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A B S T R A C T

CARM1 is predominantly localized in the nucleus and plays a pivotal role in maintaining mitochondrial ho
meostasis by regulating gene expression. It suppresses mitochondrial biogenesis by downregulating PGC-1α and 
TFAM expression, while promoting mitochondrial fission through increased DNM1L expression. Under oxidative 
stress, CARM1 translocates to the cytoplasm, where it directly methylates DRP1 and accelerates mitochondrial 
fission, enhancing reactive oxygen species (ROS) production. Cytoplasmic localization of CARM1 is facilitated by 
its phosphorylation at S595 by ROS-activated p38γ MAPK, creating a positive feedback loop. Consequently, 
cytoplasmic CARM1 contributes to cellular senescence by altering mitochondrial dynamics and increasing ROS 
levels. This observation was supported by the increased cytoplasmic CARM1 levels and disrupted mitochondrial 
dynamics in the transformed 10T1/2 cells. Moreover, CARM1 inhibitors not only inhibit the proliferation of 
cancer cells but also induce apoptotic death in senescent cells. These findings highlight the potential of CARM1 
inhibitors, particularly those targeting cytoplasmic functions, as novel strategies for eliminating cancer and se
nescent cells.

1. Introduction

Mitochondria are pivotal for cellular energy metabolism, apoptosis, 
and epigenetic modifications [1–4]. Maintenance of mitochondrial ho
meostasis involves tightly regulated biogenesis and dynamics [5,6]. 
Peroxisome proliferator–activated receptor gamma coactivator-1 alpha 
(PGC-1α) primarily governs mitochondrial biogenesis by upregulating 
the expression of nuclear respiratory factors 1/2 and subsequently 
enhancing mitochondrial transcription factor A (TFAM) expression [7,
8]. TFAM plays a critical role in preserving mitochondrial DNA (mtDNA) 
integrity and copy number [8]. Mitochondrial dynamics, which are 
crucial for cellular function, involve fusion and fission events orches
trated by proteins, such as optic atrophy 1 and dynamin-related protein 
1 (DRP1; encoded by DNM1L) [6]. Imbalances in fusion and fission 
disrupt the mitochondrial function and contribute to cellular senescence 
[9].

Arginine methylation, catalyzed by protein arginine methyl
transferases (PRMTs) using S-adenosyl-L-methionine (SAM) as a methyl 
donor, regulates various biological processes [10–12]. 
Coactivator-associated arginine methyltransferase 1 (CARM1/PRMT4) 

has emerged as a therapeutic target for cancers [13,14] such as breast 
[15,16], ovarian [17], pancreatic [18], lung [19], and leukemia [20,21]. 
Notably, CARM1’s enzymatic activity is influenced by its 
post-translational modifications (PTMs), particularly phosphorylation: 
phosphorylation at the S216 [22], S228 [23,24], S447 [25], and S595 
[26] sites affects its SAM binding activity, homodimerization, and sub
cellular localization. Although CARM1 is primarily localized in the nu
cleus and functions as a transcriptional regulator, recent studies have 
increasingly focused on its cytoplasmic functions [27]. Numerous 
cytoplasmic substrate proteins have been identified, including 
glyceraldehyde-3-phosphate dehydrogenase [28], pyruvate kinase M2 
[29,30], malate dehydrogenase 1 [18], and DRP1 [31], all of which 
influence energy metabolism and mitochondrial dynamics. Our previous 
work implicated ROS-mediated cytoplasmic CARM1 localization in 
mitochondrial fission and senescence via DRP1 R403/R634 methylation 
[31], however, the mechanisms that trigger this localization remain 
unclear. This study aimed to unravel how reactive oxygen species (ROS) 
induces CARM1’s cytoplasmic localization and to elucidate the role of 
cytoplasmic CARM1 in cellular senescence and cancer progression.
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2. Methods

2.1. Chemicals, plasmids, and antibodies

Digitonin (D141), 5-dodecanoylaminofluorescein Di-β-D-galactopyr
anoside (C12FDG, D2893), hydrogen peroxide (386790-M), leptomycin 
B (L2913), lipopolysaccharide (LPS, L5543), N-acetylcysteine (A7250), 
SB203580 (S8307), SB239063 (S0569), SP600125 (420119), and 
U0126 (662005) were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). BIRB 796 (HY-10320), EZM2302 (HY-111109), and TP-064 (HY- 
114965) were obtained from MedChemExpress (Monmouth Junction, 
NJ, USA).

HA-CARM1 (#81118) and mCh-DRP1 (#49152) plasmids were 
purchased from Addgene (Watertown, MA, USA). GFP-CARM1 plasmid 
was provided by Dr. Mark T. Bedford (University of Texas, MD Anderson 
Cancer Center, TX, USA). As described previously [31], mCh-DRP1 
(R403K, R634K, and R639K) and GFP-CARM1 (E266Q) mutants were 
generated using the Muta-Direct Site-Directed Mutagenesis Kit (iNtRON 
Biotechnology, Seongnam, Korea, #15071), following the manufac
turer’s protocol. HA-CARM1 mutants (S595E and S595A) were pro
duced by BIONICS (Seoul, Korea).

