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Abstract

Background Multiple myeloma (MM) is a malignant proliferative disease of plasma cells, the incidence of which is increas-
ing every year and remains incurable. The enzyme co-activator-associated arginine methyltransferase 1 (CARM1) is highly
expressed in a variety of cancers, such as Hodgkin's lymphoma and acute myeloid leukemia, and CARM1 is closely associ-
ated with tumor cell proliferation. However, the role of CARMI1 in MM has not been elucidated.

Methods and results In this study, we found that CARM1 is overexpressed in MM and closely associated with poor prog-
nosis in MM. CCK-8 and colony formation assays showed that the proliferation of MM cell lines was downregulated when
CARMI expression was knockdown by specific ShRNA. Knockdown of CARMI reduced the proportion of MM cell lines
in the S phase and increased the proportion in GO/G1 phase. RNA-seq analysis of the CARM1-KD cell line revealed that
it was closely associated with apoptosis and activated the p53 pathway. CCK-8 and apoptosis results showed that CARM1
knockdown made MM cells more sensitive to standard-of-care drugs.

Conclusion This study provides an experimental basis for elucidating the pathogenesis of multiple myeloma and searching
for potential therapeutic targets.
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Introduction

Multiple myeloma (MM) is a clonal malignancy that accu-
mulates plasma cells in the bone marrow (BM). This disease
causes bone lesions, renal failure, and immunodeficiency
[1]. Among hematologic tumors, MM has the second high-
est incidence rate, after lymphoma [2]. The prevalence has
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increased dramatically in recent years, with a higher preva-
lence in middle-aged and older men than in women. It has
been estimated that the median survival time for patients
with MM is about 6 years [3]. Those with MM would suffer
a serious reduction in quality of life and long-term survival.
Current treatments include chemotherapy, bone marrow

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11033-023-08645-5&domain=pdf
http://orcid.org/0000-0003-1527-0620

7458

Molecular Biology Reports (2023) 50:7457-7469

transplantation, cell therapy, and new targeted drugs [4, 5].
Despite the significant improvement in disease response
rates, there are still some patients who do not benefit from
current treatment and achieve long-term survival. There-
fore, it is of great clinical significance to further study the
pathogenesis of MM and find new potential targets for the
treatment of MM.

CARMI (The enzyme co-activator-associated arginine
methyltransferase 1) is an epigenetic modifying enzyme, also
known as protein arginine methyltransferase 4 (PRMT4),
which belongs to type I arginine methyltransferase and is
asymmetrically dimethylated to histone arginine residues.
It has been reported in the literature that CARMI1 is over-
expressed in a variety of cancer types (e.g., breast [6, 7],
ovarian [8, 9], pancreatic [10], liver [11], and hematologic
tumors [12, 13]). In addition, CARM1 is also associated
with proliferation and metastasis. Shijie Li et al. reported
that the overexpression of CARMI1 is associated with the
Enneking stage of OS (Osteosarcoma) and the knockdown
of CARMI1 expression decreased proliferation through
the pGSK3 B/p-Catenin/cyclinD1 Signaling Pathway and
affected the cell cycle in OS cell lines [14]. Interestingly,
it has been reported that loss of CARMI1 has little effect on
normal hematopoietic function, but knockdown of CARM1
impairs cell cycle progression, promotes myeloid differen-
tiation, and ultimately induces apoptosis [15]. Some studies
have confirmed the involvement of CARMI in the patho-
genesis of MM, and its selective inhibitors (e.g., EZM2302,
TP064) have been shown to inhibit the tumor cell activity
of MM [16, 17]. GEO analysis suggests that high CARM1
expression is closely associated with poor prognosis of MM,
but the specific mechanism of CARM1 involvement in MM
pathogenesis has not been reported.

To explore the role of CARMI in the pathogenesis of
MM, we examined the expression level of CARMI1 in bone
marrow specimens from MM patients and also investigated
how CARMI is involved in the pathogenesis of MM by
affecting cell proliferation at the cellular level. RNA-Seq
analysis of CARM1-KD cell lines revealed that it was
closely associated with apoptosis and that the p53 signal-
ing pathway was significantly enriched. Our study suggests
that CARM1 may promote MM cell proliferation by regu-
lating p53, and its expression level is closely related to the
prognosis of MM while providing a potential target for MM
treatment.

