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chain, and reducing the hydrogen bond potential, arginine 
methylation generates a docking site for effector proteins 
(reader), which include plant homeodomain (PHD) zinc fin-
ger, Tudor domain and SH3 domain [2]. Therefore, protein 
methylation affects the stability, localization, activity, and 
interaction of substrate proteins, which participate in a vari-
ety of physiological and pathological processes [3, 4].

PRMT4 also known as coactivator-associated argi-
nine methyltransferase 1 (CARM1), belongs to the type I 
PRMTs. This enzyme exhibits the capability to monometh-
ylate and asymmetrically methylate the guanosine-nitrosyl 
group of arginine residues in target proteins [5]. CARM1 
is known for its distinctive substrate specificity, as it typi-
cally methylates substrates within a loosely defined proline/
glycine/methionine motif, distinguishing itself from other 
PRMTs that target glycine/arginine-rich motifs [6]. The 
non-overlapping functions of CARM1 and other PRMTs 
render CARM1 an appealing therapeutic target for various 
diseases. Several recent reviews have explored CARM1’s 
potential as a therapeutic target in cancers, shedding light 
on its role in the pathogenesis of various malignancies [3, 
5]. In this review, our objective is to highlight the impact 
of CARM1’s functional diversity in carcinogenesis, particu-
larly how it may be influenced by the variable expression 

1  Introduction

Protein methylation modification is a common post-trans-
lational modification (PTM) closely related to cancer inci-
dence and progression. This PTM is precisely controlled 
by protein methyltransferases (writers) and demethylases 
(erasers). The enzyme that catalyzes the methylation modi-
fication of arginine is called protein arginine methyltransfer-
ase (PRMT), which has nine members, namely PRMT1-9. 
Using S-adenosylmethionine (AdoMet/SAM) as a methyl 
donor, PRMTs can catalyze monomethylation (Type III iso-
form: PRMT7), symmetric dimethylation (Type II isoforms: 
PRMT5, PRMT5), and asymmetric dimethylation (Type I 
isoforms: PRMT1-4, PRMT6, PRMT8) (Fig. 1) [1]. By 
changing the hydrophobicity, increasing the size of the side 
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of its alternatively spliced isoforms. Furthermore, we delve 
into the regulatory mechanisms exerted by oncogenic sig-
nals on the expression, PTMs and enzymatic activity of 
CARM1 across different cancer types. Our exploration 
extends beyond CARM1’s initial characterization as a tran-
scriptional coactivator, revealing its critical involvement in 
diverse physiological processes, such as oxidative stress, 
cell death, and metabolism, contributing to tumor develop-
ment, metastasis, and therapeutic resistance. This compre-
hensive understanding of CARM1’s multifaceted functions 
positions it as a promising target for therapeutic interven-
tions in the complex landscape of cancer biology.

2  Dysregulated arginine methylation by 
CARM1 in tumor

Oncogenic CARM1 exhibits varying expression levels 
across different cancer types. Through selective splicing, 
CARM1 manifests in several isoforms, including the full-
length variant (referred to as CARM1) that is predominantly 
expressed in healthy heart, brain, testis, and skeletal muscle, 
and the truncated CARM1 lacking exon 15 (CARM1ΔE15) 
that prevails in breast cancers. The distinct activity profiles 
of these two isoforms, characterized by differential subcel-
lular localization, substrate methylation levels, and binding 
affinities with target proteins, contribute to the diverse enzy-
matic activities of CARM1 in various tissues. Moreover, 

Fig. 1  The mammalian PRMTs and related metabolic processes. (a) 
The universal methyl donor S-adenosyl-methionine (SAM) is enzy-
matically synthesized from methionine through the catalytic action 
of methionine adenosyltransferase 2A (MAT2A). SAM is consumed 
by PRMTs, a subclass of methyltransferases (MTs), to effectuate the 
methylation of arginine, thereby producing S-adenosyl-homocysteine 
(SAH). SAH, in turn, undergoes recycling back into methionine by 
methionine synthase (MS) or used in the transsulfuration pathway for 
glutathione production. (b) PRMTs exhibit the remarkable capacity 
to catalyze various methylation reactions on arginine, encompassing 
monomethylation (MMA), asymmetric dimethylation (ADMA), and 
symmetric dimethylation (SDMA), all facilitated by SAM as methyl 
donor. Type I PRMTs, namely PRMT1-4, PRMT6, and PRMT8, pre-

dominantly catalyze MMA and ADMA. On the other hand, type II 
enzymes, PRMT5 and PRMT9, are responsible for catalyzing both 
MMA and SDMA. Type III, such as PRMT7, specifically mediates the 
MMA. (c) Eleven distinct PRMTs have been identified, each featuring 
a typical SAM-dependent MTase catalytic core domain and diverse 
N-terminal non-catalytic domains. Abbreviations: ADMA, asym-
metric dimethylation (ADMA); GSH, reduced glutathione; MAT2A, 
methionine adenosyltransferase 2A; MMA, monomethylation; MTAP, 
methylthioadenosine phosphorylase; MTR, methylthioribose; MTs, 
Methyltransferases, SAH, S-adenosyl-homocysteine (SAH); SAM, 
S-adenosyl-methionine; SDMA, symmetric demethylation; THF, 
tetra-hydrofolate
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the enzymatic activity of CARM1 undergoes significant 
changes depending on its isoforms and PTMs within the 
diverse cancer landscape (Fig. 2). Oncogenic signals exert 
control over the PTMs of CARM1, including phosphory-
lation, methylation, ubiquitination, and O-GlcNAcylation. 
These modifications alter its homodimerization, SAM bind-
ing activity, substrate specificity, subcellular localization, 
and stability. Additionally, the altered expression of demeth-
ylases, like lysine-specific demethylase 1 (LSD1) and Jmjc-
domain-containing protein 6 (JMJD6), also contributes 
to the dysregulated arginine methylation by CARM1 in 
tumorigenesis.

2.1  Alternatively expression pattern of CARM1 
isoforms

CARM1 presents diverse isoforms through selective splic-
ing, characterized by differential subcellular localization, 
stability, substrate methylation levels, and binding affinities 
with target proteins, contributing to the diverse enzymatic 
activities of CARM1 in various tissues (Fig. 3). The most 
frequently reported CARM1 isoform in human tumors is a 
full-length isoform with 608 amino acids (aa) (referred to 
as CARM1-V1/FL). The N-terminal domain of full-length 
CARM1 has arginine methyltransferase activity responsible 

Fig. 2  The overview of CARM1-mediated methylation in oncogenic 
processes. CARM1 is a sensor for oncogenic signals, nutrients, and 
oxidative stress, which control tumorigenesis, resistance and metasta-
sis. The overexpressed or overactivated CARM1 catalyzes the methyl-

ation of target proteins, which implicates in various pathways, includ-
ing transcriptional activation, RNA processing, metabolism, redox 
homeostasis, autophagy and inflammation
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interactions, which recruit other transcriptional regulatory 
proteins to the target gene and help anchor CARM1 to the 
chromatin. The flexible linker region that contains a highly 
conserved catalytic core domain (residues 149–469) is 
believed to facilitate the interaction between CARM1 and 

for adding a methyl group to arginine residues in target pro-
teins. This domain also contains the coactivator protein’s 
binding site, which helps bring CARM1 to the promoter 
regions of target genes. The C-terminal domain of CARM1 
contains multiple motifs involved in protein-protein 