The following antibodies were used for immunoblotting, immuno
precipitation, or immunostaining: Actin (Santa Cruz Biotechnology, 
Dallas, TX, USA, sc-47778), CARM1 (Bethyl Laboratories, Montgomery, 
TX, USA, A300-421A), DRP1 (BD Biosciences, Franklin Lakes, NJ, USA, 
#611113), ERK (Cell Signaling Technology, #9102), phospho-ERK (Cell 
Signaling Technology, #9101), GFP (Santa Cruz Biotechnology, sc- 
9996), HA (Cell Signaling Technology, #3724), histone H3 (Cell 
Signaling Technology, #9715), HSP70/HSP72 (Enzo Life Sciences, 
Farmingdale, NY, USA, ADI-SPA-810-F), JNK (Cell Signaling Technol
ogy, #9258), phospho-JNK (Cell Signaling Technology, #9251), Mff 
(ProteinTech, Rosemont, IL, 17090-1-AP), OXPHOS (Abcam, Cam
bridge, UK, ab110411), p16 (Cell Signaling Technology, #29271), p21 
(Cell Signaling Technology, #64016, #2947), p38 MAPK (Cell Signaling 
Technology, #9212), phospho-p38 MAPK (Cell Signaling Technology, 
#9211), PARP (Santa Cruz Biotechnology, sc-8007), PGC-1α (Santa Cruz 
Biotechnology, sc-518025), TFAM (Cell Signaling Technology, #8076; 
Boster Bio, PB9447), TOM20 (ProteinTech, 11802-1-AP; Abnova, 
H00009804-M01), VDAC1 (Santa Cruz Biotechnology, sc-390996), 
Alexa Fluor™-conjugated secondary antibodies (Bethyl Laboratories, 
A90-116D4, A90-138D2, A120-101D4, A120-101F), and HRP- 
conjugated secondary antibodies (Jackson ImmunoResearch Labora
tories, West Grove, PA, USA, #111-035-003, #115-035-003). ADMA5825 

and NFIB antibodies specific for CARM1 substrates were provided by Dr. 
Mark T. Bedford (University of Texas MD Anderson Cancer Center).

2.2. Cell culture and transfection

MDA-MB-468, BT-20, HCC1143, HCC1806, HCC1937, HCC1395, 
MDA-MB-231, MCF7, and 10T1/2 cells were obtained from American 
Type Culture Collection (Manassas, VA, USA). CARM1 WT and KO MEF 
cells were generously provided by Dr. Mark T. Bedford (University of 
Texas, MD Anderson Cancer Center). All cells were cultured in RPMI- 
1640 (HyClone, Logan, UT, USA) or DMEM (HyClone) supplemented 
with 10 % fetal bovine serum (HyClone) and 100 units/mL penicillin/ 
streptomycin (HyClone). All cells were maintained at 37 ◦C in a hu
midified incubator with 5 % CO2. Transfections were performed using 
either TransIT®-2020 (Mirus Bio, Madison, Wisconsin, USA, MIR 5400) 
or TransIT®-X2 (Mirus Bio, MIR 6000), following the manufacturer’s 
instructions.

2.3. Immunofluorescence and confocal microscopy

Cells plated on coverslips were fixed in 4 % paraformaldehyde for 15 
min, washed with PBS, and permeabilized with 0.5 % Triton X-100 for 
15 min at room temperature. After additional PBS washes, the cells were 

incubated with a primary antibody overnight at 4 ◦C, followed by in
cubation with a secondary antibody conjugated with fluorescein iso
thiocyanate and/or Alexa Fluor 594. To observe ROS, cells were treated 
with MitoTracker™ Red CMXRos (100 nM, 1 h) (Thermo Fisher, Wal
tham, MA, USA) prior to fixation. Immunofluorescence staining was 
visualized using a Zeiss LSM 710 Confocal Microscope (Carl Zeiss, 
Oberkochen, Germany) and images were analyzed using ZEN or ImageJ/ 
Fiji software.

2.4. Immunoblotting and immunoprecipitation

Cells were lysed using either NP-40 (10 mM Tris-HCl [pH 7.4], 100 
mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 % NP-40, and 10 % glycerol) or 
RIPA lysis buffer (50 mM Tris-HCl [pH 8], 150 mM NaCl, 0.5 % sodium 
deoxycholate, 0.1 % sodium dodecyl sulfate, and 1 % Triton X-100) 
supplemented with a 1 × protease and phosphatase inhibitor cocktail 
(Roche, Basel, Switzerland). Cells were lysed by sonication, and the ly
sates were centrifuged at 16,000×g for 10 min at 4 ◦C. Protein con
centration was measured using the Bradford assay (Bio-Rad, Hercules, 
CA, USA) according to the manufacturer’s instructions.

