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ARTICLE INFO ABSTRACT

Keywords: Protein arginine methylation is an epigenetic modification involved in transcription, splicing and signal trans-
Brea.st cancer duction and is mediated by protein arginine methyltransferases (PRMTs). PRMTs regulate various tumor
Angiogenesis angiogenesis pathways, including vascular endothelial growth factor receptor-2 (VEGFR-2) signaling. PRMTT,
:;i?ﬁzmc signaling pathways PRMT4, and PRMTS5 activate distinct stages of angiogenesis. For example, inhibiting PRMT5 suppresses VEGF-
Vascularization induced vessel sprouting in experimental models while impairing hypoxia-inducible factor 1-alpha (HIF-1a)

stability and VEGFR-2 phosphorylation. PRMT1 and PRMT4 similarly influence VEGF isoform expression,
leading to increased angiogenesis. Targeting PRMTs in experimental models results in suppressed angiogenesis
and reduced cancer progression. Several small-molecule PRMT inhibitors, including GSK3326595 and
EPZ015666, have entered early-phase clinical trials for solid tumors. These agents show promise in inhibiting
tumor angiogenesis, although there are toxicity concerns. This review examines the mechanistic basis and
therapeutic rationale for targeting PRMTs in breast cancer and discusses combination approaches to overcome
resistance. We integrate preclinical and emerging clinical data to highlight the potential antiangiogenic and
tumor-suppressive effects of PRMT inhibitors, providing insights for future therapeutic strategies for breast
cancer.

Protein arginine methyltransferase inhibitors

1. Introduction angiogenic switch, leading to sustained vascularization [4]. This switch

stimulates the formation of new blood vessels, restoring nutrient and

Various angiogenic factors collectively stimulate endothelial cell
proliferation, thereby increasing vascularity. Angiogenesis fuels tumor
growth and progression, including breast cancer, by facilitating the
formation of new blood vessels to meet the metabolic demands of
proliferating cancer cells [1,2]. Breast cancer cells exploit angiogenic
signaling pathways to accelerate growth and potentially invade nearby
tissues. Like all tissues, breast cancer cells rely on the capillary network
for sustained nutrition and oxygenation [3]. Initially, tumors do not
promote angiogenesis and remain limited to a diameter of 1-2 mm due
to inadequate oxygen and nutrient supply [4,5]. Balanced rates of cell
proliferation and death characterize this dormant phase. Hypoxia in the
tumor microenvironment (TME) restricts nutrient availability in the
TME. The growing metabolic demands of tumor cells prompt an
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oxygen supply and accelerating tumor growth [6]. Key angiogenic
growth factors, such as fibroblast growth factors (FGF) and vascular
endothelial growth factor (VEGF), are pivotal in initiating and driving
tumor angiogenesis [4,7]. Tumor cells synthesize pro-angiogenic factors
that influence the existing vasculature and initiate this process. The
balance between pro- and anti-angiogenic factors in the TME orches-
trates the formation and stabilization of new blood vessels [8]. The
critical role of angiogenic activators in malignant growth has been
extensively studied [9].

Understanding the mechanisms underlying angiogenic signaling in
breast cancer is vital for identifying novel therapeutic targets [10].
Tumor cells upregulate pro-angiogenic factors, such as VEGF and FGF,
maintaining a heightened state of active angiogenesis [11]. Therapies

E-mail addresses: 121541427 @tuks.co.za (K. Maphalala), u18068449@tuks.co.za (D.P. Ramali), lorraine.maebele@up.ac.za (L.T. Maebele), thanyani.mulaudzi@
up.ac.za (T.V. Mulaudzi), peace.mabeta@up.ac.za (P. Mabeta), Zodwa.Dlamini@up.ac.za (Z. Dlamini), botle.damane@up.ac.za (B.P. Damane).

https://doi.org/10.1016/j.bbrep.2025.102172

Received 19 April 2025; Received in revised form 8 July 2025; Accepted 18 July 2025

Available online 31 July 2025

2405-5808/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-3060-5572
https://orcid.org/0000-0003-3060-5572
mailto:u18068449@tuks.co.za
mailto:u18068449@tuks.co.za
mailto:lorraine.maebele@up.ac.za
mailto:thanyani.mulaudzi@up.ac.za
mailto:thanyani.mulaudzi@up.ac.za
mailto:peace.mabeta@up.ac.za
mailto:Zodwa.Dlamini@up.ac.za
mailto:botle.damane@up.ac.za
www.sciencedirect.com/science/journal/24055808
https://www.elsevier.com/locate/bbrep
https://doi.org/10.1016/j.bbrep.2025.102172
https://doi.org/10.1016/j.bbrep.2025.102172
http://creativecommons.org/licenses/by/4.0/

K. Maphalala et al.

targeting pro-angiogenic proteins have been developed [12] and are
used to treat various advanced solid malignancies. These typically
include monoclonal antibodies or tyrosine kinase inhibitors [10].
Anti-angiogenic drugs targeting angiogenic factors include bev-
acizumab, vatalanib, transforming growth factor-beta (TGF-p) anti-
bodies, placental growth factor (PIGF) antibodies, trebananib, and
human pattern recognition receptor long-pentraxin 3 (PTX3) [13].
Bevacizumab, also known as Avastin, was approved in 2008 by the
United States Food and Drug Administration under the accelerated
approval program for metastatic breast cancer. This approval was
revoked in November 2011 due to safety and efficacy concerns [14].
Furthermore, the clinical use of these drugs is limited by their toxicity,
adverse effects, acquired drug resistance, lack of predictive biomarkers
[15], and low overall survival benefit [16]. Developing novel
anti-angiogenic drugs with greater efficacy and reduced toxicity is vital
for breast cancer patients [17,18].

Research on the inhibition of angiogenesis has expanded beyond
targeting proteins and now includes epigenetic modifications. Epige-
netic modifications are heritable changes in gene expression, which do
not alter the primary DNA sequence [12]. Mechanisms controlling
angiogenesis are tightly regulated at genetic and epigenetic levels [19].
Protein arginine methylation is an epigenetic modification mainly
involved in transcriptional regulation, pre-mRNA splicing, and DNA
damage response. This process is catalyzed by protein arginine meth-
yltransferases (PRMTs), which transfer a methyl group from S-adeno-
sylmethionine to the guanidino group of arginine residues on substrate
proteins [20]. Various PRMTs regulate angiogenic signaling [21], and
their expression and catalytic activity are frequently dysregulated in
breast cancer [22]. Consequently, they have garnered attention as
therapeutic targets for breast cancer. This review explores the mecha-
nisms and regulation of protein arginine methylation, emphasizing its
role in modulating angiogenic signaling pathways and promoting tumor
progression. Furthermore, we evaluate the therapeutic potential of tar-
geting PRMTs in cancer angiogenesis and highlight the associated
challenges and limitations. By addressing these complexities, we aim to
provide insights to inform future research directions and develop more
effective therapeutic strategies.