Fig. 3  Regulating the activity and function of CARM1 by post-trans-
lational modifications. (a) The full-length CARM1 with 608 amino 
acids has been schematically divided into three domains essential for 
its function: including the N-terminal domain of CARM1 contains a 
pleckstrin homology (PH)-like domain with the arginine methyltrans-
ferase activity, the C-terminal domain of CARM1 (residues 479–608 
in mCARM1) contains multiple motifs involved in protein-protein 
interactions, and the flexible linker region that contains a catalytic core 
domain (residues 149–469). Multiple post-translational modifications, 
like phosphorylation, ubiquitination, methylation, and O-GlcNAcyla-
tion, of CARM1 can alter its activity and function in response to vari-
ous physiological and environmental stimuli. (b) CARM1 has several 
alternatively spliced isoforms, including the full-length isoform (V1/
FL) with 608 aa, V2 isoform with 651 aa, V3 isoform with 573 aa and 
V4/ΔE15 isoform with 585 aa, respectively. ESRP1 regulates the alter-

native splicing of CARM1, resulting in reduced CARM1 and increased 
CARM1ΔE15. The CARM1 protein can be imported by Nup54 into 
nuclear, where it serves as the transcriptional activator. (c) CARM1 
serves as an arginine methyltransferase enzyme writer that adds mono- 
and asymmetric dimethylation to the arginyl residues in target proteins 
using SAM as the methyl donor. Demethylases can reversibly demeth-
ylate this modification, termed the ‘erasers’. Methylarginines, which 
regulate the pleiotropic biological functions, are further recognized 
by ‘readers.’ Abbreviations: ADMA, asymmetric dimethylation; DA, 
dimerization arm; ESRP1, Epithelial Splicing Regulatory Protein 1; 
JMJDs, Jumonji C domain-containing proteins; NLS, nuclear localiza-
tion sequence; Nup54, nucleoporin 54; OGT, O-linked N-acetylglu-
cosamine transferase; PH, pleckstrin homology; TAD, transcriptional 
activation domain
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tissues. CARM1-v1 is predominantly expressed in healthy 
hearts, brains, testis, and skeletal muscles, CARM1-v2 can 
be detected in the liver, brain, and testis. CARM1-v3 is 
expressed at high levels in the adult kidney, liver, spleen, 
and fetal brain. The expression levels of CARM1-v4 in the 
spleen, lung and kidney are comparable to CARM1-v1 (Fig. 
3b) [12]. Overall, the diverse expression levels and subcel-
lular localization patterns of various CARM1 isoforms may 
potentially account for observed discrepancies in the func-
tional roles of CARM1 in cancers.

2.2  PTMs-altered enzymatic activity of CARM1

Oncogenic signals in various cancers intricately modu-
late the PTMs of CARM1, thereby changing its enzymatic 
activity and substrate interaction affinities. The PTMs of 
CARM1, including phosphorylation, methylation, ubiquiti-
nation, and O-GlcNAcylation, have been demonstrated to 
finely tune its enzymatic activity by orchestrating changes 
in homodimerization, SAM binding activity, substrate spec-
ificity and subcellular localization (Table 1).

Phosphorylation at specific serine (S) sites, such as 
S217, S229, S448, and S572, which are conserved among 
CARM1 from different species but not usually among all 
other PRMTs, has been identified as crucial regulator of 
CARM1 activity, localization, and stability. CARM1 crys-
tal structures notably show that in the SAM binding cavity, 
the hydroxyl group of S217 forms a strong hydrogen bond 
with the carbonyl oxygen atom of tyrosine 153 (Y153). 
Phosphorylation of S217 breaks this hydrogen bond, elimi-
nating SAM binding and methyltransferase activity while 
leaving dimerization or coactivator function unaffected. 
This phosphorylation event dynamically regulates CARM1 
enzymatic activity throughout the cell cycle, peaking in 
mitosis and sharply decreasing to a basal level upon entry 
into the G1 phase [13]. Similarly, phosphorylation at S229 
hampers CARM1 enzymatic activity by blocking SAM 
binding and abrogating homodimerization of CARM1 
(Table 1). The introduction of a glutamic acid mutation at 
S229 (S229E), mimicking the phosphorylated serine, gen-
erates a dominant-negative CARM1 variant incapable of 
stimulating estrogen receptor (ER)-dependent gene expres-
sion [14]. Furthermore, phosphorylation of S448 by PKA 
mediates the direct interaction of CARM1 with the unligan-
ded hormone-binding domain (HBD) of ERα, a crucial step 
in cAMP activation of ERa [15]. Additional phosphoryla-
tion events, such as S572 phosphorylation by p38MAPK, 
influence the subcellular localization of CARM1. Directly 
phosphorylation by p38MAPK at S572 (corresponding to 
S595 in CARM1 isoform 1) prevents CARM1 translocation 
to the nucleus [16].

its target proteins and regulate CARM1 activity (Fig. 3a) 
[7].

Compared to the full-length variant, the truncated 
CARM1 lacking exon 15 (CARM1-V4/ΔE15) in specific 
cells exhibits different localization and activity, particularly 
in breast cancers. CARM1ΔE15, being more resistant to 
degradation, shows a stronger association with nuclear bod-
ies than CARM1. Automethylation of CARM1 is detected 
only in CARM1 and not in CARM1ΔE15, indicating that 
exon 15 contains a necessary sequence for sustaining R551 
automethylation [8]. Apart from maintaining R551 auto-
methylation, exon 15 contains a crucial region facilitating 
the interaction of CARM1 with specific target proteins. 
Consequently, CARM1ΔE15 methylates fewer substrates 
than CARM1, demonstrating a preferential substrate speci-
ficity for transcriptional coactivators. A notable example 
of alternative splicing-mediated cell type-specific expres-
sion of CARM1 isoforms is the preferential expression of 
CARM1 in the luminal (epithelial) region of normal mouse 
mammary glands with higher ERα protein levels, while 
the preferential expression of CARM1ΔE15 is observed in 
the stroma. Due to the inability of CARM1ΔE15 to acti-
vate ERα transcriptional activity, the unique preferential 
expression of CARM1ΔE15 in the stroma indicates dif-
fering roles for ERα in the epithelium and stroma [8]. Fur-
thermore, the distribution of CARM1 and CARM1-ΔE15 
proteins differs in breast cancer cells. Specifically, HER2 
tumors exhibit a higher concentration of CARM1 protein in 
the nucleus, while triple-negative breast cancer (TNBC) and 
HER2 tumors are associated with cytoplasmic expression 
of CARM1ΔE15 proteins [9, 10]. The alternative splicing 
of CARM1 can be regulated by epithelial splicing regula-
tory protein 1 (ESRP1) (Fig. 3b). ESRP1 reduced the ratio 
of CARM1FL to CARM1ΔE15, rendering small cell lung 
cancer cells sensitized to chemotherapy [11].

Decides the full-length and ΔE15 variants, another 
two isoforms have also been identified in rat normal tis-
sues. Compared to the CARM1ΔE15 by skips of exon 
15, CARM1-v2 was created by keeping intron 15, leading 
to the production of deduced CARM1 with 651 aa. The 
production of CARM1-v3 involved the retention of two 
intron sequences from the original transcript (1,709-1,986 
and 2,056 − 2,184). This led to the insertion of v3-specific 
amino acid sequences (residues 540–573) in place of the 
C-terminal amino acids from CARM1-v1 [12]. CARM1-v3, 
but not the other isoforms, strongly regulates the alterna-
tive splice of mRNA. The v3-specific sequences determine 
the selection of the 5′ alternative splice site, thereby pro-
moting a change in the pre-mRNA E1A minigene’s dis-
tal 5’ splice location and improving the exon skipping in 
the CD44 reporter [12]. Moreover, the various CARM1 
transcripts have distinct expression patterns in different 
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and methylation of downstream H3R17 [22]. Moreover, 
overexpression of OGT inhibits mitotic phosphorylation 
and alters the cellular localization of CARM1 [22], suggest-
ing O-GlcNAcylation may be involved in controlling the 
localization of CARM1. Usually, CARM1 was enriched in 
the nucleus in interphase cells and concentrated in the peri-
centriolar area as DNA condensed and began to align on the 
metaphase plate mitosis. OGT overexpression renders the 
diffuse throughout the cell of CARM1 rather than localiza-
tion to the pericentriolar area during mitosis [22].