For immunoprecipitation, the lysates were adjusted to a concentra
tion of 1 mg/mL and incubated overnight at 4 ◦C with the appropriate 
antibodies on a rotator. Protein A/G Sepharose beads (Santa Cruz 
Biotechnology) were then added and incubated with the lysate for 2 h at 
4 ◦C on a rotator to capture antibody-protein complexes. After washing 
twice with lysis buffer, the complexes were eluted and separated using 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 
Proteins were transferred onto polyvinylidene fluoride membranes 
(Millipore, Billerica, MA, USA), which were blocked with 5 % skim 
milk/0.1 % Tween 20/Tris-buffered saline for at least 1 h at room 
temperature. The membrane was then incubated with a primary anti
body overnight at 4 ◦C. After washing thrice with TBS-T, the membrane 
was incubated with an HRP-linked secondary antibody for 1 h at room 
temperature. Protein bands were visualized using ECL western blotting 
substrate (Advansta, Menlo Park, CA, USA).

2.5. Subcellular fractionation

Proteins were extracted from both mitochondrial and cytoplasmic 
fractions using the Mitochondria/Cytosol Fractionation Kit (BioVision, 
Milpitas, CA, USA). Cells were gently homogenized in a cytosolic 
extraction buffer and the homogenate was centrifuged at 700×g for 3 
min at 4 ◦C. The supernatant, containing the cytoplasmic fraction, was 
transferred into a new tube. The pellet was resuspended in RIPA buffer 
to extract the nuclear fraction. After centrifugation of the supernatant at 
10,000×g for 30 min at 4 ◦C, the resulting pellet was resuspended in 
mitochondrial extraction buffer. Each fraction (cytoplasmic, nuclear, 
and mitochondrial) was subjected to SDS-PAGE.

2.6. Quantitative real-time PCR

Total cellular RNA was extracted using TRIsure (Bioline, London, 
UK). Chloroform was added to the cell lysate, followed by vortexing and 
incubating on ice for 10 min. The mixture was then centrifuged at 
16,000×g for 15 min at 4 ◦C. The colorless aqueous phase containing 
RNA was carefully transferred to a new tube. RNA was precipitated by 
adding isopropanol, incubated for 10 min at room temperature, and 
centrifuged at 16,000×g for 10 min at 4 ◦C. The resulting RNA pellet was 
washed with 70 % ethanol, air-dried, and resuspended in nuclease-free 
water. cDNA synthesis was performed using the SensiFAST cDNA Syn
thesis Kit (Bioline). mRNA expression was analyzed using the Quant
Studio™ 3 Real-Time PCR System (Applied Biosystems, Foster City, CA, 
USA) with the SensiFAST™ SYBR No-ROX Kit (Bioline), following the 
ΔΔCT method. The reaction parameters were as follows: cDNA synthesis 
at 40 ◦C for 60 min, transcriptase inactivation at 95 ◦C for 5 min, and 
PCR cycling at 95 ◦C for 10 s, 58 ◦C for 20 s, and 72 ◦C for 20 s (40 
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cycles). The sequences of primer sets were F: ACCTTCTA
CAATGAGCTGCG and R: CTGGATGGCTACGTACATGG for Actb, F: 
ACCTTCTACAATGAGCTGCG and R: CCTGGATAGCAACGTACATGG for 
ACTB, F: GACATGTTTTCTGACGGCAAC and R: AAGTCCAATGTC
CAGCCC for BAX, F: GTGGATGACTGAGTACCTGAAC and R: GCCAG
GAGAAATCAAACAGAGG for BCL2, F: GTTTTCAAGTGCTCGGTGTC 
and R: CGACAGGTTTTCAGGATGTTG for Carm1, F: TTTAAGTGCT
CAGTGTCCCG and R: GGCAGGTTTTCAGGATGTTG for CARM1, F: 
TCCCAATTCCATTATCCTCGC and R: CATCAGTACCCGCATCCATG for 
Dnm1l, F: CCACTCACCTCTTCAGAACG and R: CATCTTTGGAAGGTT
CAGGTTG for IL-6, F: ATACTCCAAACCTTTCCACCC and R: 
TCTGCACCCAGTTTTCCTTG for IL-8, F: CACCAAACCCACAGAAAACAG 
and R: GGGTCAGAGGAAGAGATAAAGTTG for Ppargc1a, F: CACCCA
GATGCAAAACTTTCAG and R: CTGCTCTTTATACTTGCTCACAG for 
Tfam.

2.7. Mitochondrial DNA extraction

Genomic DNA was extracted from cultured cells using a DNA 
Extraction Kit (GeneAll Biotechnology, Seoul, Korea) following the 
manufacturer’s protocol. The DNA was quantified with an Epoch 
Microplate Spectrophotometer (BioTek, Winooski, VT, USA) and diluted 
in elution buffer to a final concentration of 200 ng/mL. To assess the 
relative copy numbers, 16s rRNA (mitochondrial DNA) and Hk2 (nuclear 
DNA) were selected. The sequences of the primer sets were F: 
CCGCAAGGGAAAGATGAAAGAC and R: TCGTTTGGTTTCGGGGTTTC 
for 16s rRNA and F: GCCAGCCTCTCCTGATTTTAGTGT and R: 
GGGAACACAAAAGACCTCTTCTGG for Hk2.

