129, 309–317.
[CrossRef]

200. Feustel, K.; Falchook, G.S. Protein Arginine Methyltransferase 5 (PRMT5) Inhibitors in Oncology Clinical Trials: A Review.
J. Immunother. Precis. Oncol. 2022, 5, 58–67. [CrossRef]

201. Bhandari, K.; Ding, W.-Q. Protein Arginine Methyltransferases in Pancreatic Ductal Adenocarcinoma: New Molecular Targets for
Therapy. Int. J. Mol. Sci. 2024, 25, 3958. [CrossRef] [PubMed]

202. Zhao, Z.; Zhang, J.; Ren, Y.; Dong, L.; Wu, H.; Hong, W.; Huang, H.; Yang, X.; Pang, Z.; Wang, H. Discovery of 2,4-Diphenyl-
Substituted Thiazole Derivatives as PRMT1 Inhibitors and Investigation of Their Anti-Cervical Cancer Effects. Biozorg. Med.
Chem. 2023, 92, 117436. [CrossRef] [PubMed]

203. Kim, E.; Jang, J.; Park, J.G.; Kim, K.-H.; Yoon, K.; Yoo, B.C.; Cho, J.Y. Protein Arginine Methyltransferase 1 (PRMT1) Selective
Inhibitor, TC-E 5003, Has Anti-Inflammatory Properties in TLR4 Signaling. Int. J. Mol. Sci. 2020, 21, 3058. [CrossRef] [PubMed]

204. Zhang, P.; Tao, H.; Yu, L.; Zhou, L.; Zhu, C. Developing Protein Arginine Methyltransferase 1 (PRMT1) Inhibitor TC-E-5003 as an
Antitumor Drug Using INEI Drug Delivery Systems. Drug Deliv. 2020, 27, 491–501. [CrossRef] [PubMed]

205. Alinari, L.; Mahasenan, K.V.; Yan, F.; Karkhanis, V.; Chung, J.-H.; Smith, E.M.; Quinion, C.; Smith, P.L.; Kim, L.; Patton, J.T.; et al.
Selective Inhibition of Protein Arginine Methyltransferase 5 Blocks Initiation and Maintenance of B-Cell Transformation. Blood
2015, 125, 2530–2543. [CrossRef] [PubMed]

206. Hartley, A.-V.; Wang, B.; Mundade, R.; Jiang, G.; Sun, M.; Wei, H.; Sun, S.; Liu, Y.; Lu, T. PRMT5-Mediated Methylation of YBX1
Regulates NF-κB Activity in Colorectal Cancer. Sci. Rep. 2020, 10, 15934. [CrossRef] [PubMed]

207. Demetriadou, C.; Pavlou, D.; Mpekris, F.; Achilleos, C.; Stylianopoulos, T.; Zaravinos, A.; Papageorgis, P.; Kirmizis, A. NAA40
Contributes to Colorectal Cancer Growth by Controlling PRMT5 Expression. Cell Death Dis. 2019, 10, 236. [CrossRef]

208. Chan-Penebre, E.; Kuplast, K.G.; Majer, C.R.; Boriack-Sjodin, P.A.; Wigle, T.J.; Johnston, L.D.; Rioux, N.; Munchhof, M.J.; Jin, L.;
Jacques, S.L.; et al. A Selective Inhibitor of PRMT5 with in Vivo and in Vitro Potency in MCL Models. Nat. Chem. Biol. 2015, 11,
432–437. [CrossRef]

209. Shen, Y.; Gao, G.; Yu, X.; Kim, H.; Wang, L.; Xie, L.; Schwarz, M.; Chen, X.; Guccione, E.; Liu, J.; et al. Discovery of First-in-Class
Protein Arginine Methyltransferase 5 (PRMT5) Degraders. J. Med. Chem. 2020, 63, 9977–9989. [CrossRef]

210. Targeted CRISPR Screening Identifies PRMT5 as Synthetic Lethality Combinatorial Target with Gemcitabine in Pancreatic Cancer
Cells|PNAS. Available online: https://www.pnas.org/doi/full/10.1073/pnas.2009899117 (accessed on 1 July 2024).