2.3  Altered demethylation by arginine demethylase

The dynamic arginine methylation level is controlled by the 
coordinated regulation of CARM1 and demethylase. Various 
reports have indicated that LSD1, the first discovered his-
tone demethylase, binds to DNA on the nucleosome through 
the CoREST’s SANT2 domain, facilitating the demethyl-
ation of nucleosomal substrates [23]. Recent studies have 
revealed the coexistence of LSD1 and CARM1 within the 
same complex, exhibiting an essential co-activation role 
in the cAMP and ligand-dependent endoplasmic reticu-
lum (ER) activation pathway [24]. Additionally, CARM1 
dimethylated LSD1 at the R838 site, promoting the bind-
ing of the deubiquitinase USP7, while methylation of LSD1 
R838 enhances its binding to the E-cadherin and vimen-
tin promoters, leading to the demethylation of H3K4me2 
and H3K9me2, respectively. However, the mechanism 
by which LSD1 mediates H3K4me1/2 and H3K9me1/2 
demethylation remains unclear [25]. Meanwhile, JMJD6, 

Phosphorylation also crosstalk with other PTMs to 
regulate the stability of CARM1. GSK-3β-mediated phos-
phorylation at T131 stabilizes CARM1 by ablating its 
ubiquitination and subsequent protein degradation, thereby 
contributing to the impediment of lung epithelial cell migra-
tion under oxidative stress [17]. Under nutrient-rich condi-
tions, the SKP2, an SCF E3 ubiquitin ligase, in the nucleus 
controls CARM1 stability. Nutrient deprivation triggers 
phosphorylation of FOXO3a by AMPK, leading to tran-
scriptional repression of SKP2, and preventing CARM1 
from being ubiquitinated and degraded [18].

An indispensable regulatory mechanism for CARM1 
activity, responsive to diverse physiological cues, involves 
automethylation. Automethylation of CARM1 occurs at its 
own arginine residue R550 (R551 in mouse) in exon 15, 
which is conserved among all vertebrate CARM1 proteins. 
While this modification does not impact enzymatic activ-
ity, it is essential for proper protein-protein interactions of 
CARM1, especially in regulating transcription coactivator 
activity, substrate selectivity and alternative splicing events 
[8, 19]. CARM1 was previously recognized for O-GlcNAc-
ylation by O-linked N-acetylglucosamine transferase 
(OGT) [20]. S595, S598, T601 and T603 in the C-terminus 
of CARM1 revealed potential O-GlcNAc addition. Interest-
ingly, diminishing O-GlcNAcylation at these four sites did 
not affect the dimerization or protein stability of CARM1. 
However, it did dictate different substrate specificity, indi-
cating the importance of O-GlcNAcylation for CARM1 
substrate specificity [21]. OGT overexpression consistently 
prevents CARM1 phosphorylation by an upstream kinase, 

Table 1  Various PTMs determine the enzymatic activity of CARM1
Human AA Mouse aa Type of PTMs Enzymes 

catalyzing the 
modification

Effect of PTMs Refs

S228 S229 Phosphorylation PKC Prevents CARM1 homodimerization  [14, 
108]

S216 S217 Phosphorylation Unknown Blocks S-Adenosylmethionine (SAM) binding,
Promotes CARM1 cytoplasmic localization

 [13]

S447 S448 Phosphorylation PKA Facilitates CARM1 binding to estrogen receptor α 
(ERα)

 [15]

S595 S595 Phosphorylation p38 MAPK Prevents the nuclear translocation of CARM1  [16]
T131
T138
T143

T132
T139
T144

Phosphorylation GSK-3β
LKB1

Maintains methyltransferase activity,
Stabilizes CARM1 by impair its ubiquitination and 
degradation

 
[109]

R550 R551 Methylation CARM1 Regulate transcription and splicing events  [8, 
19]

S595, S598, T601 and 
T603

S595, S598, 
T601 and T603

O-GlcNAcylation OGT Determines substrate specificity  [21]

K470 K471 Ubiquitination SKP2 Degrades CARM1 in the nucleus  [18]
S595 S595 Phosphorylation JAK mutant 

JAK2V617F
Decreases activity  [16]

Unknown, likely 
multiple sites

Unknown, 
likely multiple 
sites

Polyubiquitination CHIP ligase Downregulation of PRMT5 through ubiquitin-medi-
ated proteasomal degradation via K48-linked chains

 [18, 
110, 
111]
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at its gene promoter [49]. Asymmetrically orchestrated 
methylation by CARM1 collaborates with histone acetyla-
tion to facilitate transcription activation through chromatin 
remodeling and discharging corepressors from chromatin 
[50]. In contrast to PRMT1’s preference for unacetylated 
histone tails in H4R5 methylation, CARM1 prefers methyl-
ating H3R17 in acetylated histone tails [51]. Preacetylation 
of histone H3 at lysine residues 18 and 23 by EP300 has 
been observed to stimulate the methylation of H3R17 by 
CARM1. Conversely, the citrullination of H3 at Arg-17 by 
PADI4 impedes this process. Notably, CARM1-mediated 
H3 arginine methylation protects its acetylation by displac-
ing the nucleosome remodeling and deacetylase (NuRD) 
complex and TIF1 corepressors from chromatin [44].

Methylation of histone H3 by CARM1 has been associ-
ated with the activation of many oncogenic transcriptional 
factors. The recruitment of CARM1 to the pS2 gene, some-
times referred to as TFF1, is shown in response to estrogen 
(E2) and cAMP. Methylation of histone H3 by CARM1 has 
been associated with ER-target gene pS2 activation depend-
ing on the p160 proteins. H3R17me2a mediated by CARM1 
recruits PAF1c, which functions as an arginine methyl his-
tone effector, thereby facilitating the transcriptional activa-
tion of ERα targets [50]. CARM1-mediated H3R17me also 
regulates Yap1 and cell cycle signaling pathways, modulat-
ing mouse embryo development [52]. Though producing 
H3R17me, CARM1 interplays with CIITA and CBP during 
IFN-γ stimulation to induce gene activation [53]. CARM1-
mediated H3R17 methylation promotes gene transcription 
and cell proliferation, which has been linked to the patho-
genesis of tumors and unfavorable prognostic outcomes in 
several cancers, such as breast, lung, and liver cancers.

CARM1 also interacts with nuclear hormone receptors 
(NRs), regulating the transcription activation of oncogenic 
hormone signaling. CARM1 binds to the carboxyl-terminal 
region of the p160 coactivators, including SRC-1, GRIP1/
TIF2, and p/CIP, which serve as a binding platform for p300/
CBP and coiled-coiled coactivator in transcriptional activa-
tion by NRs [14, 54]. CARM1 mediates the methylation of 
multiple Arg residues within CBP, which prevents its bind-
ing to coactivators like CREB and p160 nuclear receptor 
coactivator GRIP1 [45, 53, 55]. The methylation of CBP by 
CARM1 led to the specific target gene hubs being identified 
by the gene-selective interaction of methylated CBP species 
recruited by estrogen with various HAT activity [56]. Inhi-
bition of CARM1 can further decrease the HAT activity of 
CBP and the expression of target genes, leading to synthetic 
lethality in diffuse large B cell lymphoma (DLBCL) tumors 
with mutant CREBBP/EP300 [57]. Additionally, SREBP2-
mediated transcriptional activation of mevalonate pathway 
genes is suppressed by CARM1-mediated CBP methylation 
at R601 and R672 [58]. Several transcriptional regulators 

an iron- and 2-oxoglutarate-dependent dioxygenase, cata-
lyzes the demethylation of methylated arginine and lysine 
residues on histone and non-histone proteins. CARM1-
mediated MED12 methylation is involved in the activation 
of ERα-specific enhancers. It has significantly reduced the 
interaction between MED12 and CARM1 without JMJD6 
[26, 27]. According to a recent study, RDM activity is 
present in other 2OG-dependent JmjC oxygenase KDMs, 
such as KDM3A, KDM4E, KDM5C, and KDM6B [28]. 
It is important to note that further experimental research is 
required to elucidate the mutual interactions and regulatory 
mechanisms of CARM1-mediated methylation and demeth-
ylation by LSD1 and JMJD6 (Fig. 3c).