2.8. Site-directed mutagenesis

The PCR product generated with mutagenic primers was amplified 
using Pfu polymerase and digested with DpnI to eliminate methylated 
plasmid DNA. Subsequently, it was introduced into competent E. coli 
DH5α cells (Enzynomics, Daegeon, Korea). The transformed cells were 
then spread onto Luria-Bertani agar plates supplemented with ampicillin 
or kanamycin for selection. Mutant plasmids were extracted using either 
the FavorPrep™ Plasmid Extraction Mini Kit (Favorgen, Wien, Austria) 
or the Fast Ion Plasmid Midi Kit (RBC Bioscience, New Taipei City, 
Taiwan).

2.9. Senescence-associated β-galactosidase assay

β-galactosidase activity was assessed following established methods 
[32]. Cells were washed with PBS, fixed at room temperature for 15 min, 
and then incubated overnight at 37 ◦C (no CO2) for β-galactosidase 
staining using the Senescence β-Galactosidase Staining Kit (Cell 
Signaling Technology, #9860), following the manufacturer’s in
structions. Blue-stained cells were counted under a light microscope to 
quantify the senescent cells. For fluorescence-based quantification, cells 
were treated with bafilomycin A1 (100 nM, 1 h) and then incubated with 
5-dodecanoylaminofluorescein Di-β-D-galactopyranoside (C12FDG; 33 
μM, 1 h), a green fluorescence substrate for β-galactosidase detection. 
After trypsinization, the cells were resuspended in cold PBS containing 
0.5 % bovine serum albumin (BSA). Data analysis was performed using 
the FlowJo software (https://www.flowjo.com/solutions/flowjo/).

2.10. EdU incorporation assay

Cell proliferation rates were evaluated using the EdU Proliferation 
Kit (Abcam, ab219801). Cells were seeded, pulse-labeled with 20 μM 
EdU for 3 h, and harvested by trypsinization. The harvested cells were 
washed with a 3 % BSA solution in PBS, fixed with 4 % formaldehyde for 
15 min in the dark, and permeabilized. Subsequently, cells were treated 
with an EdU reaction mixture containing CuSO4, iFluor® 488 azide, and 
sodium ascorbate for 30 min at room temperature in the dark. After 

washing, the samples were transferred into fresh tubes on ice. Fluores
cence intensity was measured using a FACSCalibur™ system, and data 
were analyzed using FlowJo software.

2.11. Cell counting, colony forming, and MTT assays

Cell growth and viability were assessed using cell counting, colony 
forming, and MTT assays. For cell counting, cells were seeded in 12-well 
plates at a density of 10,000 cells/well and treated with EZM2302 the 
following day. After 24, 48, and 72 h, the cells were harvested using 
trypsin and counted using a Z2 Coulter Counter (Beckman Coulter, Brea, 
CA, USA). The counted cells had diameters ranging from 10 to 30 μm.

For the colony forming assay, cells were seeded in 6-well plates at a 
density of 1000 cells/well and treated with CARM1 siRNA, EZM2302, or 
TP-064 for 72 h. Colonies were fixed with 4 % paraformaldehyde, 
stained with 0.05 % crystal violet, washed with deionized water, and air- 
dried. The stained crystal violet was dissolved in 30 % acetic acid so
lution, and the absorbance at 540 nm was measured using an Epoch 
Microplate Spectrophotometer.

For the MTT assay, cells seeded in 96-well plates were treated with 
varying concentrations of EZM2302 or TP-064 for 48 h. Following 
treatment, 0.5 mg/mL MTT solution was added to each well and incu
bated for 2 h. The media was then discarded, and 120 μL of DMSO was 
added to solubilize formazan crystals. Absorbance was measured at 590 
nm using an Epoch Microplate Spectrophotometer.

2.12. Statistical analysis

Statistical analyses were conducted using Prism software (Graph
Pad). Data represent independent experiments and are presented as 
mean ± standard deviation (n ≥ 3). Comparisons between two groups 
were assessed using unpaired t-tests for independent samples. Statistical 
significance was defined as p < 0.05; *p < 0.05, **p < 0.01, and ***p <
0.001 indicate significance levels.