2. Mechanisms and regulation of protein arginine methylation

2.1. Protein arginine methyltransferases, demethylases, and their
substrates

Protein arginine methylation is a ubiquitous post-translational
modification found in eukaryotes. PRMTs catalyze this modification,
which involves the transfer of a methyl group from S-adenosyl-i-
methionine (SAM) to the guanidino group of an arginine residue,
generating an S-adenosyl-l-homocysteine and methylarginine [20,
23-25]. Arginine methylation structurally modifies arginine residues by
removing a potential hydrogen bond donor from the guanidino group
without changing its net positive charge [23,25]. Mammalian cells
contain nine PRMTs, which are classified into three types according to
which arginine methylation they catalyze. Type I PRMTs (PRMT1,
PRMT2, PRMT3, PRMT4, PRMT6, and PRMT8) catalyze the addition of
a methyl group to either terminal guanidino nitrogen, generating a
monomethyl arginine (MMA) and adding a second methyl group to the
same guanidino nitrogen, generating asymmetric dimethylarginine
(ADMA). Type Il PRMTs (PRMT5 and PRMT9) catalyze the formation of
MMA and the addition of a methyl group to the other terminal guanidino
nitrogen to generate symmetric dimethylarginine (SDMA). The last
category, Type III, includes only PRMT7 and catalyzes the formation of
MMA [20,23-25].

PRMTs have various substrates involved in transcription, RNA
metabolism, DNA repair, signal transduction, and cell cycle progression
[26]. PRMTs mainly target proteins in the nucleus and cytoplasm con-
taining glycine and arginine-rich (GAR) motifs. PRMT1, which has
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broad substrate specificity with over 40 targets, most being RNA pro-
cessing proteins and multiple interacting partners, is responsible for
over 85 % of arginine methylation. PRMT1, together with PRMT3 and
PRMT6, methylates arginine-glycine-glycine repeats within GAR motifs.
PRMT4 has a more restricted substrate preference, methylating arginine
residues within proline-glycine-methionine-rich regions, primarily
found in splicing factors. PRMT5 can methylate substrates containing
GAR and non-GAR motifs, including proline-glycine-methionine re-
gions. PRMT?7 targets substrates consisting of pairs of arginine residues
separated by one basic residue [27,28].

Protein arginine methylation can be reversed by demethylases,
which remove methyl groups from arginine residues. Jumonji C domain-
containing (JMJD) proteins represent one class of demethylases with
multiple enzymatic functions, including arginine demethylase, lysine
hydroxylase, tyrosine kinase activity, and protein clipping. JMJD6, for
instance, demethylates non-coding RNA, histones, and non-histone
proteins by directly converting methylarginine to arginine. JMJD1B is
another JMJD protein with arginine demethylase activity [29,30].
Additionally, peptidyl arginine deaminase 4 is a histone demethylase
that converts monomethylated arginine to citrulline [30]. PRMT4 and
PRMTS5 regulate gene expression through methylation of histones and
splicing factors involved in transcriptional control. Their dysregulation
is linked to tumor growth and faulty angiogenic signaling, making them
promising epigenetic targets in breast cancer [31,32].

2.2. Regulatory processes

2.2.1. Alternative splicing of PRMT isoforms

Alternative splicing of PRMT transcripts produces multiple isoforms
with distinct structural features, enzymatic activities, and subcellular
localizations [33]. PRMT1 has at least seven alternatively spliced vari-
ants, referred to as PRMT1-v1 through PRMT1-v7. These variants are
generated by alternative splicing at the N-terminal region. These vari-
ants have different substrate specificities and subcellular distributions.
For example, PRMT1-vl and PRMT1-v2 are catalytically active, while
PRMT1-v7 is not enzymatically active and may act as a dominant
negative regulator [34,35]. PRMT1-v2 is primarily located in the cyto-
plasm due to the presence of a nuclear export sequence, whereas the
other variants are predominantly nuclear [33].

Similar splicing variation has been reported for PRMT2, PRMT4
(coactivator-associated arginine methyltransferase 1 (CARM1), PRMT5,
and PRMT?7. These variants have different functions, with differences in
their methyltransferase activity and interactions with target proteins
[36,37]. For example, PRMT4 splice variants differ in their ability to
methylate splicing factors and histones, thereby influencing transcrip-
tion and RNA processing [31]. Isoform variation in PRMTs introduces
functional diversity by changing subcellular localization, substrate
specificity, and enzymatic activity [35,36]. These differences may in-
fluence how specific PRMT variants contribute to oncogenic processes,
including regulating gene expression and RNA splicing. Such complexity
poses a challenge for therapeutic targeting, as effective inhibitors may
need to discriminate between functionally distinct isoforms to minimize
off-target effects [38,39].

2.2.2. Post-translational modifications

Phosphorylation of PRMTs can enable, inhibit, or switch their
methyltransferase activity, depending on the modification site. PRMT1
and PRMT4 undergo phosphorylation as part of their regulatory mech-
anisms. Casein kinase 1 isoform alpha 1 phosphorylates PRMT1 at
multiple sites, including regions 55-57, 102-105, and 284-289, influ-
encing PRMT1’s targeting to chromatin. Additionally, phosphorylation
of PRMT1 at Y291 changes its substrate specificity.

PRMT4 is phosphorylated at residues S217 and S229, inhibiting its
methyltransferase activity by promoting cytoplasmic localization or
preventing dimerization. Furthermore, phosphorylation of PRMT4 at
S572 by p38y mitogen-activated protein kinase (MAPK) inhibits its
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translocation to the nucleus [33].

PRMTS5 is phosphorylated at Y324 by proto-oncogene tyrosine-pro-
tein kinase (Src), which impedes its methyltransferase activity [39].
PRMTS5 is also phosphorylated by liver kinase B1, suppressing its
pro-tumoral enzymatic activity in breast cancer cells [40]. PRMT5 un-
dergoes polyubiquitination and proteasomal degradation mediated by
E3 ubiquitin ligase, namely the carboxyl terminus of heat shock cognate
70-interacting protein (CHIP) and the associated chaperone system [41].
CHIP also catalyzes the ubiquitination of PRMT, promoting its degra-
dation [42].

Certain PRMTs undergo self-methylation to regulate their functions.
Examples include, PRMT4, 6, and PRMT8. PRMT4 self-methylates at
R551 within its C-terminal domain, a modification that does not affect
catalytic activity but enhances protein-protein interactions necessary for
transcriptional regulation. PRMT6 self-methylates at R35, which is
critical for maintaining stability and, in disease contexts, for inhibiting
the replication of human immunodeficiency virus-1. PRMT8 self-
methylates within its N-terminal domain, a modification that blocks
its catalytic site and prevents further methylation. PRMTs also meth-
ylate one another. For example, PRMTS5 is asymmetrically methylated
by PRMT4 at R505, promoting oligomerization and supporting its
enzymatic function [33].

2.3. Mechanisms underlying protein arginine methylation dysregulation in
cancer

2.3.1. Aberrant PRMT expression

The expression of PRMT1-9 is commonly elevated in tumor tissues,
and this upregulation is frequently linked to poor prognostic outcomes
[43]. Numerous PRMTs are abnormally expressed in cancer cells, lead-
ing to the generation of cancer stem cells, epithelial-to-mesenchymal
transition, and the proliferation of tumor cells. Reduced PRMT expres-
sion suppresses DNA repair genes and heightens cellular sensitivity to
DNA-damaging agents [44].