3  The pathophysiologic function of CARM1 
in carcinogenesis

It has been discovered that CARM1, an oncogenic protein, 
is overexpressed in a number of cancers, including breast [9, 
29, 30], ovarian [31, 32], hematopoietic [33, 34], liver [35], 
pancreatic [36], colorectal [37, 38], prostate [39], bone [17], 
oral [40], lung [41], and melanoma [42]. However, recent 
studies suggests that CARM1 suppresses tumors in lung, 
liver, and pancreatic cancers as well [35, 36, 43]. Notably, 
the full-length CARM1 seems to exhibit tumor-suppressive 
function, while the short isoform (CARM1ΔE15) appears 
to have an oncogenic function in breast tumors [10]. 
These observations suggest a context-dependent function 
of CARM1 in cancer. Here, we discussed how CARM1 
modulates various biological functions, including chroma-
tin remodeling and gene activation, metabolism, autophagy, 
redox homeostasis, and signal transduction, promoting car-
cinogenesis (Table 2) [27, 44–46].

3.1  Transcriptional coactivator

It has been proposed that CARM1 plays a crucial function 
in transcriptional activation by methylating histone H3, 
modifying chromatin remodeling and facilitating coactiva-
tor complex assembly (Fig. 4). CARM1 skillfully directs 
its coactivator activity in cancers by methylating histone 
H3 at R2, R17, and R26. Notably, via a random kinetic 
mechanism, CARM1 exhibits a preference for methylat-
ing H3R17 over H3R26 [47]. Surprisingly, the overall 
levels of H3R17me2a in CARM1 knockout mice did not 
significantly fall, as PRMT6 was found to compensate by 
depositing the H3R17me2a mark [48]. CARM1 extends its 
regulatory influence beyond H3 methylation. Consistently, 
CARM1-mediated methylation of PRMT5 at Arg505 nega-
tively regulates the expression of the human γ-globin gene in 
erythroleukemia cells by decreasing H4R3me2s enrichment 
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Substrates Methylated
arginine residue 
(human)

Biological function Impact of the methylation on the function 
of the substrate

Refs

Transcriptional activation
AIB1 R849

R854
R1171
R1177
R1188

Transcriptional activation Impairs association with CBP  [116, 
117]

BAF155 R1064 Transcriptional activation Switches promoter occupancy from 
BAF155 to EZH2

 [32, 
60]

CBP R601
R625

Transcriptional activation Disrupts the binding between KIX and 
the kinase-inducible domain of CREB, 
leading to inhibition of CREB activation

 
[118]

R714
R742
R768
R2151

Transcriptional activation Induces for GRIP-1- and steroid hor-
mone-mediated gene activation; increases 
histone-acetyltransferase activity

 [56, 
119]

Histone H3 R2 Transcriptional activation ND  [47, 
120, 
121]

R17 Transcriptional activation Transcriptional activation  [47, 
48, 
51, 
52, 
120–
122]

R26 Transcriptional activation Transcriptional activation and repression  [47, 
120, 
123, 
124]

R42 Transcriptional activation Transcriptional activation  
[125]

HSP70 R469 Transcriptional activation Controls the activation of the RARβ2 
gene mediated by retinoic acid

 
[126]

MED12 R1782
R1792
R1854
R1859
R1862
R1871
R1899
R1910
R1912
R1994
R2015

Transcriptional activation Suppresses p21 transcription
Mediates
interaction with TDRD3
Important for ER-α mediated gene 
transcription

 [26, 
27, 
29, 
93]

NFIB R388 Transcriptional activation  [87]
p300 R580

R604
R651

Transcriptional activation Prevents CREB activation by preventing 
KIX from attaching to the kinase-induc-
ible domain of CREB.

 
[118]

R754 Transcriptional activation Important for binding to BRCA1  [45]
R2142 Transcriptional activation Impairs binding to GRIP1 and ACT  [127, 

128]
LSD1 R838 Transcriptional activation Affects stabilization  [25]
Pax7 R10

R13
R22
R37

Transcriptional activation Induces Myf5 expression  [16, 
129]

pRb R775
R787
R798

Cell cycle Negatively regulates tumor suppressor 
function

 [63]

Table 2  Validated CARM1 substrates with their functions in tumorigenesis
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facilitates the recruitment of the MED12/JMJD6 mediator 
complex onto ERa-bound active enhancers by methylat-
ing MED12 at several arginine sites [26, 27]. Additionally, 
the expression of c-Myc pathway genes was affected by 

were involved in the regulating role of CARM1 in ERa-
regulated gene transcription. AIB1, whose methylation 
regulates its activity and stability, is necessary for CARM1 
recruitment to ERa-regulated promoters [59]. CARM1 

Substrates Methylated
arginine residue 
(human)

Biological function Impact of the methylation on the function 
of the substrate

Refs

YY1 R281
R294
R323
R342
R363
R381

Unknown  [40]

RUNX1 R223 Regulates binding to DPF2  [34]
NOTCH1 R2263

R2272
R2313
R2327
R2372

Controls stability  [83]

NOTCH2 R1786
R1838
R2047

Enhances its association with master-
mind-like protein 1 (MAML1)

 
[130]

Sox2 R113 Transcriptional activation Enhances self-association  
[131]

RNA processing
CA150 R28

R30
R41
R48

RNA processing Allows interaction with the Tudor domain 
of SMN

 [65]

HuD R248 RNA processing Affects mRNA turnover of p21cip1/waf1  [64]
p54nrb R357

R365
R378

RNA processing reduces binding to mRNAs containing 
IRAlus

 [46]

PABP1 R455
R460
R506

RNA processing No impact on stability or distribution  [112, 
132, 
133]

RNA Pol II R1810 Facilitates expression of select small 
nuclear RNAs

 
[134]

CARM1 R550 Affects pre-mRNA splicing  [8, 
19]

HuR R217 RNA processing Affects subcellular localization and 
stability

 
[135–
137]

Metabolism
MDH1 R248 Metabolism (Glutamine 

metabolism)
Inhibits activity  [36]

GAPDH R234 Metabolism (Aerobic 
glycolysis)

Inhibits glycolysis  [35]

RPIA R42 Metabolism (Pentose phosphate 
pathway)

 [74]

PKM2 R445
R447
R455

Metabolism (Aerobic 
glycolysis)

Increases activity  [67, 
68]

Others
PRMT5 R505 Essential for oligomerization and methyl-

transferase activity
 [49]

TARPP R655 Exact function unknown  
[138]

Table 2  (continued) 
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achieve the cooperative effects of histone acetylation and 
methylation sequentially, thereby modulating p53-mediated 
coactivators [61, 62]. These findings aligned with observa-
tions made regarding CARM1, PRMT1, p300, and p160 
family coactivators in nuclear receptor-mediated transcrip-
tion. Similarly, CARM1-mediated methylation of p300 pro-
tein at the Arg754 residue facilitates BRCA1 recruitment to 
the p53 binding area of the p21 promoter, thereby synergis-
tically promoting p21 expression in response to DNA dam-
age [45]. Additionally, CARM1 methylates pRb at R775, 
R787, and R798, disrupting the formation of E2F-1/DP1-
pRb complex and inhibiting its repression of E2F-1 tran-
scriptional activation [63].

3.2  RNA processing

In addition to its role in transcriptional coactivation, 
CARM1 exerts regulatory control over RNA processing and 
noncoding RNAs (ncRNAs) via methylating various RNA-
binding proteins (HuD and HuR), splicing factors (SAP49, 

CARM1-mediated BAF155 methylation at R1064, as the 
methylation directs BAF155 to unique chromatin regions 
[60].