3. Results

3.1. Subcellular localization of CARM1 determines the mitochondrial 
morphology and quantity

To differentiate the functions of CARM1 between the nucleus and the 
cytoplasm, we first examined its subcellular localization in various cell 
lines. Given the upregulation of CARM1 expression in breast cancer and 
its association with high-grade tumors [33], we evaluated CARM1 levels 
in the triple-negative breast cancer (TNBC) cell lines: MDA-MB-468, 
BT-20, HCC1143, HCC1806, HCC1937, HCC1395, and MDA-MB-231. 
The total levels of CARM1 were notably elevated in HCC1395 and 
MDA-MB-231 cells, representatives of more aggressive TNBC B subtype 
(Supplementary Fig. 1A). Additionally, the cytoplasmic levels of CARM1 
were also elevated (Fig. 1A–C). We obtained spontaneously transformed 
10T1/2 (t10T1/2) cells from a non-tumorigenic 10T1/2 mouse embryo 
fibroblast (MEF) cell line, which exhibited distinct characteristics, such 
as irregular cell morphology, colony-forming ability, 
anchorage-independent growth, and alterations in chromatin structure 
(Supplementary Figs. 1B–E). Interestingly, we observed a dramatic shift 
in the subcellular localization of CARM1 from the nucleus to the cyto
plasm in t10T1/2 cells (Fig. 1D and E). These findings suggest that 
cellular functions could be influenced by the subcellular localization of 
CARM1, implying its potential involvement in the regulation of cancer 
progression or cellular transformation. Consistent with our previous 
findings that cytoplasmic CARM1 induces mitochondrial fission through 
DRP1 methylation [31], we observed an increase in fragmented mito
chondria (Fig. 1D), mitochondrial recruitment of DRP1 (Fig. 1E), and 
ROS levels (Fig. 1F) in t10T1/2 cells. Remarkably, t10T1/2 cells 
exhibited increased mitochondrial mass, as evidenced by the elevated 
levels of mtDNA (Fig. 1G), translocase of outer mitochondrial membrane 
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complex subunit 20 (TOM20), and oxidative phosphorylation 
(OXPHOS) proteins (Fig. 1H). This increase was attributed to the upre
gulation of Pgc-1α and Tfam, master regulators of mitochondrial 
biogenesis [7,8] (Fig. 1H and I). These findings underscore the role of 
CARM1 subcellular localization in determining both mitochondrial 

biogenesis and dynamics.

Fig. 1. Cytoplasmic CARM1 determines the morphology and quantity of mitochondria. 
(A-C) Double immunostaining for CARM1 (red) and TOM20 (green), scale bars, 10 μm (A), western blots of the nuclear and cytoplasmic fractions (B), and relative 
cytoplasmic CARM1 levels (C) in triple-negative breast cancer cell lines (MDA-MB-468, BT-20, HCC1143, HCC1806, HCC1937, HCC1395, and MDA-MB-231). (D) 
Double immunostaining for TOM20 (green) and CARM1 (red) in transformed 10T1/2 cells. Scale bars, 10 μm. (E) Western blots of the nuclear, mitochondrial, and 
cytoplasmic fractions from transformed or parental 10T1/2 cells. (F) Confocal images of MitoTracker™ CM-H2XROS (red) and DRP1 (green) in transformed or 
parental 10T1/2 cells. Scale bars, 10 μm. (G-I) mtDNA/ncDNA, measured using quantitative real-time PCR (G), western blots of cell lysates (H), and mRNA 
expression levels (I) from transformed or parental 10T1/2 cells. Error bars represent mean ± SD (n = 3). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)
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3.2. Nuclear CARM1 limits mitochondrial biogenesis by suppressing PGC- 
1α expression

To investigate how CARM1 influences mitochondrial biogenesis and 
dynamics, we first measured the mitochondrial quantity in CARM1 wild- 
type (WT) and knockout (KO) MEF cells. There was a significant increase 
in mtDNA (Fig. 2A), TOM20 (Fig. 2B and C), and OXPHOS proteins 
(Fig. 2C) in CARM1 KO MEF cells, indicating that CARM1 negatively 
regulates mitochondrial quantity. Additionally, we observed elevated 
mRNA and protein levels of PGC-1α in CARM1 KO MEF cells (Fig. 2D 
and E). This increase in PGC-1α levels decreased upon the introduction 

of CARM1 WT, but not its enzyme-dead mutant E266Q, into CARM1 KO 
MEF cells (Fig. 2E). These findings were consistently observed in 10T1/ 
2 cells subjected to transient knockdown (KD) or inhibition of CARM1 
using small interfering RNA (siRNA) or the selective inhibitor EZM2302 
[34] (Supplementary Figs. 2A–F). All these data support the idea that 
nuclear CARM1 limits mitochondrial biogenesis by suppressing PGC-1α. 
Further supporting this notion, higher levels of TOM20 and OXPHOS 
proteins were present in MCF7 cells than in normal fibroblasts (Fig. 2G 
and H), accompanied by lower nuclear CARM1 levels in MCF7 cells 
(Fig. 2F).

Fig. 2. Nuclear CARM1 limits mitochondrial biogenesis by suppressing PGC-1α and TFAM. 
(A) mtDNA/ncDNA, measured through quantitative real-time PCR in CARM1-WT or -KO MEF cells. Error bars represent mean ± SD (n = 3). (B) Confocal images of 
TOM20 (green), CARM1 (red), and DAPI (blue) in CARM1-WT or -KO MEF cells. Scale bars, 10 μm. (C) Western blots of cell lysates from CARM1-WT or -KO MEF 
cells. The protein levels of TOM20 and OXPHOS are reliable markers of mitochondrial mass. (D) mRNA expression levels of Pgc-1α and Carm1 in CARM1-WT or -KO 
MEF cells. Error bars represent mean ± SD (n = 3). (E) Western blots of cell lysates from CARM1-WT or -KO MEF cells transfected with GFP-CARM1 (WT or E266Q) 
for 48 h. (F) Western blots of the nuclear and cytoplasmic fractions from MEF, 10T1/2, or MCF7 cells. (G) Confocal images of TOM20 (green), CARM1 (red), and 
DAPI (blue) in 10T1/2 or MCF7 cells. Scale bars, 10 μm. (H) Western blots of cell lysates from MEF, 10T1/2, or MCF7 cells. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)
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3.3. Cytoplasmic translocation of CARM1 requires p38γ MAPK 
activation by ROS