Zhao et al. demonstrated that PRMT1 expression was significantly
elevated in esophageal squamous cell carcinoma tissue samples, corre-
lating with unfavorable clinicopathological features, including higher
histologic grade, advanced tumor node metastasis stage, and poorer
prognosis [45]. Similarly, PRMT1 is frequently overexpressed in other
tumor types, including breast cancer, where its dysregulation contrib-
utes to oncogenic signaling pathways and cellular transformation [46].
In breast cancer, PRMT1 isoforms, particularly PRMT1-v1, are differ-
entially expressed; however, the functional consequences and prog-
nostic value of specific variants have yet to be fully characterized [36].

Although some transcriptomic studies suggest different isoforms
have different functions and subcellular localization, their direct clinical
significance requires further investigation [36,37]. Moreover, a certain
level of arginine methylation is required to maintain cellular health. In
mice, complete knockout of major PRMTs leads to mortality during
embryonic development or shortly after birth, underscoring their
important role in cellular viability and vascular development [46,48].
PRMTs are essential for cellular processes such as transcriptional regu-
lation, RNA splicing, and DNA repair, and their complete inhibition is
detrimental to normal cells. Consequently, PRMT-targeted therapies
must be highly specific to minimize adverse effects on healthy tissues
[47]. Selective inhibition of PRMT5 using small molecules such as
EPZ015666 has demonstrated promising antitumor effects in preclinical
models, including suppression of tumor growth and impaired cancer cell
proliferation. Moreover, PRMT5 overexpression has been shown to
promote angiogenesis via activation of the hypoxia-inducible factor
l-alpha (HIF-1a)/VEGF receptor (VEGFR)/protein kinase B (Akt)
signaling pathway, emphasizing its role in tumor vascular remodeling
and progression [48]. These findings underscore the therapeutic po-
tential of targeting PRMTS5 to disrupt aberrant angiogenesis in cancer.
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2.3.2. Mutations in PRMTs

Mutations in PRMT genes are less common than overexpression but
can contribute to dysregulated methyltransferase activity in cancer.
Several cancer-associated mutations have been identified in PRMT1 and
PRMTS5, particularly within or near the SAM binding site and dimer-
ization domains, which are critical for enzymatic function.

Price et al. reported naturally occurring mutations in PRMT1-v2,
including W215L, Y220 N, and M224V, which impair dimerization,
reduce SAM affinity, and diminish methyltransferase activity [46].
Similarly, Rasheed et al. identified several important driver mutations in
PRMT5 (D306H, L315P, and N318K) that affect its catalytic core.
Computational protein modeling showed that these mutations may
destabilize the active site, impair substrate methylation, or alter the
binding of small-molecule inhibitors [49].

Although these mutations may change PRMT function [46,49], no
experimental evidence currently connects them to angiogenesis-related
pathways such as HIF-1la stabilization or VEGF/VEGFR signaling in
breast cancer. Most research connecting PRMTs to angiogenesis focuses
on overexpression or catalytic inhibition, particularly of PRMTS5, rather
than genetic mutations [21,50].

The role of PRMT mutations in modulating angiogenic signaling
remains an underexplored area in cancer research. Studies using site-
directed mutagenesis, structural analysis, and activity assays demon-
strate how single-point mutations can disrupt PRMT dimerization and
enzymatic function, ultimately affecting downstream methylation tar-
gets [46]. Whether these mutations contribute to cancer progression or
therapeutic resistance remains unanswered [47]. PRMT dysregulation in
cancer is primarily driven by non-mutational mechanisms, including
transcriptional activation, epigenetic remodeling, post-transcriptional
derepression, and post-translational modifications [50]. These regula-
tory processes increase PRMT expression and activity in tumor cells and
influence gene expression in angiogenic signaling [50,51] (Fig. 1).

3. Impact of protein arginine methylation on endothelial cell
proliferation, migration, and tube formation

Tumor development involves genetic and epigenetic changes that
promote oncogenes Or suppress tumor suppressor genes. As a result,
tumor cells proliferate and apoptosis decreases, leading to early hyper-
plastic growth. When the tumor reaches a critical size, cells distant from
blood vessels lack adequate oxygen and nutrients, causing apoptosis or
necrosis, which blocks further growth [52]. A tumor with limited
nutrient and oxygen supply remains dormant, as the rate of cell death
balances proliferation [53]. Nonetheless, tumor cells can circumvent
this growth limitation through an angiogenic switch, a pro-angiogenic
signaling state that promotes neovascularization. The newly formed
vasculature restores oxygen and nutrient supply, freeing the tumor from
dormancy and enabling rapid tumor growth [1,52]. Endothelial cell
functions central to angiogenesis include proliferation, migration, and
tube formation [54]. The balance between protein arginine methylation
and demethylation is critical for regulating endothelial cell functions
and maintaining vascular homeostasis [55].

3.1. Role of PRMTs in endothelial cell proliferation

Endothelial cell proliferation is an integral part of vascular growth
and repair. Endothelial cells proliferate in response to various stimuli,
such as tissue damage, inflammation, or hypoxia. These cells typically
remain in a dormant GO phase and re-enter the cell cycle upon the loss of
cell-cell contact. Inhibiting the proliferation of endothelial cells is
therefore a promising strategy for targeting tumor-induced angiogenesis
[56,57,59]. TGF-p, a key angiogenic cytokine, can induce G1 cell cycle
arrest in endothelial cells through activin receptor-like kinase 5
(ALK5)-mediated upregulation of cyclin-dependent kinase (CDK) in-
hibitors such as p15 and p21, particularly at high concentrations or
during late-stage angiogenesis [57]. Activation of the TGF-§ signaling
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PRMT1/5
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driving angiogenesis

Loss of miRNAs such as miR-451a
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PRMT1 and PRMTS are upregulated
by oncogenes (e.g. c-Myc, Era) and
HIF-1a in hypoxia

PRMT activity and stability
altered by phosphorylation,
and ubiquitation

Fig. 1. Protein arginine methyltransferase (PRMT)-specific regulatory mechanisms and their link to angiogenesis-related gene expression in cancer. PRMT expression
and activity are modulated in cancer through transcriptional, epigenetic, post-transcriptional, and post-translational processes. These regulatory layers contribute to
PRMT overexpression, which influences the transcription of angiogenesis-associated genes such as vascular endothelial growth factor A (VEGF-A) and hypoxia-
inducible factor 1-alpha (HIF-1a). The diagram integrates upstream regulatory inputs with downstream transcriptional consequences, highlighting the contribu-

tion of PRMTs to tumor-associated angiogenic signaling.

pathway promotes immunosuppression, tumor invasion, metastasis, and
angiogenesis [58]. TGF-p is overexpressed in breast cancer tissues
compared to healthy breast tissue. Increased expression is associated
with higher histological grade, axillary lymph node metastasis [59], and
worse survival outcomes [59,60].