CARM1 promotes tumorigenesis by regulating the 
function of tumor suppressors like p53, pRb and BRCA1. 
CARM1 only interacted with the p53 C terminus (residues 
300–393), highly dependent on residues 370–393 [61]. 
Similarly, deleting the p53 C-terminal region disrupted 
interactions with CARM1, leading to a noticeable reduc-
tion in H3R17 methylation. This deletion also hindered 
the recruitment of CARM1 to the p53 response element 
[61]. In vitro experiments, whether co-administered or 
sequentially applied, revealed that the three coactivators—
PRMT1, p300, and CARM1—most significantly stimulated 
p53-mediated transcription. Within two hours of UV irra-
diation, the binding of p53 and p300 to the p53 response 
element reached its peak level, followed by the subsequent 
binding of CARM1 at the same site. Concurrently, H4R3 
methylation, presumably by PRMT1, occurred alongside 
p300. Therefore, CARM1, PRMT1 and p300 cooperate to 

Fig. 4  CARM1 controls the transcriptional activation in cancer. 
CARM1-mediated methylation works together with histone acetyla-
tion or citrullination to promote transcriptional activation by remod-
eling chromatin and releasing core repressors from chromatin (a, 
b). Preacetylation of histone H3 by p300 stimulates methylation of 
H3R17 by CARM1 (c), whereas citrullination of H3R17 by PADI4 
blocks this process (d), creating active open chromatin for transcrip-
tion. CARM1-mediated histone methylation serves as a platform for 
recruitment of transcriptional complexes, like p160 (e, h, i), NUMAC 
(f), BAP1 (g), AETFC (j). In addition, CARM1 modifies key regu-
latory factors in the transcription complex through methylation, pro-
moting the recruitment of the transcriptional coactivator to enhancers. 

By promoting gene transcription, CARM1 has been implicated in the 
pathogenesis and poor prognostic outcomes of several cancers, such 
as breast cancer (e, f, g), gastric cancer (h), DLBCL (i, j), SCLC (k). 
CARM1 can also regulate gene transcription in response to extracel-
lular IFN-γ signals (l). Abbreviations: ASXL2, ASXL Transcriptional 
Regulator 2; BRG1, brahma-regulated gene 1; CBP, CREB-binding 
protein; E2F1, E2F Transcription Factor 1; ERα, estrogen receptor 
alpha; ERE, estrogen response element; LYL1, the Lymphoblastic 
leukemia 1; NFIB, nuclear factor I B; MLL3, mixed-lineage leuke-
mia 3; PADI4, peptidylarginine deiminase IV; SRC-3, steroid receptor 
coactivator-3; TAL1, T cell acute lymphocytic leukemia 1; TRIM29, 
tripartite motif containing 29
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cells lacking the Carm1 gene exhibit significant survival 
advantages over wild-type cells due to their reduced PKM2 
activity redirects glucose flux toward the de novo serine 
biosynthesis, promoting cell proliferation without extracel-
lular serine [67]. Glucose starvation raises CARM1 protein 
levels, which inhibits the catalytic activity of GAPDH for 
glycolysis by methylating R234, slowing tumor cell prolif-
eration [35].

Similarly to its role in glucose metabolism, CARM1 reg-
ulates glutamine metabolism by methylation of vital meta-
bolic enzymes. CARM1 mediates the methylation of MDH1 
at R248, disrupting its dimerization and inhibiting catalytic 
activity. MDH1 is essential for glutamine-dependent syn-
thesis of NADPH, which contributes to the redox homeo-
stasis of PDAC cells. Repression of MDH1 by CARM1 
dampens mitochondria respiration and glutamine metabo-
lism. To cope with oxidative stress, oncogenic activating 
KRAS mutation or oxidative stress in PDAC suppresses 
CARM1-mediated MDH1, rewiring glutamine metabolism 
to support NADPH production and protecting PDAC cells 
from oxidative damage [36].

CARM1 also orchestrates the transcriptional reprogram-
ming of fatty acid metabolism to promote ovarian cancer 
formation. Genes like ACC1 and FASN that encode rate-
limiting enzymes involved in de novo fatty acid metabolism 
are expressed more frequently. Moreover, CARM1 upreg-
ulates stearoyl-CoA desaturase 1 (SCD1), an enzyme that 
desaturates fatty acids to generate monounsaturated fatty 
acids. The enhanced de novo fatty acid synthesis and sub-
sequent synthesis of monounsaturated fatty acids contribute 
to tumorigenesis [70]. CARM1 is also necessary for regu-
lating lipid metabolism under nutrient stress caused by glu-
cose deprivation. Through lysosomal degradation, C9orf72 
adversely affects the amount of CARM1 protein levels. Loss 
of C9orf72 causes CARM1 to become more enriched in the 
nucleus and more active as an epigenetic activator, linking 
to ACC promoter regions, causing overexpression of lipid 
metabolism genes during fasting [71]. Moreover, methyl-
transferase-deficient CARM1 mutants, such as CARM1-
VLD and CARM1-E267Q, severely repress the expression 
of AMPK and PGAM2. Therefore, CARM1 expression 
and associated methyltransferase activity are essential for 
expressing genes implicated in glycogen metabolism and 
human glycogen storage disorders [72].

3.4  Redox homeostasis

Redox homeostasis is imperative for the physiological func-
tions of normal cells and the pursuit of cancer cells. CARM1 
emerges as a crucial regulator in controlling oxidative stress 
(Fig. 5). Its interaction with Nrf2 confines the methylation, 
which limits Nrf2 nuclear translocation and subsequent 

CA150, SmB, and U1C), as well as RNA binding proteins 
such as poly-A-binding protein 1 (PABP1). For instance, 
CARM1’s methylation of HuD blocks p21cip1/waf1 mRNA 
from entering the decay route, sustaining PC12 cells pro-
liferatively [64]. CA150 requires CARM1-mediated meth-
ylation to interact with the Tudor domain of SMN, offering 
a molecular explanation for the putative role of SMN in 
pre-mRNA splicing [65]. CARM1 activity is also essential 
for MED12 to activate ncRNAs. Methylation of MED12 
at R1899 recruits the TDRD3/TOP3B complex, which has 
been shown to associate with enhancer RNAs (eRNAs) that 
correlate with enhancer-promoter looping and gene acti-
vation [26]. Moreover, MED12 methylation recruits p300 
protein to acetylate histone H3K27, promoting eRNA tran-
scription from activated enhancers. This eRNA regulates 
H3K4me3 at the S region and recruits DNA break and repair 
complex for class switching recombination (CSR) [66]. One 
CARM1 isoform preserving introns 15 and 16 binds to the 
U1 small nuclear RNP-specific protein U1C, influencing the 
selection of 5′ splice site in pre-mRNA splicing [12]. Addi-
tionally, CARM1 regulates nuclear retention of mRNAs 
containing IRAlus via two mechanisms: first, it methylates 
the p54nrb coiled-coil domain, reducing p54nrb binding 
to IRAlus mRNAs; second, CARM1 reduces paraspeckle 
formation by NEAT1 transcription. This effect is inhibited 
by suitable stimulation like poly(I: C) treatment, increas-
ing NEAT1 production, unmethylated p54nrb, and nuclear 
retention of IRAlus mRNAs at paraspeckles [46].

3.3  Metabolism

CARM1 is a crucial regulator of metabolic reprogramming 
in cancers, including glucose, glutamine, lipid, glycogen 
and one-carbon metabolism (Fig. 5). The increased enzy-
matic activity of PKM2 aids glycolysis due to CARM1-
mediated methylation at R445/447 [67]. Another study 
has demonstrated that CARM1-mediated methylation at 
R445/447/455 of PKM2 impedes mitochondrial oxidative 
phosphorylation (OXPHOS). Methylated PKM2 suppresses 
the expression of inositol 1, 4, 5-trisphosphate receptors 
(IP3Rs) in mitochondria, curtailing calcium influx from the 
endoplasmic reticulum (ER) [68].