Interestingly, we noted not only higher expression levels of CARM1 
but also a band shift in t10T1/2 and MCF7 cells (Figs. 1H and 2H). Given 
that cancer cells typically have elevated basal ROS levels compared with 
normal cells [35], we first explored the ROS-activated MAPK signaling 
pathways, including p38, ERK, and JNK [36], to investigate the possi
bility of a band shift of CARM1 caused by phosphorylation. As expected, 
the phosphorylation of p38 MAPK, but not that of other MAPKs, was 
substantially increased in t10T1/2 and MCF7 cells (Supplementary 
Figs. 3A and B). ROS signaling has been reported to translocate CARM1 
to the cytoplasm in a CRM1 (chromosomal maintenance 1)-dependent 
manner [31], which was further corroborated by our observation that 
lipopolysaccharide (LPS) induces ROS production and enriches cyto
plasmic CARM1 (Supplementary Fig. 3C). Additionally, a recent report 
suggested that phosphorylation of CARM1 at S595 by p38γ MAPK 
contributes to its cytoplasmic translocation [26]. Thus, we hypothesized 
that ROS-induced p38 MAPK signaling phosphorylates CARM1, facili
tating its translocation into the cytoplasm. Indeed, treatment with LPS or 
H2O2 led to increased phosphorylation of p38 MAPK and a band shift in 
CARM1, both of which were mitigated by N-acetylcysteine (NAC) 
(Fig. 3A and B), but not by leptomycin B (LMB), a specific nuclear export 
inhibitor (Fig. 3C and D). The observed band shift of CARM1 upon 
cotreatment with H2O2 and LMB was exclusively confined to the nucleus 
(Fig. 3D), indicating that ROS-activated p38 MAPK phosphorylated 
CARM1 and subsequently exported phosphorylated CARM1 from the 
nucleus in a CRM1-dependent manner. To validate the involvement of 
p38γ MAPK, we conducted an experiment utilizing MAPK 
isoform-specific inhibitors targeting p38α/β (SB203580 and SB239063), 
pan-p38 (BIRB 796), ERK (U0126), and JNK (SP600125). Remarkably, 
only BIRB 796 inhibited the band shift and cytoplasmic localization of 
CARM1 induced by ROS (Fig. 3E–H and Supplementary Figs. 3D–F), 
consequently suppressing mitochondrial recruitment of DRP1 and 
fission (Fig. 3H and I). These findings underscore the role of p38γ MAPK 
in phosphorylating CARM1 and facilitating its cytoplasmic 
translocation.

3.4. p38γ MAPK phosphorylates CARM1 at S595, triggering cellular 
senescence

To validate the significance of CARM1 S595 phosphorylation by 
p38γ MAPK in cytoplasmic translocation and subsequent intracellular 
functions, we generated mutant forms of CARM1 in which S595 was 
substituted with E (phosphomimetic) or A (phospho-deficient). LPS 
treatment did not induce a band shift in the S595A mutant (Fig. 4A), 
supporting that ROS-activated p38γ MAPK phosphorylates CARM1 at 
S595. Moreover, unlike the S595A mutant, S595E not only showed 
enrichment but also significantly increased methylation levels of its 
substrate proteins in the cytoplasm (Fig. 4B and Supplementary Fig. 4A), 
suggesting that S595 phosphorylation facilitates its translocation to the 
cytoplasm and regulates its cytoplasmic functions. Indeed, the S595E 
mutant showed elevated DRP1 methylation (Supplementary Fig. 4B) 
and its mitochondrial recruitment (Supplementary Fig. 4C), thereby 
enhancing mitochondrial fission (Fig. 4C and D). Through these pro
cesses, the S595E mutant promoted intracellular ROS generation 
(Fig. 4E) and cellular senescence (Fig. 4F–J and Supplementary Figs. 4D 
and E). Specifically, overexpression of the S595E mutant increased 
cellular senescence markers, including the mRNA levels of senescence- 
associated secretory phenotype (SASP) factors, interleukin (IL)-6 and 
IL-8 (Fig. 4F), the percentage of β-galactosidase-positive cells (Fig. 4G), 
and p21 expression (Fig. 4H and Supplementary Fig. 4D), accompanied 
by G1 phase arrest (Supplementary Fig. 4E). This effect of the S595E 
mutant overexpression became more pronounced under cellular senes
cence conditions induced by H2O2 (Fig. 4H–J), supporting the notion 
that phosphorylation of CARM1 at S595 accelerates cellular senescence 

via DRP1 methylation. To further clarify that ROS-mediated cellular 
senescence depends on CARM1-DRP1 axis, we performed the experi
ment using DRP1 methylation-deficient mutants (R403K and R634K) 
after depleting endogenous CARM1 and DRP1. As expected, CARM1 
S595E did not increase p16 and p21 levels in either DRP1 knocked down 
or methylation-deficient mutant-expressing cells (Supplementary 
Fig. 4F).