https://doi.org/10.1016/j.celrep.2018.08.002
https://doi.org/10.1186/s12885-023-11260-z
https://www.ncbi.nlm.nih.gov/pubmed/37596538
https://doi.org/10.1101/gad.606110
https://doi.org/10.1038/ncb1413
https://doi.org/10.1371/journal.pone.0044033
https://doi.org/10.1002/cam4.2114
https://doi.org/10.1002/ijc.31909
https://www.ncbi.nlm.nih.gov/pubmed/30289978
https://doi.org/10.26508/lsa.202302009
https://www.ncbi.nlm.nih.gov/pubmed/37536978
https://doi.org/10.1128/MCB.01435-07
https://www.ncbi.nlm.nih.gov/pubmed/18347060
https://doi.org/10.1177/10732748211050583
https://www.ncbi.nlm.nih.gov/pubmed/34758643
https://doi.org/10.1021/acs.chemrev.6b00801
https://www.ncbi.nlm.nih.gov/pubmed/28338320
https://doi.org/10.1098/rstb.2017.0080
https://www.ncbi.nlm.nih.gov/pubmed/29685962
https://doi.org/10.1038/s41416-023-02276-0
https://doi.org/10.36401/JIPO-22-1
https://doi.org/10.3390/ijms25073958
https://www.ncbi.nlm.nih.gov/pubmed/38612768
https://doi.org/10.1016/j.bmc.2023.117436
https://www.ncbi.nlm.nih.gov/pubmed/37556911
https://doi.org/10.3390/ijms21093058
https://www.ncbi.nlm.nih.gov/pubmed/32357521
https://doi.org/10.1080/10717544.2020.1745327
https://www.ncbi.nlm.nih.gov/pubmed/32212935
https://doi.org/10.1182/blood-2014-12-619783
https://www.ncbi.nlm.nih.gov/pubmed/25742700
https://doi.org/10.1038/s41598-020-72942-3
https://www.ncbi.nlm.nih.gov/pubmed/32985589
https://doi.org/10.1038/s41419-019-1487-3
https://doi.org/10.1038/nchembio.1810
https://doi.org/10.1021/acs.jmedchem.0c01111
https://www.pnas.org/doi/full/10.1073/pnas.2009899117


Int. J. Mol. Sci. 2024, 25, 8854 25 of 25

211. Yin, S.; Liu, L.; Brobbey, C.; Palanisamy, V.; Ball, L.E.; Olsen, S.K.; Ostrowski, M.C.; Gan, W. PRMT5-Mediated Arginine
Methylation Activates AKT Kinase to Govern Tumorigenesis. Nat. Commun. 2021, 12, 3444. [CrossRef]

212. Smith, C.R.; Aranda, R.; Bobinski, T.P.; Briere, D.M.; Burns, A.C.; Christensen, J.G.; Clarine, J.; Engstrom, L.D.; Gunn, R.J.; Ivetac,
A.; et al. Fragment-Based Discovery of MRTX1719, a Synthetic Lethal Inhibitor of the PRMT5•MTA Complex for the Treatment of
MTAP-Deleted Cancers. J. Med. Chem. 2022, 65, 1749–1766. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41467-021-23833-2
https://doi.org/10.1021/acs.jmedchem.1c01900
https://www.ncbi.nlm.nih.gov/pubmed/35041419

	Introduction 
	Protein Arginine Methyltransferases 
	PRMT1 in Breast Cancer 
	Regulation of Tumor Suppressor Pathways 
	Regulations of Oncogenic Pathways 
	Regulation of Alternative Splicing 
	Steroid Receptors Regulation 
	Involvement in Double-Strand Break DNA Repair 
	Suppression of Tumor Immune Surveillance 
	Chemoresistance 

	PRMT5 in Breast Cancer 
	Regulations of Oncogenic Pathways 
	Maintenance of Breast Cancer Stem Cells 
	Regulation of Epithelial–Mesenchymal Transition 
	Splicing Regulation 
	Regulation of Immunotherapy 
	Involvement in Double-Strand Break DNA Repair 
	Dual Role of PRMT5 

	Targeting PRMTs in Breast Cancer 
	PRMT1 Inhibitors 
	PRMT5 Inhibitors 

	Conclusions 
	References