CARM1 induces an up-regulation of glycolytic flux by 
methylating PPP1CA at R23, which enhances the activities 
of PFK-1 and PFKFB. Similarly, by governing the expres-
sion of PDK3, CARM1 also diminishes OXPHOS flux 
and the tricarboxylic acid cycle (TCA) [69]. Consequently, 
CARM1 shifts the metabolism balance from OXPHOS 
to aerobic glycolysis, fostering tumor cell proliferation, 
migration and metastasis. Additionally, the expression of 
CARM1 affects how cells react when faced with nutritional 
shortages. When exposed to extracellular serine limitation, 
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Conversely, CARM1 also assumes a negative regulatory 
role in NADPH production through unconventional gluta-
mine metabolism in PDAC cells. The arginine methylation 
of MDH1 by CARM1 inhibits glutamine metabolism and 
NADPH production, rendering PDAC cells more vulner-
able to oxidative stress and suppressing cell proliferation. 
Notably, oxidative stress inhibits CARM1 activity and 
downstream MDH1 methylation. This remarkable finding 
suggests that CARM1 could act as a ROS sensor, influenc-
ing cancer’s redox balance and metabolism [36]. Therefore, 
although the mechanisms and effects warrant further inves-
tigation in distinct contexts, CARM1 is a critical regulator 

transcription of GPX4. The suppression of Nrf2/GPX4 sig-
naling by CARM1 overexpression accelerates doxorubicin-
induced ferroptosis in cardiomyocytes [73]. CARM1 also 
orchestrates remodeling of the metabolic network in cancer 
cells, adapting them to variable oxidative stress conditions. 
By inducing R42 methylation, CARM1 increases the cata-
lytic activity of ribose-5-phosphate isomerase A (RPIA), 
an enzyme in the pentose phosphate pathway (PPP). Under 
glucose deprivation, hypermethylation of RPIA by CARM1 
amplifies oxidative PPP flux and NADPH production, aug-
menting colorectal cancer cell survival during glucose star-
vation [74].

Fig. 5  CARM1 controls autophagy, metabolism and redox homeostasis 
in tumors. In normal condition, the nuclear CARM1 was degraded by 
the UPS. During prolonged nutrient starvation, activated AMPK phos-
phorylates FOXO3, leading to the transcriptional repression of SKP2 
and reduced degradation of CARM1. Elevated CARM1 increases 
H3R17me2, thereby activating the TFEB or TRE3-mediated autoph-
agy and lysosomal gene transcription, which are crucial for develop-
ing resistance to chemotherapy. The methylation of Nrf2 by CARM1 
limits its nuclear translocation and, subsequently, the transcription of 
GPX4, accelerating oxidative damage. CARM1 coordinates the tran-
scriptional reprogramming of metabolic pathways, such as altering 
the expression AMPK and PGAM2 in glycolysis, as well as ACC1, 
SCD1 and FASN in de novo lipogenesis. CARM1 exhibits regulatory 
roles across various metabolic pathways, encompassing glutamine 
metabolism, glycolysis, OXPHOS, the pentose phosphate pathway, 
and lipid metabolism. The CARM1-dependent methylation of PKM2 
reduces InsP3R expression, shifting metabolism from OXPHOS to 
aerobic glycolysis. In liver cancer cells, AMPK-dependent upregula-
tion of CARM1 during glucose starvation inhibits glycolysis through 

GAPDH methylation. Methylation of MDH1 by CARM1 inhibits its 
activity, suppressing glutamine metabolism under normal conditions. 
Conversely, ROS-induced inhibition of CARM1 activates glutamine 
metabolism under stress conditions in PDAC. Additionally, CARM1 
regulates the cellular redox homeostasis. CARM1-mediated metabo-
lism also adapts tumor cells to variable oxidative stress conditions. 
Notably, the RPIA and MDH1 are methylated by CARM1, altering 
the production of NADPH and the cellular redox source. Abbrevia-
tions: UPS, ubiquitin-proteasome system; ACC1, acetyl coenzyme A 
carboxylase 1; CUL1, Cullin-1; FASN, fatty acid synthase; FOXO, 
Forkhead box-containing protein; GAPDH, Glyceraldehyde 3-phos-
phate dehydrogenase; InsP3Rs, inositol-1,4,5-trisphosphate receptors; 
MDH1, malate dehydrogenase 1; OXPHOS, oxidative phosphoryla-
tion; PGAM2, Phosphoglycerate mutase 2; PKM2, pyruvate kinase 
M2; ROS, reactive oxygen species; RPIA, Ribose 5-Phosphate Isom-
erase; SCD1, stearoyl-CoA desaturase 1; Skp2, S-phase kinase-asso-
ciated protein 2; TFE3, Transcription factor E3; TFEB, Transcription 
factor EB
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upstream regulators, like the Notch intracellular domain 
(NICD), which has been shown to interact directly with 
the NF-κB subunit. Through methylation at five conserved 
arginine residues in its C-terminal trans-activation domain, 
CARM1 controls the stability of the NICD protein. Cru-
cially, the methylation may enhance the transcriptional 
action of Notch, implying that CARM1-mediated Notch 
methylation may also contribute to the inflammation of 
Notch-dependent illnesses like leukemia [82, 83].

4  CARM1 serves as a therapeutic target and 
predictive biomarker of treatment response

Neoplasms dependent on CARM1 offer a novel avenue for 
anticancer interventions and serve as a prospective prognos-
tic indicator for tumor advancement, metastatic potential, 
and resistance to therapeutic interventions. Small-molecule 
inhibitors and cell-penetrating peptides (CPP) have proven 
efficacious in selectively targeting CARM1 in cancer 
therapeutics, potentially overcoming intrinsic or acquired 
resistance to treatment. Moreover, CARM1’s anticipatory 
capacity in predicting treatment responsiveness establishes 
a foundation for developing more efficacious therapeutic 
strategies.

4.1  CARM1 as a potential therapeutic target for 
cancers

CARM1 is a therapeutic target for otherwise untargetable 
transcription factors due to its regulating function in tran-
scriptional activation. In AML, CARM1 promotes cell 
survival by interacting with the AE-containing AETFC 
complex, facilitating target gene expression [84]. CARM1 
deletion prevents AML driven by oncogenic transcrip-
tion factors without impacting normal hematopoiesis [85]. 
Overexpressed CARM1 in human grade-III breast tumors 
and PDAC promotes cancer cell proliferation by activat-
ing ERα or androgen receptor (AR) activity, respectively 
[43]. Targeting CARM1 may benefit ERα-positive breast 
cancer, given its specific recruitment to ERα-bound active 
enhancers and its requirement for estrogen/ERα-triggered 
transcriptional activation [29]. CARM1 collaborates with 
transcriptional coactivators like GRIP1 and CBP to regulate 
AR function. Its distinctive transcriptional regulatory mech-
anism, involving methylation of histones and other proteins 
in the transcription start complex, offers a targeted treatment 
option for prostate cancer, especially in androgen-indepen-
dent cases [29, 86]. The methylation of NFIB by CARM1 
is pivotal in small-cell lung cancer development. Disrupt-
ing CARM1 or inhibiting NFIB methylation decelerates the 
growth of small cell lung cancer cells [87].

for fine-tuning redox homeostasis by modulating the anti-
oxidant Nrf2 signaling and NADPH production.