Materials and methods
Antibodies and reagents

The antibodies were used as following, CARM1(3379S,
Cell Signaling Technology), B-actin(3700S, Cell Signaling
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Technology), p53(2527 T, Cell Signaling Technology),
p21(2947 T, Cell Signaling Technology), PARP(9542 T,
Cell Signaling Technology), cleaved-caspase-3 (9661 T,
Cell Signaling Technology), BAF155(11956S, Cell Sign-
aling Technology), BAF155me2a(949628S, Cell Signaling
Technology),CDK4(12790 T, Cell Signaling Technology),
CDK6(13331 T, Cell Signaling Technology), HRP-conju-
gated secondary antibodies were anti-mouse and anti-rabbit
IgG (7076 and 7074, Cell Signaling Technology). CCK-8
Cell Proliferation and Cytotoxicity Assay Kit (CA1210,
Solarbio), EAU Alexa Fluor™ 647 Flow Cytometry Assay
Kit (C10634, Invitrogen™ Click-iT™ Plus), APC Annexin
V Apoptosis Detection Kit (640,932, Biolegend), RNAiso
Plus (9108, Takara), PrimeScript RT reagent Kit with
gDNA Eraser (RR047A, Takara), SYBR Green master Mix
(208,054, Qiagen), Bortezomib (HY-10227, MCE).

Cell lines and culture

Human MM cell lines, KMS-11, RPMI-8226, NCI-
H929, U266B1, AMOI1, L363, OPM-2, were purchased
by MeisenCTCC. The cells were cultured in RPMI-1640
and supplemented with 10% fetal bovine serum (FBS)
(FB25015, Clark Bioscience), penicillin and streptomycin
solution (100 pg/mL, 15,140,122, Gibco) under the condi-
tion of 37 °C in a humidified atmosphere of 5% CO,.

Immunohistochemistry analysis (IHC)

The paraffin-embedded patients’ tissues were dewaxed and
rehydrated and incubated with human CARM1 antibody (1:
200, ab84370, abcam) at 4 °C overnight. Then, the slides
were sequentially incubated with secondary antibody at
37 °C for 1 h and used DAB to visualize positive staining.

CARM1 expression in MM patients’ tissues was evalu-
ated by the percentage of positive staining cells. The inten-
sity was graded as follows: 0, no signal; 1, weak (light yel-
low); 2, moderate (brown); and 3, strong staining (sepia).
The percentage of positive cells was evaluated quantita-
tively and scored as 0 (< 5% positive tumor cells), 1 (5-25%
positive tumor cells), 2 (26-50% positive tumor cells), 3
(51-75% positive tumor cells) and 4 (>75% positive tumor
cells). The final quantification of each staining was obtained
by multiplying these 2 scores. A total staining score of 0—12
was calculated and graded as negative (—, score 0—1), weak
(4, score 2—4), moderate (+ +, score 5-8), or strong (++ +,
score 9—-12). We used Image] software for quantitative
immunohistochemical analysis. All the use rights of patient
specimens were approved by the Ethics Committee of the
First Affiliated Hospital of The Army Medical University
and obtained the informed consent of the patients.
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Lentiviral vectors construction and gene
transfection

Lentiviral vectors were purchased and constructed by Gene-
chem. The Interference sequences CARM1 was designed
and synthesized by Shanghai Genechem. Target sequence
of sShRNA are listed as follow: Negative Control 5>TTCTCC
GAACGTGTCACGT3', shRNA1 5’ ctATGACTTGAGCA
GTGTTAT3’, shRNA2 5°gcAGAACATGATGCAGGACT
A3’. MM cell lines were plated in 12-well culture plates
(3 x 103 cells per well) containing RPMI-1640 medium.
The lentivirus was successively added into the medium was
fully mixed. After 16 h, the medium containing virus was
replaced with fresh 10% FBS RPMI-1640 medium. Then, we
observed the cell growth status after 72 h with an inverted
fluorescence microscope.