Several studies have reported the regulation of TGF-§ by PRMTs. For
example, Wei et al. reported that PRMT1 expression in hepatic cellular
carcinoma cells correlated with TGF-f1 levels [61]. Liu et al. further
demonstrated that PRMT5-mediated symmetric dimethylation of
SMAD4 at arginine 361 enhanced TGF-f signaling activity in colorectal
cancer [58]. The tumor suppressor protein p53 contributes to main-
taining homeostasis [62]. p53 inhibits angiogenesis by interfering with
the key hypoxia modulators, blocking the secretion of pro-angiogenic
factors, and enhancing production of endogenous angiogenesis in-
hibitors [63]. The p53 and p21 signaling pathways are involved in

triggering endothelial cell senescence. Experimental evidence shows
that inhibiting p53 prevents senescence in endothelial cells exposed to
stress stimuli [62].

Multiple studies have demonstrated that PRMTs regulate cell pro-
liferation by modulating p53. For example, PRMT1 knockdown acti-
vates p53 signaling targets, leading to senescence and growth arrest.
Mechanistically, PRMT1 binds to p53 and inhibits transcription,
reducing the expression of downstream p53 targets [64]. In addition to
PRMT1, PRMT6 also regulates P53 transcription. PRMT6 methylates
histone H3 at arginine 2 on the p53 promoter, suppressing p53 tran-
scription, suggesting that elevated PRMT6 levels may inhibit cell cycle
arrest [65].

PRMT5 has been shown to positively regulate p53 expression,
translation, and function. PRMT5 knockdown induces G1 arrest and
inhibits cell proliferation [66,68]. The isoform-specific contributions of

A. PRMT1 promotes endothelial
proliferation

Oncogenic @

B. PRMT4 (CARM1) and endothelial
Cell Migration

TNF-a

C. PRMTS supports tube
formation

Hypoxia ‘OZ

|

e J |

| <>
4 MMP9 {L) Pre-mRNA splicing 1 =
X
DOt S =
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Fig. 2. Protein arginine methyltransferase (PRMT)1, PRMT4, and PRMTS5 regulate distinct stages of endothelial activation relevant to angiogenesis. This illustration
shows the effects of different isoforms, PRMT1, PRMT4, and PRMT5, on endothelial cell behavior. PRMT1, transcriptionally induced by the oncogene c-MYC,
promotes endothelial proliferation through transforming growth factor-beta (TGF-p) upregulation and p53 suppression. PRMT4, activated by inflammatory cytokines
such as tumor necrosis factor-alpha (TNF-a), enhances endothelial migration by increasing matrix metalloproteinase-9 (MMP-9) expression and alternative splicing.
PRMTS5, upregulated under hypoxic conditions, facilitates tube formation by stabilizing hypoxia-inducible factor 1-alpha (HIF-1a) and increasing vascular endothelial

growth factor (VEGF) expression.
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PRMT1, PRMT4, and PRMTS5 to endothelial cell proliferation, migration,
and tube formation are illustrated in Fig. 2. Other pathways that regu-
late endothelial cell proliferation, including VEGF [67], Wnt/B-catenin,
and notch signaling [45], are also regulated by PRMTs. Targeting
PRMT1 and PRMT5 may restore p53 function [68] and attenuate
TGF-B-mediated angiogenic responses, offering a rational therapeutic
strategy in breast cancer [20]. Furthermore, pharmacological inhibition
of PRMTS5 in vitro reportedly reduces endothelial cell proliferation and
VEGF-induced aortic sprouting, supporting its role as a viable
anti-angiogenic target [21].

3.2. PRMTs induce endothelial cell migration and tube formation

Endothelial cell migration refers to the movement of endothelial cells
lining the blood vessels from one location to another. This process is
essential for angiogenesis, wound healing, and inflammation and is
often initiated by stimuli such as growth factors, e.g., VEGF, chemo-
kines, or mechanical cues. Migration relies on dynamic cytoskeletal
rearrangements that extend and retract cell protrusions, interactions
with cell-matrix adhesion molecules such as integrins, and the coordi-
nated activity of cell-cell junctions that support collective movement as
sheets or cords [69,70]. Proteolytic enzymes secreted by endothelial
cells degrade the extracellular matrix (ECM), clearing pathways through
tissue. Tube formation, a key step in angiogenesis, involves assembling
endothelial cells into hollow tubular structures that form the framework
of new blood vessels. This process depends on cell-cell and cell-matrix
adhesion molecules (e.g., via integrins), cytoskeletal remodeling, and
the reordering of ECM components to create a central lumen [55].

During angiogenesis, matrix metalloproteinases (MMPs), particu-
larly MMP-9, are critical for basement membrane degradation, ECM
remodeling, detachment of pericytes, release of matrix-bound growth
factors, and the cleavage of endothelial junctions, all of which facilitate
migration and tube formation [71]. MMP-9 is regulated by PRMT7 [72]
and PRMTS6, the latter also controlling MMP-2 expression [73] and
thrombospondin-1, a potent endogenous angiogenesis inhibitor [51].
The phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of rapa-
mycin (mTOR) pathway further supports endothelial migration [74] and
tube formation [75]. Tan et al. demonstrated that PRMT5 knockdown
reduced PI3K levels and Akt/mTOR phosphorylation in bladder cancer
cells, while PRMTS5 had the opposite effect [76].

4. Regulation of angiogenic signaling pathways by PRMTs
4.1. VEGF/VEGFR

VEGF-A was the first identified member of the VEGF family, which
also includes VEGF-B, VEGF-C, VEGF-D, VEGF-E (viral VEGF), VEGF-F
(snake venom VEGF), placental growth factor, and endocrine gland-
derived VEGF. VEGF exerts its effects primarily through tyrosine ki-
nase receptors VEGFR-1 and VEGFR-2, which are expressed on endo-
thelial cells, neurons, hepatocytes, mast cells, hematopoietic stem cells,
osteoblasts, and retinal pigment epithelium cells [77]. VEGF-C and
VEGF-D are lymphangiogenic factors that bind to VEGFR-3, predomi-
nantly expressed on lymphatic endothelial cells, to stimulate lym-
phangiogenesis. VEGF-B and placental growth factor bind selectively to
VEGFR-1 and are mainly involved in vascular remodeling rather than
angiogenesis [10].

VEGF-A is secreted by endothelial cells and by thrombocytes, mac-
rophages, dendrocytes, astrocytes, osteoblasts, lymphocytes, and tumor
cells under hypoxic conditions [78]. VEGF-A is a potent angiogenic
factor that drives tumor initiation, progression, and metastasis [79].
Overexpression of VEGF commonly occurs before the invasion of breast
cancer cells and is associated with tumor size and poor prognosis [10].
VEGF-A is overexpressed in breast tumors compared to normal breast
tissues [80]. VEGF-A acts as an autocrine for tumor cell survival and may
influence tumor progression from carcinoma in situ to an invasive form
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[81]. In addition to promoting endothelial proliferation and migration,
VEGF-A increases vascular permeability and activates macrophages and
granulocytes. Tumor cells also produce factors that initiate neo-
vascularization and inhibit endogenous angiogenesis suppressors [78].