3.5  Autophagy

Autophagy is a highly conserved mechanism of self-diges-
tion that promotes tumor development, survival, and che-
moresistance in addition to preserving cellular viability 
and homeostasis in response to food shortage. The intricate 
regulation of autophagy at the molecular level involves 
CARM1-dependent histone arginine methylation (Fig. 5). 
Under normal/nutrient-rich conditions, CARM1 undergoes 
degradation by SKP2-mediated ubiquitin-proteasome sys-
tem (UPS) in the nucleus or by C9orf72-dependent lyso-
somal proteolysis in cytosolic. During glucose starvation, 
CARM1 accumulation in the nucleus is facilitated by the 
AMPK/FOXO3a axis, which transcriptionally represses 
SKP2. The heightened levels of CARM1 exert a transcrip-
tional coactivator for TFEB by methylating H3R17me2a, 
triggering the expression of several autophagy and lyso-
somal target genes [18, 75, 76]. Additionally, CARM1-
mediated methylation of Pontin, a chromatin-remodeling 
factor, at R333 and R339 under glucose starvation serves 
as a scaffold for the recruitment of the histone acetyltrans-
ferase Tip60. This recruitment enhances H4 acetylation, 
subsequently activating autophagy gene transcription by 
FOXO3a. Interestingly, the CARM1-Pontin-FOXO3a sig-
naling axis operates in the distal areas, utilizing enhancer 
activation to maintain autophagy gene expression and 
autophagic flux under glucose starvation [77]. CARM1 
also encourages the nuclear translocation of TFE3, which 
often shares regulatory signaling networks with TFEB. 
This translocation induces autophagy through the nuclear 
AMPK-CARM1-TFE3 and cytoplasmic AMPK-mTOR 
signaling pathways [78, 79]. Through regulating autophagy, 
CARM1 accelerates the G1-S transition, promotes cancer 
cell growth, and mitigates ER stress-induced apoptosis [79].

3.6  Inflammation

CARM1 participates in the ongoing inflammatory response, 
which is crucial to the malignant transformation, cancer 
propagation and metastasis. CARM1 functions as a tran-
scriptional coactivator of NF-κB, promoting NF-κB recruit-
ment to chromatin. In response to TNFα or LPS stimulation, 
NF-κB-dependent gene subsets are expressed less fre-
quently in CARM1 deletion cells [80, 81]. It has also been 
mentioned that CARM1 and P300 work cooperatively to 
promote the NF-κB recruitment to chromatin and regulate 
the transcriptional control of inflammation-related genes 
during monocyte inflammatory stimulation [80]. Moreover, 
CARM1 modulates the NF-κB pathway by methylating its 
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such as CARM1 [94]. Additionally, AMPK activates TFEB 
by increasing the levels of CARM1, which is implicated 
in chemotherapy resistance. The AMPK inhibitor SBI-
0206965 sensitized tumor cells to doxorubicin, indicating 
a potential strategy to overcome chemotherapy resistance 
by inhibiting the AMPK-CARM1-TFEB axis-mediated 
autophagy [18, 95]. Heightened expressions of TFEB and 
Beclin-1 correlate with reduced survival in chemotherapy-
treated invasive breast cancer patients. Positive correlations 
among CARM1, TFEB, SIRT1, and Beclin-1 in breast can-
cer suggest CARM1’s potential prognostic value and its 
role as a novel target to combat inherent or acquired drug 
resistance in breast cancer [96]. CARM1 also contributes to 
immunotherapy resistance. In a CRISPR/Cas9 screen using 
B16F10 melanoma cells, CARM1 has been identified as a 
negative regulator of T cell survival and proliferation. Inhi-
bition of CARM1 supports the survival of tumor-infiltrating 
memory-like T cells and improves the antitumor activities 
of CD8+ T cells. Meanwhile, B16F10 cells are vulnerable 
to immunological assault by T cells and monotherapy with 
checkpoint antibodies (CTLA4 and DP-1) when CARM1 
is knocked down or treated with CARM1 inhibitors [97]. 
Overall, CARM1 emerges as a crucial factor leading to the 
development of tumor therapeutic resistance, providing new 
insights into the potential development of cancer drugs.

4.3  Targeting CARM1 for cancer treatment

With the advancement in strategies for determining the 
enzymatic activity and substrates of CARM1 (Table  3), 
different CARM1 inhibitors (CARM1i) have been devel-
oped with diverse molecular scaffolds and ways of interac-
tion with CARM1 [3]. The CARM1i shows promise in the 
preclinical stage for treating various cancers [3]. Notable 
examples include EZM2302(3) and TP-064, which were 
developed to occupy the peptide substrate-binding pocket 
of CARM1 and exhibited antitumor effects against cancers 
such as breast cancer, multiple myeloma (MM), AML, and 
diffuse large B-cell lymphoma [57, 85, 92, 98, 99]. SKI-73 
inhibits CARM1 by engaging the SAM-binding site, sup-
pressing invasion but not proliferation of breast cancer cells 
[92]. Compound 43, a selective and potent CARM1 inhibi-
tor, significantly affects solid tumors’ in vivo behavior. Its 
stable metabolic profile allows oral administration, present-
ing a viable treatment option for malignant solid cancers. 
Compound 43 has also been shown to increase the quantity 
of dendritic cells (DCs) and activated CD8+ T cells [100]. 
Additionally, seven compounds with new scaffolds specifi-
cally inhibiting CARM1 methyltransferase activity have 
been identified and confirmed through virtual screening. 
Compound NO.2 was selected for structural optimization 
due to its significant toxicity to breast cancer cells [101]. 

Highly expressed CARM1 in malignancies promotes 
tumor metastatic ability through transcriptional regulation 
of oncogenic pathways, metabolic rewiring, and modula-
tion of autophagy. The methylation of epigenetic regula-
tory proteins, including SWI/SNF core subunit BAF155, 
transcription factor NFIB, and histone lysine demethylase 
LSD1, is a notable mechanism of CARM1 in transcrip-
tional activation of oncogenic pathways. Methylation of 
BAF155 guides it to specific chromatin regions, where it 
activates the c-Myc pathway and promotes tumor metastasis 
[88]. TNBC metastasis is further encouraged by CARM1-
catalyzed methylation of BAF155, which recruits BRD4 to 
activate super-enhancer-addicted oncogenes and suppress 
the host immune response [89]. CARM1 stabilizes histone 
lysine demethylase LSD1 via USP7-dependent deubiquiti-
nation, promoting breast cancer cell motility and invasion 
[25]. Inhibition of CARM1 represses SERPINE1 expres-
sion, reducing the invasiveness of gastric cancer cells [90]. 
Besides transcriptional control, CARM1 regulates cellu-
lar metabolism, supporting tumor metastasis by switching 
OXPHAS to aerobic glycolysis via methylating the dimeric 
form of PKM2 at R445/447/455 [68]. CARM1 also contrib-
utes to the spread of metastatic disease through autophagy, 
as its suppression induces autophagy, preventing migration 
or invasion in NSCLC [91]. The CARM1 inhibitor SKI-73 
reduces invasiveness by changing epigenetic plasticity [92]. 
Understanding the CARM1-addiction mechanism of cancer 
metastasis helps develop therapeutic strategies targeting this 
process.

4.2  CARM1 serves as a potential prognostic marker 
for cancer therapeutic resistance

Overexpression of CARM1 in multiple cancers is closely 
associated with the development of therapeutic resistance. 
CARM1 methylates MED12 at R1862 and R1912, and 
mutations at these sites lead to resistance to chemothera-
peutic agents, serving as a predictive sensor for how human 
malignancies will respond to commonly used chemotherapy 
drugs [93]. JMJD6 is reported to regulate the interaction 
between MED12 and CARM1, acting as a crucial regula-
tor of breast cancer cell potential and a potential therapeutic 
target a possible target for treatment in cases of ER-positive 
breast cancer [27]. Sustained PKA activity results in the 
phosphorylation of CARM1, leading to tamoxifen resis-
tance in breast tumors. This phosphorylation of CARM1 is 
necessary and sufficient for directly binding to the unligan-
ded hormone-binding domain (HBD) of ERα. Furthermore, 
cAMP activation of ERα relies on this interaction [15].

Long-term exposure to chemotherapy may induce 
autophagy through epigenetic regulation, specifically by 
transcriptionally modifying TFE3 and TFEB coactivators, 
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implantation through the regulation of histone methylation 
and gene expression [105]. Similarly, biologically active 
CARM1 protein delivered through a CPP induces chro-
matin remodeling via histone methylation in hMSCs. The 
differentiation efficiency of BM-hMSCs and AD-hMSCs 
into adipogenic, osteogenic, and myogenic cell lineages is 
greatly enhanced in vitro by CPP-CARM1 protein, indicat-
ing possible clinical uses for cancer treatment [106].