Real-time PCR

Total RNA was extracted by using RNAiso Plus (9108,
Takara). Equal amounts of RNA were used for RT reaction
according to manufacturer’s instructions (PrimeScript RT
reagent Kit with gDNA Eraser, RR047A, Takara). Real-time
quantitative PCR was performed with SYBR Green master
Mix (208,054, Qiagen). GAPDH expression was used as
control.

Primer sequence: CARM1 forward 5’AGCACCTACAAC
CTCAGCA3, reverse 5’GGCTGTTGACTGCATAGTGG3';
GAPDH forward 5"CAATGACCCCTTCATTGACC3',
reverseS'GATCTCGCTCCTGGAAGATG3'; p53 forward
5"GAGGTTGGCTCTGACTGTACC3', reverse S'TCCGTC
CCAGTAGATTACCACS3".

Western blots

Western blots were utilized to measure the protein levels
of CARMI in MM cells. In brief, around 20 pg protein per
sample was extracted and whole-cell lysate were electro-
phorezed by 10% SDS polyacrylamide gel electrophoresis
(SDS-PAGE) and electrotransferred onto PVDF (polyvi-
nylidene fluoride) membranes. Antigen and antibody com-
plexes were detected with an ECL protocol using HRP-con-
jugated IgG as secondary antibodies.

Cell proliferation and viability assay

Cell viability was assessed using the CCK-8 Cell Prolifera-
tion and Cytotoxicity Assay Kit following the manufactur-
er’s protocol (CA1210, Solarbio). In brief, MM cells were
plated at 10,000 cells/ per well in a 96-well plate for 3 h.
A multifunctional microplate reader (Thermo Varioskanfla,

USA) was used to detect the OD values by each group of
cells at a wavelength of 450 nm. The growth curves were
drawn with the time and the corresponding OD values.

Clone formation assay

Clonogenic formation was monitored by plating 10,000
MM cells in 300ul Methylcellulose Medium for Human
cells (H4434, Stem Cell) with 2% FBS and 1% penicillin
and streptomycin solution in 12-well plate. The cells were
incubated at 37 °C with 5% CO, for 1-2 week. The colonies
were captured by Leica DMi8.

Flow cytometry analysis of apoptosis and cell cycle

For apoptosis analysis, cells were stained with Annexin
V APC for 15 min at 37 °C, and then add DAPI before
analyzed by flow cytometry. For cell cycle analysis, was
assessed using the EdU Alexa Fluor™ 647 Flow Cytom-
etry Assay Kit following the manufacturer’s protocol. Flow
cytometry equipped with BD FACSAria SORP. Experiments
were performed in triplicate.

RNA-seq and data analysis

Total RNA was extracted using Trizol reagent (Invitrogen,
CA, USA) following the manufacturer's procedure. The total
RNA quantity and purity were analyzed of Bioanalyzer 2100
and RNA 6000 Nano LabChip Kit (Agilent, CA, USA) with
RIN number>7.0. Approximately 10 ug of total RNA repre-
senting a specific adipose type was subjected to isolate Poly
(A) mRNA with poly-T oligo attached magnetic beads (Inv-
itrogen). Following purification, the mRNA is fragmented
into small pieces using divalent cations under elevated tem-
peratures. Then the cleaved RNA fragments were reversed-
transcribed to create the final cDNA library following the
protocol for the mRNA Seqsample preparation kit (Illumina,
San Diego, USA), the average insert size for the paired-end
libraries was 300 bp (250 bp). And then we performed the
paired-end sequencing on an Illumina sequence platform.