3.5. Inhibition of CARM1 promotes the apoptotic death of senescent cells

Given our findings that cytoplasmic CARM1 levels increased due to 
phosphorylation at S595 by ROS-activated p38γ MAPK in both cancer 
and senescent cells, we investigated whether inhibiting CARM1 would 
have distinct effects on cell growth depending on its localization. 
CARM1 selective inhibitors, EZM2302 [34] and TP-064 [37], showed 
anti-proliferative effects in cancer cells but not in normal cells. This was 
evidenced by the EdU incorporation (Fig. 5A and Supplementary 
Fig. 5A), colony-forming (Fig. 5B, C and Supplementary Figs. 5B and C), 
MTT assays (Fig. 5D, E and Supplementary Fig. 5D), and cell counting 
(Fig. 5F and Supplementary Fig. 5E). Furthermore, after inducing 
cellular senescence, EZM2302 treatment significantly reduced the per
centage of β-galactosidase-positive cells (Fig. 5G and H), as well as the 
levels of p21 and SASP factors (Fig. 5I and J). Additionally, we observed 
poly (ADP-ribose) polymerase cleavage due to caspase-3 activation and 
an increase in the BAX/BCL2 ratio in senescent cells treated with 
EZM2302 (Fig. 5I–K). These results suggested that EZM2302 eliminates 
senescent cells through apoptosis and functions as a senolytics. Taken 
together, cancer and senescent cells exhibiting elevated cytoplasmic 
CARM1 levels (Fig. 1B–E, 2F and Supplementary Fig. 5F) were sensitive 
to CARM1 inhibitors, indicating that targeting cytoplasmic CARM1 
could be a novel approach for treating cancer and senescent cells.

4. Discussion

Although the nuclear functions of PRMTs, such as cell cycle regula
tion [11], DNA repair [12], and transcription [38], are well established, 
their cytoplasmic roles are emerging as crucial for maintaining cellular 
homeostasis. Among these PRMTs, CARM1 methylates cytoplasmic 
substrate proteins, thereby participating in various metabolic processes, 
including glycolysis, oxidative phosphorylation, and glutamine meta
bolism [18,28–30]. Additionally, our recent report highlights CARM1’s 
pivotal role in regulating mitochondrial dynamics, emphasizing its 
cytoplasmic functions [31]. In this paper, we provide clear evidence of 
how the nuclear-cytoplasmic shuttling of CARM1 cooperatively regu
lates mitochondrial homeostasis and elucidate the signaling pathways 
mediating its cytoplasmic localization. Specifically, in a resting state, 
nuclear CARM1 suppresses the transcription of PGC-1α and TFAM, 
resulting in decreased mitochondrial biogenesis, while concurrently 
increasing DNM1L transcription to regulate mitochondrial fission. Our 
study showed that excessive stimuli, such as ROS, activate p38γ MAPK, 
which triggers CARM1 shuttling through phosphorylation at S595. In 
the cytoplasm, CARM1 directly methylates DRP1, inducing mitochon
drial fission and ROS production. This ROS-mediated positive feedback 
loop further enhances cytoplasmic CARM1 localization, contributing to 
mitochondrial dysregulation and cellular senescence. Meanwhile, in the 
nucleus, DRP1 expression is reduced due to decrease in nuclear CARM1 
levels [31]. Although we cannot provide a comprehensive explanation 
for this response, it is possible that it plays as a protective mechanism to 
mitigate the vicious cycle of ROS-CARM1-DRP1 triggered by strong 
stress stimuli. Once exposed to stimuli exceeding this protective mech
anism, it may lead to pathological conditions such as cellular senes
cence. Supporting this notion, our findings indicated that in both 
senescent and transformed cells, CARM1 localizes substantially to the 
cytoplasm, coinciding with an increase in fragmented mitochondria 
(Figs. 1D and 4C).