CARM1 has inherent therapeutic potential as a therapeu-
tic target and serves as a biomarker for cells susceptible to 
synthetic lethality-based therapies. Its role in methylating 
BAF155 to regulate the antagonistic relationship between 
EZH2 and SWI/SNF indicates that EZH2 inhibition sig-
nificantly retards the growth of ovarian cancers express-
ing CARM1, while having no impact on tumors lacking 
CARM1 [32]. By upregulating MAD2L2, EZH2 inhibition 
decreases DNA end resection in a CARM1-dependent man-
ner, making CARM1-high, HR-proficient epithelial ovar-
ian cancer cells more susceptible to the combined effects of 
EZH2 and PARP inhibitors [107]. This result suggests that 
EZH2 pharmacological inhibition provides a novel treat-
ment strategy for cancers expressing CARM1. Additionally, 
CARM1 regulates the expression of target genes for the 

The oral administration of compound 49, based on a tet-
rahydroisoquinoline scaffold, demonstrates good antitumor 
activity in an AML xenograft model, showing high selectiv-
ity and intermediate pharmacokinetic characteristics [102].

Recently, proteolysis-targeting chimera (PROTAC) strat-
egies has been developed by harnessing the ubiquitin-prote-
asome system to destroy a target protein [103]. Compound 
3b represents the creation of CARM1 PROTAC, a degrader 
that includes the CARM1 inhibitor TP-064, linker, and VHL 
E3 ligase ligand. It is anticipated that CARM1 PROTACs 
will be developed as a therapeutic drug to target CARM1-
driven cancer, as this is the first development of effective 
and selective CARM1 PROTACs that achieve a degradation 
agent concentration 100 times less than the inhibitor [104].

Contrary to its abundance in other tumors, CARM1 
exhibits low expression levels in liver cancer and PDAC. 
Therefore, activating CARM1 may be considered for thera-
peutic interventions against liver cancer and PDAC. In 
contrast to inhibitory drugs, CARM1 protein can also be 
introduced into donor cells to supply CARM1. The deliv-
ery of CARM1 protein to human mesenchymal stem cells 
(hMSCs) using CPPs enhances embryonic development, 
providing a valuable tool for improving mammalian embryo 

Methods Principles Advantages Disadvantages Refs
Assays for determining the enzymatic activity of CARM1
Filter- or flash 
plate-based 
radio assays

Utilizing 3 H-SAM for the production of 
3 H-methylated products

Precise, user-
friendly, suitable 
for automation, 
and excellent 
reproducibility

Inconvenience  
[112]

ELISA Anti-methylarginine antibody High specificity Limited effec-
tiveness due 
to antibody 
selectivity

 
[112]

Fluorescence 
immunoassay-
based meth-
yltransferase 
assay

Using fluorescence immunoassay to detect 
adenosine monophosphate (AMP), a 
highly targeted for histone methyltransfer-
ase (HMT)

High sensitivity, 
high reliability

 
[113]

FRC based on 
Forster reso-
nance energy 
transfer (FRET)

Changes in the coumarin/fluorescein 
fluorescence ratio of FRCS in the presence 
of trypsin

Simple, 
quantitative, 
non-radiative

 
[114]

Assays for determining the substrates of CARM1
In vitro meth-
ylation assays

Utilizing mass spectrometry (MS) to iden-
tify the methylation residues or autoradi-
ography to detect the methylated proteins

 
[115]

In vivo meth-
ylation assays

Implementing diverse methods in conjunc-
tion with MS analysis. Cells underwent 
metabolic labeling using radioactive 
methionine and were subjected to immu-
noprecipitation for potential substrates. 
Alternatively, methylated peptides were 
detected through immunoprecipitation 
using pan-methylated antibodies and 
subsequent MS analysis

 
[115]

Table 3  Assays for determin-
ing the enzymatic activity and 
substrates of CARM1
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CARM1 activity results in an augmented consumption of 
SAM as a methyl donor, leading to reduced SAM levels in 
rapidly growing cancer cells. Considering that methylation 
of histone, DNA, and mRNA is highly sensitive to SAM 
levels, the excessive SAM consumption associated with 
overactivated CARM1 may play a role in tumorigenesis by 
influencing epigenetic modifications. However, the precise 
mechanism underlying this involvement warrants further 
investigation.

CARM1 has emerged as a compelling therapeutic target 
across various cancers, with factors and pathways under 
its regulation exhibiting potential influence in diverse can-
cer types. Recent investigations have primarily focused on 
uncovering the role of CARM1 in cancer initiation and the 
underlying mechanisms driving tumorigenesis. Notably, 
the functional role of CARM1 manifests variability even 
among distinct subtypes of breast cancer. CARM1 is cru-
cial in essential biological processes, including tumor cell 
proliferation, invasion, and metastasis. Inhibiting CARM1 
activity has effectively restrained tumor cell growth and 
metastatic potential.

Furthermore, CARM1 interplays with several signal-
ing pathways implicated in tumorigenesis, contributing to 
tumor initiation and progression through diverse routes. 
Consequently, targeting CARM1 holds promise as a novel 
approach for treating certain cancers. Encouragingly, there 
have been successful developments in CARM1-selective 
inhibitors, underscoring the feasibility of CARM1 as a 
therapeutic target in cancer therapy. Despite these advance-
ments, a comprehensive understanding of the specific func-
tions of CARM1 necessitates further in-depth exploration. 
Ongoing research efforts aim to elucidate the nuanced intri-
cacies of CARM1’s roles and functions in the context of 
different cancer types.
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IRE1α/XBP1s pathway, which causes ovarian cancer cells 
overexpressing CARM1 to be selectively sensitive to the 
blockage of the IRE1α/XBP1s pathway. A significant syn-
ergistic impact is observed when treating DLBCLs without 
CBP/EP300 mutations with the combination of CBP/p300 
and CARM1 inhibitors. In DLBCL cells, CARM1 inhibi-
tion mechanistically reduces CBP’s histone acetyltrans-
ferase (HAT) activity, downregulating its target genes and 
causing synthetic lethality [57].

5  Conclusion and perspective

CARM1 is a crucial regulator of gene expression with an 
increasingly important role in tumorigenesis. On the one 
hand, CARM1 is overexpressed or overactivated in tumor 
cells; on the other hand, various oncogenic signals regulate 
the activity and localization of CARM1 by mediating spe-
cific PTMs. CARM1 mediates methylation modification of 
substrates, leading to tumor progression, metastasis, and 
drug resistance. This critical role of CARM1 in tumorigen-
esis makes it a new perspective in cancer drug development 
and a potential sensor for predicting the responsiveness of 
human cancers to commonly used chemotherapeutic drugs, 
providing prospects for therapeutic targets. Studying the 
mechanism of action of CARM1 in various cancer types 
can deepen our understanding of tumorigenesis and pro-
vide new insights and methods for early cancer diagnosis 
and treatment. Although recent findings have revealed new 
facets of CARM1 function, further studies are imperative to 
elucidate many unresolved aspects.

Presently, the comprehensive structural characterization 
of CARM1 remains incomplete. Existing knowledge sug-
gests that the PH domain of CARM1 interacts with vari-
ous proteins and several lncRNAs. Exploring CARM1’s 
interactions with other nucleic acids and delineating the 
interplay between proteins and nucleic acids, particularly in 
the context of binding PH-like domains, may unveil novel 
functionalities of CARM1. Moreover, there is current lack 
of preclinical investigations into the impact of PTMs on 
CARM1, leaving uncertainties regarding the specific func-
tions influenced by these modifications. PTMs typically 
unfold sequentially, intricately constructing the accurate 
“PTM code” on the protein surface. Future efforts should 
aim to deepen our understanding of the intricate cross-
talk between different PTMs and their collective influence 
on CARM1. While nuclear CARM1 had been identified 
in various speckles, the precise nature of these speckles 
requires further elucidation. Investigating the localization 
of CARM1 within other nuclear structures and discerning 
its potential functions in the cytoplasmic milieu are also 
avenues that demand thorough exploration. Additionally, 
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