Immunofluorescent staining

The cells were fixed with 4% Paraformaldehyde, permeabi-
lized with PBS containing 0.1% Triton X-100, and blocked
with 2% BSA. After overnight incubation with primary anti-
bodies (p53, 2527 T, Cell Signaling Technology) at 4 °C, the
slides were incubated with corresponding secondary anti-
bodies (Goat Anti-Rabbit, A32732, invitrogen). The images
were captured by using a confocal microscope (ZEISS 880,
Germany).
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Statistical analysis

Graph Pad Prism 8.0 was used for statistical analysis, and
data were expressed as mean + SD. Two-tailed Student’s
t-test and one-way analysis of variance (ANOVA) (> three
groups) were used to determine significance between
experimental groups. The Kaplan—Meier method was
used to evaluate the correlation of CARMI expression
with myeloma patient survival. In all cases, significance
was defined as P < 0.05.
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Fig.1 CARMI serves as a poor prognostic biomarker in multiple
myeloma. a High expression of CARMI1 indicated poor overall sur-
vival (OS) in MM. b Cancer cell line dependency scores obtained
from http://depmap.org. Haematopoietic And Lymphoid (1.3e-24)
n=118, Solid (1.3e-24) n=968, Multiple Myeloma (2.2e-17) n=21,
Plasma Cell (2.2e-17) n=21, B-cell (1.5e-12) n=28, Non Hodgkin
Lymphoma (5.9e-09) n=28, B-cell Burkitt (3.8e-08) n=6, Lym-
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Results

Database and sample studies of patients with MM
show that CARM1 expression is associated with MM
prognosis

To explore the role of CARMI1 in MM, we analyzed The
Cancer Genome Atlas MM dataset to determine whether
CARMI expression correlates with prognosis. Indeed,
CARMI1 high-expressing patients had significantly worse
survival outcomes than patients with low CARMI1 expres-
sion (p=0.0247) (Fig. 1a). CARMI is over-expressed in
multiple cancer cell lines and patient samples. In addition,
analysis from the DepMap website using CRISPR-Cas9
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phocyte (2.0e-07) n=37, DLBCL (5.0e-06) n=9, Blood (6.7e-06)
n=60, Malignant Rhabdoid Tumor (8.9e-06) n=10, Soft Tissue
(2.4e-04) n=48, ALL (2.4e-04) n=17. ¢ IHC staining verified that
the CARMI1 protein level was elevated in MM patient samples. (n=4
each stage) Experiments were repeated three times independently. All
data are displayed as mean + SD; *P <0.05, **P <0.01, ***P <0.001
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technology to screen for the necessity of various genes for
tumors found that multiple myeloma, hematopoietic cells,
and lymphocytes appear to be particularly dependent on
CARMI1 (Multiple Myeloma (2.2e-17) n=21, Haematopoi-
etic And Lymphoid (1.3e-24) n=118, Lymphocyte (2.0e-
07) n=37) (Fig. 1b). We further detected CARMI1 protein
expression in MM patients’ bone marrow tissues compared
with normal controls by IHC. Consistently, CARM1 was
highly expressed in MM patients, and the expression level
of CARMI1 was significantly higher in stage III patients
than in stage I-1I patients (P <0.05) (Fig. 1¢), indicated that
CARM1 is proportional to the severity of MM. In summary,
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CARMI expression was elevated in MM patients and cor-
related with a worse prognosis.

Expression of CARM1 in MM cell lines and its
knockdown cell line constructed

To understand the biological function of CARMI1 in MM
cells, we detected the mRNA (Fig. 2a) and protein (Fig. 2b)
expression of CARMI1 in 7 MM cell lines. We found that
the mRNA and protein expression of CARM1 were not
consistent in cells. We speculated that CARMI1 not only
depends on the regulation of transcriptional activity but is
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Fig.2 Screening and identification of CARM1 Knockdown cell lines
in MM. a RT-qPCR detection of CARM1 mRNA expression in MM
cell lines. b Western Blot detection of CARMI1 protein expression
in MM cell lines. ¢ NCI-H929 cells and L363 cells transfected with
CARM1-KD shRNA lentivirus under a fluorescence microscope. d
RT-qPCR detection of CARM1 mRNA expression in NCI-H929 cells
and L363 cells before and after two different small hairpin RNAs
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expression in NCI-H929 cells and L363 cells before and after two
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used as a loading control. Experiments were repeated three times
independently. All data are displayed as mean=+SD; ***P<0.001,
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«Fig.3 CARMI1 knockdown induces growth inhibition and apoptosis
in multiple myeloma cell lines. a CCK-8 cell proliferation assay on
CARMI1-KD NCI-H929 and L363 cells compared with negative con-
trol cells (NC). b Clonogenicity evaluation for the NC and CARM1-
KD NCI-H929 and L363 cells. ¢ Flow cytometry for cell cycle
marker EDU in MM cells after CARM1-shRNA lentivirus transfec-
tion for 72 h. d Flow cytometry for cellular apoptosis marker Annexin
V in MM cells after CARMI1-shRNA lentivirus transfection for
72 h. e Western Blot detection of apoptosis-related proteins cleaved-
caspase-3 and PARP expression in NCI-H929 cells and L363 cells
before and after two different small hairpin RNAs (shRNAs) transfec-
tion. f-Actin was used as a loading control. f Western Blot detection
of BAF155 dimethylation protein expression in NCI-H929 cells and
L363 cells before and after two different small hairpin RNAs (shR-
NAs) transfection. f-Actin was used as a loading control. Experi-
ments were repeated three times independently. All data are displayed
as mean + SD; **P <0.01, ***P <0.001, ****P <0.0001