Full-length VEGFR-2 comprises extracellular, transmembrane, jux-
tamembrane, catalytic tyrosine kinase domains, and a flexible C-termi-
nal region [82]. Ligand binding induces receptor dimerization and
trans-autophosphorylation of tyrosine residues. Of the 19 tyrosine resi-
dues in VEGFR-2, five major phosphorylation sites (Y951, Y1054,
Y1059, Y1175, and Y1214) regulate signaling. Y1054 and Y1059,
located in the activation loop, are critical for kinase activity. Phos-
phorylation of Y1175 in the carboxy-terminal domain generates binding
sites for phospholipase C gamma (PLCy), the p85 subunit of PI3K, SH2
domain-containing adaptor protein B (SHB), and Shc-like protein, and is
a key mediator of VEGFR-2 signaling. Y1214 is required for binding the
noncatalytic region of tyrosine kinase (NCK) [82,83]. Other important
sites include Y801 (juxtamembrane domain), which activates PLCy, and
Y951 (kinase insert domain), which mediates signaling through T
cell-specific adapter protein (TSAd) [82].

Upon recruitment to activated VEGFR-2, PLCy becomes phosphory-
lated and hydrolyzes phosphatidylinositol-4,5-biphosphate into inositol
1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 mobilizes cal-
cium from the endoplasmic reticulum, increasing intracellular calcium,
while DAG activates protein kinase C (PKC). PKC, in turn, stimulates the
accelerated fibrosarcoma 1/mitogen-activated protein kinase/extracel-
lular signal-regulated kinase 1/2 pathway, leading to the transcriptional
regulation of genes involved in endothelial proliferation [83]. PKC
activation also stimulates endothelial nitric oxide synthase (eNOS),
increasing nitric oxide (NO) production and vascular permeability [84].
Additional pathways downstream of VEGFR include TSAd/Src/PI3-
K/Akt, SHB/focal adhesion kinase/paxillin, SHB/PI3K/Rac, and
NCK/p38/MAPKPK2, all of which contribute to angiogenesis [11,82].
VEGF/VEGEFR signaling depends on the coordinate interaction of these
proteins [82], and disruption at any step can impair the pathway [85].

Several studies have implicated PRMTs in regulating VEGF signaling.
Zhang et al. reported that PRMT3 overexpression enhanced VEGF
signaling via stabilization of HIF-1a stability [86]. PRMT6 promotes
alternative splicing of VEGF pre-mRNA, favoring exon 6 skipping and
generating VEGF165 [87], an isoform associated with tumor progression
and poor prognosis [88]. PRMT4 also contributes to VEG165 expression
[87]. Increased VEGF was observed in mice with lung tumors over-
expressing PRMT6 after tamoxifen and urethane treatment, consistent
with enhanced angiogenesis [89]. Conversely, PRMT1 silencing in
melanoma cells upregulated VEGF, suggesting context-dependent
regulation [90].

PRMTs methylate VEGFR-2 at arginine residues (Arg817, Argl115)
and by lysine methyltransferases at lysine residues (Lys856, Lys861, and
Lys1041). Methylation at Arg817 influences phosphorylation of Y820,
promoting recruitment and activation of Src kinase. Activated Src reg-
ulates endothelial filopodia formation, sprouting, and tube assembly
[55]. Collectively, these findings highlight the role of PRMTs in modu-
lating VEGF/VEGFR-driven angiogenesis. Targeting PRMT-mediated
methylation of VEGFR-2 may offer a strategy to disrupt abnormal
VEGF signaling in cancer. Preclinical studies have shown that PRMT3
can methylate HIF-1a, preventing its degradation and increasing VEGF
expression under hypoxia [91]. PRMT6 regulates VEGF splicing to
produce VEGF165 [51], while PRMT1 and PRMT5 modulate VEGFR2
activity. PRMT5 promotes VEGFR-2 phosphorylation and downstream
PI3K/Akt/eNOS activation, driving endothelial proliferation and
vascular remodeling [92].

4.2. Fibroblast growth factors and receptors
The fibroblast growth factor and receptor (FGF/FGFR) signaling axis

regulates various cellular processes, including angiogenesis, differenti-
ation, embryonic development, proliferation, survival, and migration
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[93]. The human FGFR family comprises four highly conserved receptor
tyrosine kinases, namely FGFR1, FGFR2, FGFR3, and FGFR4, encoded
by different genes. FGFR5, which lacks an intracellular kinase domain, is
a decoy receptor that binds to FGF ligands and may block their inter-
action with signaling-competent FGFRs. FGFR1-4 share a typical
structure consisting of an extracellular domain, a transmembrane re-
gion, and a cytoplasmic tyrosine kinase domain [94]. The extracellular
portion has three immunoglobulin (Ig)-like domains, Igl, Igll, and IgIII,
with IgII and IgIII mediating FGF ligand binding. FGFs and their re-
ceptors are expressed in tissue-specific patterns, and this expression,
along with differences in binding affinity and alternative splicing, de-
termines the specificity of ligand-receptor interactions [95].

FGFs, particularly FGF2, were among the first pro-angiogenic factors
identified and directly regulate tumor angiogenesis across all stages.
Endothelial cells predominantly express FGFR1 rather than FGFR2,
although activation of both receptors drives the development and
maintenance of tumor vasculature [93]. FGFs are released from the ECM
by heparins, proteases, or specific FGF-binding proteins. They then
interact with FGFRs to form stable complexes with heparin sulfate
proteoglycans on the cell surface. Klotho family proteins further
enhance FGF-FGFR binding by associating with receptors and
increasing ligand affinity [95]. Upon ligand binding, FGFRs dimerize
and undergo phosphorylation of their intracellular tyrosine kinase do-
mains. These phosphorylated domains recruit downstream signaling
proteins, including FGFR substrate 2 and PLCy, activating several
transduction pathways, including RAS-MAPK, PI3K-AKT, IP3-Ca2+,
DAG-PKC, and Janus kinase-signal transducer and activator of tran-
scription (JAK-STAT) [94,95].

Several studies have demonstrated that PRMTS5 regulates FGF/FGFR
signaling. In lung cancer, PRMT5 expression was positively correlated
with FGFR3 levels and associated with poor prognosis. Mechanistically,
PRMTS5 repressed the transcription of the miR-99 family through sym-
metric dimethylation of histone H4 at arginine 3, leading to increased
FGFR3 expression and activation of the ERK1/2 and Akt pathways [96].
Similar correlations between PRMT5 and FGFR3 or PI3K/AKT/mTOR
and ERK signaling have been reported in non-small cell lung cancer and
colorectal cancer cell lines [97,98]. In addition to regulating FGFR3,
PRMT5 has been shown to modulate the transcriptional activity of
FGFR1, FGFR2, and FGFR4 [99,100]. These findings suggest that
elevated PRMTS5 expression enhances FGF/FGFR signaling, contributing
to tumor angiogenesis and progression.

4.3. Hypoxia-inducible factors

HIFs are heterodimeric transcription factors composed of three o and
B subunits: HIF-1a, HIF-2a, and HIF-3a, and their respective partners
HIF-1f, HIF-2f, and HIF-3p. HIFs regulate oxygen homeostasis by con-
trolling the expression of more than 1000 genes related to various key
cellular functions, such as angiogenesis, metabolic remodeling, differ-
entiation, and migration [101]. HIF target genes include VEGF, trans-
ferrin, transferrin receptors, erythropoietin, glycolytic enzymes,
anti-apoptotic proteins, TGF-f, platelet-derived growth factor-B, insu-
lin-like growth factor-2, and epidermal growth factor [102]. HIF-1a is
expressed ubiquitously, whereas HIF-2a is mainly found in highly vas-
cularized organs such as the brain, lung, liver, heart, intestines, kidney,
pancreas, and uterus [101]. HIF-2a is also present in subsets of
tumor-associated macrophages, while HIF-3a is expressed primarily in
pulmonary alveolar epithelial cells and the kidney [103].