Recent research has focused on splicing variants of CARM1 [39,40]. 
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Fig. 3. Cytoplasmic translocation of CARM1 requires p38γ MAPK activation by ROS. 
(A,B) Western blots of total lysates (A) and nuclear/cytoplasmic fractions (B) from 10T1/2 cells treated with 100 ng/mL LPS or/and 10 mM NAC for 3 h. (C,D) 
Western blots of total lysates (C) and nuclear/cytoplasmic fractions (D) from 10T1/2 cells treated with 0.5 mM H2O2 or/and 10 nM LMB for 3 h. (E,F) Western blots 
of cell lysates from 10T1/2 cells pre-treated with p38 MAPK inhibitor (SB203580, SB239063, or BIRB 796) at 10 μM for 1 h prior to LPS stimulation. (G-I) Western 
blots of the nuclear and cytoplasmic fractions (G), double immunostaining for CARM1 (red) and TOM20 (H), and for DRP1 (red), Mff (green) (I) from 10T1/2 cells 
pre-treated with BIRB 796 prior to LPS stimulation. Digitonin (20 μg/mL, 2 min) was used for treatment before fixation to remove the cytoplasmic DRP1. Scale bars, 
10 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. p38γ MAPK phosphorylates CARM1 at S595, triggering cellular senescence. 
(A) Western blots of cell lysates from 10T1/2 cells transfected with HA-CARM1 (WT or S595A) for 48 h and then treated with LPS (100 ng/mL, 3 h). (B) Western blots 
of the nuclear and cytoplasmic fractions from 10T1/2 cells transfected with HA-CARM1 (WT, S595E, or S595A) for 48 h. (C,D) Confocal images of TOM20 (green) 
and HA (red) from 10T1/2 cells overexpressing HA-CARM1 (WT, S595E, or S595A). Scale bars, 10 μm. Mitochondrial morphology was analyzed using ImageJ/FiJi 
software. The more fragmented the mitochondria, the lower the mitochondrial interconnectivity. Data are presented as mean ± SD (n = 5). (E) Confocal images of 
MitoTracker™ CM-H2XROS (red) and HA (green) from 10T1/2 cells overexpressing HA-CARM1 (WT, S595E, or S595A). Scale bars, 10 μm. (F,G) mRNA expression 
levels of SASP factors (F) and β-galactosidase activity assessed using its fluorescent substrate C12FDG (G) from the cells transfected with HA-CARM1 (WT, S595E, or 
S595A) for 48 h. Error bars indicate mean ± SD (n = 3). (H-J) p21 protein levels (H), mRNA expression levels of SASP factors (I), and β-galactosidase activity (J) 
upon senescence induction (0.5 mM H2O2 for 3 h and then fresh media for 24 h) in cells overexpressing HA-CARM1 WT or mutant. Error bars represent mean ± SD (n 
= 3). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Inhibition of CARM1 promotes the apoptotic death of senescent cells. 
(A,B) EdU incorporation assay (A) and colony forming assay (B) in triple-negative breast cancer cell lines treated with EZM2302 (1 μM, 72 h). EdU was incubated at 
20 μM for 3 h and EdU positive cells were counted using flow cytometry. Colonies were stained with crystal violet and absorbance was measured at 540 nm. Error 
bars represent mean ± SD (n = 3). (C) Colony forming assay in transformed 10T1/2 cells treated with CARM1 siRNA, EZM2302 (1 μM), or TP-064 (1 μM) for 72 h. 
Error bars indicate mean ± SD (n = 3). (D,E) The effects of EZM2302 (D) or TP-064 (E) on cell growth in transformed or parental 10T1/2 cells. (F) Relative cell 
growth percentage upon EZM2302 treatment in MCF7, transformed, or parental 10T1/2 cells. (G) Representative images of SA-β-gal assay. After induction of 
senescence, EZM2302 was treated at 1 μM for 24 h. Data are presented as mean ± SD (n = 5). (H–K) β-galactosidase activity (H), western blots of cell lysates (l), and 
mRNA expression levels (J,K) from MCF7 cells treated with 1 μM EZM2302 for 24 h, after senescence induction. Error bars indicate mean ± SD (n = 3). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Similar to full-length CARM1 (CARM1-FL), the truncated form lacking 
exon 15 (CARM1-ΔE15) is highly expressed in breast [39] and he
matopoietic [20] cell lines, forming homo- and heterodimers [39]. 
Overexpression of CARM1-FL (but not CARM1-ΔE15) or KO of all 
CARM1 isoforms, impedes the proliferation of cancer cells primarily 
expressing CARM1-ΔE15 [40,41], suggesting an oncogenic role for 
CARM1-ΔE15. These variants exhibit differential subcellular localiza
tion: predominantly nuclear for CARM1-FL and potentially cytoplasmic 
for CARM1-ΔE15 [40]. This indicates that the cytoplasmic enrichment 
of CARM1 could potentially induce cellular transformation or cancer 
progression, which is supported by our findings that ROS-mediated p38γ 
MAPK facilitates CARM1 translocation to the cytoplasm. Cytoplasmic 
CARM1 methylates various substrate proteins, including DRP1, 
enhancing ROS production and promoting cellular transformation.

In summary, we have demonstrated the nuclear functions of CARM1 
in maintaining mitochondrial homeostasis by influencing PGC-1α, 
TFAM, and DNM1L transcription, thereby regulating mitochondrial 
biogenesis and dynamics. Under oxidative stress conditions, p38γ MAPK 
activation phosphorylates CARM1 at S595, promoting its cytoplasmic 
localization without changing its enzymatic activity. Increased cyto
plasmic CARM1 levels induce mitochondrial fission by methylating 
DRP1, which leads to ROS-mediated cellular senescence. Further 
exploration of cytoplasmic CARM1 functions is warranted; however, our 
findings suggest that the developing cytoplasmic CARM1 selective in
hibitor may offer novel strategies for anti-cancer or anti-aging therapies.
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