HIF-1a is a potent pro-angiogenic factor characterized by aberrant
accumulation under hypoxic conditions, where it promotes the tran-
scription of numerous angiogenic and survival genes [86]. Tumor hyp-
oxia contributes to therapy resistance, metastasis, heterogeneity, and
overall progression, and is recognized as a marker of poor prognosis
[104]. HIF-1a protein levels and activity are regulated at multiple
stages. Under normoxia, HIF-1a is constitutively transcribed and syn-
thesized but rapidly degraded, with a half-life of about 5 min.

Biochemistry and Biophysics Reports 43 (2025) 102172

Degradation occurs via hydroxylation by prolyl hydroxylase domain
protein 2 (PHD2), which targets HIF-1a for polyubiquitination by the
Von Hippel-Lindau complex and subsequent proteasomal degradation.
However, in low oxygen conditions, several pathways regulate the sta-
bility and transcriptional activity of HIF-1a through post-translational
modifications [105]. Under hypoxia, PHD2 is inactive [86], allowing
HIF-1a to escape degradation, translocate to the nucleus, dimerize with
HIF-1f, and drive transcription of target genes [86,101] (Fig. 3).
Although the a-f dimer functions as the primary transcriptional complex
[101], individual subunits can also influence gene expression to main-
tain oxygen homeostasis [104].

HIF dysregulation is common in cancer and linked to increased
aggressiveness, metastasis, therapy resistance, and poor outcomes. Un-
derstanding HIF regulation is therefore essential for developing targeted
therapies [106]. Post-translational modifications are especially impor-
tant for controlling HIF function and mediating the transition from
HIF-1a to HIF-2a expression during chronic hypoxia [101]. In breast
cancer, genetic changes frequently increase HIF-a stability and activity
independently of oxygen availability. These include hyperactivation of
the PI3K/Akt/mTOR or MAPK pathways and loss of tumor suppressors
such as phosphatase and tensin homolog, p53, or breast cancer sus-
ceptibility gene 1. HER2 overexpression, found in 15-30 % of human
breast cancers, and estrogen receptor-a, positive in 70 % of breast can-
cers, also increase HIF-q levels via increased PI3K/Akt/mTOR signaling.
Notably, estrogen receptor-a selectively promotes HIF-la expression
through an estrogen response element within the HIF-la promoter,
without similarly affecting HIF-2a [16].

Several studies have shown that PRMTs regulate HIF-1a stability and
function. For example, Liao et al. demonstrated that PRMT3 directly
methylates HIF-1a at arginine 282, preventing polyubiquitination and
promoting protein stabilization [107]. PRMT3 overexpression increased
HIF-1a levels, while depletion or pharmacological inhibition decreased
its expression in glioblastoma models [86]. Stabilized HIF-1a promotes
angiogenic gene transcription and tumor adaptation. PRMTS5 expression
also increases during hypoxia and supports HIF-1a stabilization, thereby
stimulating VEGF production and signaling. PRMT5 further regulates
phosphorylation of VEGFR, Akt, and eNOS. Inhibition of PRMT5 phar-
macologically or by shRNA reduced VEGFR2 phosphorylation at
Tyr1175 and Tyr966, Akt phosphorylation at Thr308 and Ser473, and
eNOS phosphorylation at Ser1177, highlighting its broad role in this
pathway [92].

HIF-1a can also activate PRMT2 expression under hypoxic conditions
[108] (Fig. 3). Beyond direct methylation, PRMTs modulate
hypoxia-responsive transcription by changing chromatin accessibility.
For example, PRMT5 methylates histone H3 and H4 arginine residues,
increasing the expression of glycolytic and angiogenic genes [109].
PRMT2, though not directly methylating HIF-1a, functions as a nuclear
receptor coactivator and contributes to chromatin looping, further
enhancing hypoxia-driven transcription [109]. These findings demon-
strate that PRMTs regulate HIF-1a stability, transcriptional activity, and
downstream angiogenic signaling, thereby contributing to tumor pro-
gression and therapy resistance in breast cancer.

5. Therapeutic targeting of PRMTs in cancer angiogenesis
5.1. Targeting PRMTs impairs angiogenic pathways in cancer

The inhibition of angiogenesis suppresses the production and activity
of pro-angiogenic factors secreted by tumor cells and blocks their re-
ceptors on endothelial cells. Consequently, angiogenesis inhibition de-
prives tumors of nutrients required for growth and promotes tumor
vasculature to improve the delivery of therapeutic agents. Although
anti-angiogenic therapies have shown efficacy in various solid tumors,
they have not improved survival outcomes in breast cancer [10]. Highly
potent and selective small-molecule PRMT inhibitors have been devel-
oped since the early 21st century [110]. Investigating PRMT function in
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Fig. 3. Regulation of hypoxia-inducible factor 1-alpha (HIF-1a) under normoxic and hypoxic conditions. Under normoxia, HIF-1a is hydroxylated on specific proline
residues by prolyl hydroxylase domain protein 2 (PHD2), facilitating recognition by the von Hippel-Lindau E3 ubiquitin ligase complex. This modification triggers
polyubiquitination and proteasomal degradation of HIF-1a, preventing its transcriptional activity. Under hypoxic conditions, PHD2 activity is suppressed, leading to
HIF-1a stabilization, enabling nuclear accumulation, dimerization with HIF-1f, and transcriptional activation of target genes, including vascular endothelial growth
factor A (VEGFA). HIF-1a has also been shown to upregulate PRMT2 in glioblastoma, although the relevance of this interaction in endothelial angiogenesis re-

mains unclear.

vivo and in vitro, combined with these selective inhibitors, may help
elucidate their distinct and overlapping pro-tumorigenic roles in breast
cancer.

In pre-clinical studies, small-molecule inhibitors targeting PRMTS3,
PRMT4, PRMT5 and PRMT6 have demonstrated therapeutic potential
[111]. PRMTS5 inhibitors, in particular, reduce enzymatic activity as
evidenced by decreased levels of symmetric dimethylarginine [92].
GSK3326595 is a potent, reversible, and selective PRMTS5 inhibitor with
pro-apoptotic and anti-proliferative activity in multiple solid tumor
models [112]. This compound has advanced to clinical trials in
early-stage breast cancer and other malignancies (NCT04676516). A
phase I study in adults with advanced solid tumors, including breast
cancer, reported manageable adverse events such as fatigue, anemia,
nausea, alopecia and dysgeusia. Grade 3—-4 events such as anemia, fa-
tigue, thrombocytopenia and neutropenia were observed, though no
treatment-related deaths occurred [113].

EPZ015666 (GSK3235025) is another selective PRMTS5 inhibitor
under clinical evaluation [21,92]. In preclinical models, EPZ015666
suppressed proliferation and tumor progression in triple-negative breast
cancer cells [114]. It also inhibited VEGF-induced aortic ring sprouting
and endothelial tube formation in a dose-dependent manner, while
downregulating VEGF/PI3K/eNOS signaling. Additionally, PRMT5 in-
hibition reduced HIF-1a expression and stability [21,92], suppressing
the VEGF/VEGFR pathway. GSK591, another PRMT5 inhibitor, simi-
larly disrupts VEGF/VEGFR signaling [92]. Estrogen also plays a vital
role in angiogenesis by suppressing the expression of soluble VEGFR-1,
thereby promoting neovascularization [115]. PRMTs have been impli-
cated in regulating estrogen signaling [116-118]. Le Romancer et al.
demonstrated that PRMT1 methylates estrogen-a at arginine 260, pro-
moting its cytoplasmic localization during rapid estrogen signaling
[119]. This methylation was blocked by adenosine dialdehyde, a general
methylation inhibitor, in MCF-7 breast cancer cells. Mei et al. further
demonstrated that PRMT5 knockdown reduced estrogen-o expression at
the mRNA and protein levels [120]. Thus, targeting PRMTs could

indirectly inhibit angiogenesis by disrupting estrogen signaling in breast
cancer.

Inhibiting arginine metabolism has also shown potential for reducing
tumor angiogenesis. However, this approach is complex and sometimes
controversial. PRMT1 catalyze arginine methylation to generate ADMA
[121], a competitive inhibitor of eNOS. Arginine is an eNOS substrate,
generating NO and L-citrulline [122,123]. NO promotes angiogenesis
through several mechanisms: dilating arterioles to increase tumor
perfusion, enhancing vascular permeability, stimulating VEGF secretion
via the NO/cyclic guanosine monophosphate pathway, and activating
cyclooxygenase-2 to produce additional pro-angiogenic factors [124].
Increased methylation elevates ADMA levels, thereby reducing NO
production [121]. Consequently, PRMT inhibition could lower ADMA,
relieve eNOS inhibition, and paradoxically increase NO-mediated
angiogenesis [125]. Overall, these studies illustrate the therapeutic
potential of PRMT inhibitors to counteract aberrant proangiogenic
signaling and limit breast tumor progression (Fig. 4). However, few
studies have comprehensively evaluated the effects of PRMT inhibition
on angiogenesis in cancer. Additional research is needed to clarify
whether targeting specific PRMTs consistently inhibits or promotes
angiogenesis and to define their mechanistic roles in breast cancer using
in vitro and in vivo models, ultimately informing the design of clinical
trials.

Emerging preclinical and early-phase clinical studies support the
therapeutic relevance of PRMTs in angiogenesis. For example, inhibiting
PRMTS5 using EPZ015666 significantly impairs VEGF-induced aortic
sprouting and endothelial tube formation [21]. GSK3326595 has been
shown to suppress HIF-1a and VEGF expression under hypoxic condi-
tions, highlighting its potential as an anti-angiogenic therapy in breast
and other solid tumors [113,126]. Ongoing trials are evaluating addi-
tional PRMT inhibitors, including GSK3368715 (targeting PRMT1) and
CMP5 (targeting PRMTS5), in patients with advanced malignancies,
including breast cancer [127-129]. Beyond angiogenesis, certain
PRMTs also regulate metastatic progression [36]. Notably, PRMT7
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Fig. 4. PRMT7-SMAD-SNAI1 signaling cascade promoting epithelial-to-mesenchymal transition and metastasis in breast cancer. PRMT7 facilitates the nuclear
translocation of SMAD2, SMAD3, and SMAD4 following activation of the transforming growth factor-beta (TGF-p) receptor. This signaling promotes upregulation of
snail family transcriptional repressor 1 (SNAI1), a transcription factor that represses E-cadherin and induces the expression of mesenchymal genes such as matrix
metalloproteinase-9 (MMP9), N-cadherin, and vimentin. These changes drive epithelial-mesenchymal transition and metastatic dissemination in breast cancer.

interacts with SMAD2, SMAD3, and SMAD4 following TGF-p receptor
activation, enhancing their nuclear translocation and driving tran-
scription of SNAIL. This activity suppresses E-cadherin while upregu-
lating mesenchymal markers such as MMP9, facilitating
epithelial-to-mesenchymal transition [130,131], a key mechanism of
metastasis.

5.2. Combining PRMT inhibitors with other drugs to mitigate breast
cancer

The broad effects of PRMT inhibition provide a strong rationale for
incorporating these agents into combination therapies, which may
enhance antitumor efficacy while reducing toxicity [47]. Several studies
have demonstrated the benefits of combining PRMTs with other thera-
pies, including chemotherapy, immunotherapy, and additional PRMT
inhibitors, across various tumor models. For example, dual targeting of
PRMT1 and PRMTS5 has produced synergistic inhibition of tumor growth
[128]. In pancreatic ductal adenocarcinoma, the combination of MS023
(a PRMT1 inhibitor) and EPZ015666 (a PRMTS5 inhibitor) resulted in
enhanced antitumor activity [132]. PRMT inhibitors have also been
evaluated in combination with chemotherapeutic agents such as gem-
citabine in pancreatic ductal adenocarcinoma [132], and cisplatin,
doxorubicin, and camptothecin in breast cancer [133]. Notably, PRMT5
has been implicated in mediating doxorubicin resistance in breast cancer

[134], suggesting that combining PRMTS5 inhibitors with chemotherapy
could synergistically suppress breast cancer cell proliferation and
growth [135]. Collectively, these findings highlight the potential of
combination strategies involving PRMT inhibitors to improve thera-
peutic outcomes in breast cancer and to target angiogenesis more
effectively. Clinical trials evaluating several of these inhibitors,
including GSK3326595 and EPZ015666, and their mechanistic links to
angiogenic signaling in breast cancer are summarized in Table 1.

6. Challenges and limitations
6.1. Scarcity of data on epigenetic regulation in the TME

The TME is a critical factor in tumorigenesis and cancer progression
and must be considered in therapeutic development. The complexity of
epigenetic regulation and its interplay with genetic alterations makes it
challenging to delineate the fundamental relationships between epige-
netic modifications and breast cancer development. Additionally, the
dynamic nature of the environment, including diet, lifestyle, hormonal
influences, and the gut microbiome, further shapes epigenetic changes
and immune responses in breast cancer [138] (Fig. 5).

The interactions between PRMT activity and processes such as im-
mune cell infiltration, stromal remodeling, and metabolic reprogram-
ming within the TME remain poorly understood. A more detailed
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Table 1
Selected clinical trials evaluating protein arginine methyltransferase (PRMT) inhibitors with mechanistic relevance to angiogenesis in breast cancer.
Inhibitor PRMT Cancer type Phase = Mechanism Trial Number References
Target
GSK3326595 PRMT5 Solid tumors and non-Hodgkin I Inhibiting PRMT5 reduces HIF-1a stability and VEGF expression ~ NCT04676516  [113,126]
(EPZ015938) lymphoma; ongoing trials in under hypoxia, impairing tumor angiogenesis.
breast cancer
JNJ-64619178 PRMT5 Solid tumors, breast cancer, I In triple-negative breast cancer models, PRMTS5 inhibition by NCT03573310 [136,137]
adenoid cystic carcinoma, JNJ-64619178 reduces KEAP1 methylation, enhancing
prostate cancer ferroptosis and potentially impairing tumor angiogenesis.
GSK3368715 PRMT1 Breast cancer, solid tumors 1 PRMT1 may regulate HIF-1« indirectly via TGF-B/p53 axes, NCT03666988  [127,128]
affecting angiogenesis pathways.
CMP5 PRMT5 Breast cancer, glioblastoma I PRMTS5 inhibition decreases histone methylation at DKK1/3 NCT05952557  [129]

promoters, reducing Cyclin D1 and SURVIVIN expression, which
are involved in angiogenesis.
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Fig. 5. Current challenges and future directions for protein arginine methyltransferase (PRMT) inhibitor therapy in breast cancer. The main barriers to the clinical
application of PRMT inhibitors are presented alongside strategies and opportunities to address them and enable their eventual translation into effective treatments.

characterization of how specific PRMT isoforms function in distinct
cellular components of the TME could inform the design of personalized
therapeutic strategies in breast cancer [139].

6.2. Selectivity challenges leading to toxicity

Limited selectivity and excessive inhibition of PRMTs can lead to

unintended effects on healthy cells, including dysregulated prolifera-
tion. PRMTs are essential for maintaining adult hematopoietic cell
populations, so their broad inhibition is associated with hematologic
toxicity, including anemia, thrombocytopenia, and neutropenia [139].
For example, a phase 1 trial of GSK3368715, a PRMT1 inhibitor in pa-
tients with advanced solid tumors was terminated due to a
higher-than-expected incidence rate of thromboembolic events,
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insufficient target engagement in the TME at tolerable doses, and limited
clinical efficacy [127].

Additionally, there is a lack of comprehensive pharmacodynamic
and pharmacokinetic data on PRMT inhibitors in in vivo models.
Developing next-generation inhibitors with improved selectivity and
favorable pharmacologic profiles will be essential to enable low-dose
administration and mitigate dose-limiting toxicities. Emerging strate-
gies to enhance specificity among PRMT isoforms and between malig-
nant and healthy cells include allosteric inhibition, dual-target
inhibition, covalent inhibition, protein degradation, and PRMT5-linker
PPI inhibition [140].

6.3. Limited studies on PRMT function

The functional mechanisms of PRMTs remain incompletely charac-
terized. For example, the distinct roles of nuclear versus cytoplasmic
PRMTs are not fully understood [129]. Many PRMTs share conserved
sequence motifs with high homology, resulting in functional cross-talk.
Inhibiting one PRMT isoform can inadvertently affect the activity of
others [32,44]. However, the precise mechanisms underlying this
crosstalk are poorly defined, which poses challenges for developing truly
selective inhibitors [32]. Although thousands of arginine methylation
substrates and sites have been identified, much work remains to eluci-
date the biological relevance of individual methylation events. Not all
arginine methylation marks may be functionally significant, and some
may represent biochemical noise. Discriminating between essential and
nonessential arginine methylation sites remains a major challenge.

Current research has primarily focused on the enzymatic roles of
PRMTs, but their potential non-enzymatic functions warrant further
investigation. For instance, PRMT8 possess phospholipase activity via an
HKD characteristic of phospholipase D enzymes, an activity unique
among PRMTs [141]. Additionally, PRMT1 exists in multiple isoforms,
some exhibiting low enzymatic activity, and their functions remain
unidentified [34,141]. Future studies are needed to advance under-
standing of PRMTs in both normal cellular processes and disease, of-
fering broader insights into their contributions to cancer pathogenesis
and therapy.

7. Future directions

Despite advances in understanding the roles of PRMTs in cancer,
numerous biological and translational challenges must be addressed to
fully harness these enzymes as therapeutic targets in angiogenesis-
driven breast tumors. One of the most pressing issues is the lack of
isoform-specific PRMT inhibitors. Most current compounds target the
conserved catalytic methyltransferase domain shared across all PRMTs.
Several PRMTs, including PRMT1, PRMT4, and PRMTS5, exist in various
isoforms generated by alternative splicing, each with potentially distinct
functions, substrate specificity, and cellular localization [35,36]. The
roles of these isoforms in angiogenesis and therapy response remain
poorly characterized. Future research should prioritize defining
isoform-specific expression patterns across breast cancer subtypes and
under hypoxic conditions, using transcriptomic and proteomic profiling.
Such insights are essential to inform the rational design of
isoform-selective therapeutics.

Additionally, functional crosstalk between PRMTs complicates ef-
forts to develop selective interventions. PRMTs often operate in over-
lapping pathways, targeting shared histone and non-histone substrates
[46,126]. For example, PRMT1 and PRMT6 regulate chromatin struc-
ture through methylation of H4R3, while PRMT4 and PRMT5 modulate
transcriptional coactivator complexes. Preclinical studies have shown
that dual inhibition of PRMT1 and PRMT5 can produce synergistic
tumor suppression [122,123], but the broader consequences of dis-
rupting such interactions on normal tissue homeostasis require further
investigation.

Tumor heterogeneity is a barrier to effective PRMT-targeted therapy.
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PRMT expression varies across breast cancer subtypes (e.g., luminal,
HER2-enriched, triple-negative) and across spatial domains within the
same tumor [133]. Moreover, the TME, including stromal fibroblasts,
endothelial cells, and immune infiltrates, can modulate PRMT activity
and expression in response to hypoxia, cytokines, and metabolic stress.
Addressing these context-dependent effects will require high-resolution
approaches such as single-cell transcriptomics, methylation mapping,
and spatial epigenomics to identify vulnerabilities that are both
subtype-specific and microenvironment-informed [53].

From a therapeutic perspective, there is a critical need for next-
generation PRMT inhibitors with improved pharmacokinetics, reduced
hematologic toxicity, and enhanced tumor penetration (Fig. 5) [47].
While several compounds have shown promising preclinical efficacy,
many have failed to advance to trials due to dose-limiting toxicities or
insufficient efficacy in solid tumors. Innovative strategies, such as allo-
steric inhibitors, substrate-competitive inhibitors, and targeted protein
degraders (e.g., PROTACs), are currently under investigation [135].
Combining PRMT inhibitors with other therapies, including chemo-
therapy, anti-angiogenic agents, and immunotherapies, may improve
clinical outcomes and help overcome resistance [113,126]. Ultimately,
translating PRMT inhibitors from promising targets into effective clin-
ical tools will require a deeper understanding of their biology in het-
erogeneous tumor systems, as well as the integration of molecular
profiling into therapeutic design and patient selection.

8. Conclusion

PRMTs play an important role in regulating angiogenesis and tumor
progression in breast cancer. Despite the therapeutic potential of PRMT
inhibitors, challenges such as isoform specificity, functional redun-
dancy, tumor heterogeneity, and resistance mechanisms need to be
addressed to improve therapeutic responsiveness. Future research
should focus on elucidating the complex interplay between different
PRMTs. Additionally, more selective inhibitors need to be developed,
and PRMT-targeted therapies should be integrated with existing treat-
ment modalities. By overcoming limitations in selectivity and toxicity,
PRMT inhibitors could be a valuable addition to the therapeutic arsenal
against breast cancer.
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