also determined by post-transcriptional regulation. To bet-
ter explore the role of CARMI in MM cells, we selected
NCI-H929 and L363 cell lines with both high mRNA and
protein levels of CARM!1 for follow-up research. To evaluate
the biological basis of CARM1 dependency, we generated
vectors that express two different small hairpin RNAs (shR-
NAs) that efficiently target CARM1 (Fig. 2c). We examined
the effects of CARMI1 knockdown on NCI-H929 cells and
L363 cells. The MM cell lines transduced with these vectors
showed significantly decreased CARM1 mRNA and protein
expression (Fig. 2d and e).

Knockdown of CARM1 leads to cell cycle arrest
and induces apoptosis in MM cell lines.

To expose the effect of CARM1 on MM cell growth, we
assessed the cell viability of NCI-H929 KD cells and L363
KD cells at O h, 24 h, 48 h, 72 h, and 96 h using a CCK-8
kit (Fig. 3a). The analysis showed that cellular viability was
significantly inhibited by CARMI1 knockdown compared
with negative control, suggesting that CARMI1 boosted
MM cell proliferation in vitro. The growth inhibition effect
of CARM1 knockdown was further confirmed by a clone
formation assay. As shown in Fig. 3b, the Knockdown of
CARMI1 reduced cloning capability compared with con-
trol cells. Next, we examined cell-cycle progression and
observed that the knockdown of CARMI1 significantly
decreased the cell proportion of the S phase and induced G0/
G1 arrest for NCI-H929 and L363 cell lines (Fig. 3c). There-
fore, we evaluated whether cell cycle arrest induces apopto-
sis by CARM1 knockdown in MM cells. The flow cytometry
showed that Annexin V positive cells significantly increased
after CARM1-shRNA transfection for 72 h (Fig. 3d). Addi-
tionally, CARM1 knockdown upregulated the expression of
cleaved PARP and cleaved-capase-3 in MM cells (Fig. 3e).
Cleavage of PARP promotes cell disassembly and is widely
used as a marker of apoptosis [18, 19]. Caspase-3 is a key
executor of apoptosis and is mainly responsible for PARP

cleavage [20, 21]. As expected, western blotting analysis
confirmed that CARM1 knockdown promoted apoptotic pro-
tein expression in MM cells. Furthermore, To confirm that
shRNA affects methyl transfer, we evaluated the dimethyla-
tion level of the BRG1-associated factor (BAF155). BAF155
is the direct substrate of CARM1; arginine dimethylation of
BAF155 is significantly reduced in CARM1-deficient cells
[22]. Consistent with literature reports, western blotting
assays indicated that CARM1-KD decreased the dimeth-
ylation of BAF155 in MM cells (Fig. 2f). In conclusion, the
decreased growth rate of CARMI-KD cells was ascribed
to cell cycle arrest which induced apoptosis by CARMI1
knockdown.

Transcriptional analysis of CARM1 knockdown
in MM cell lines

To define the mechanism of CARMI1 in MM cells, we
performed gene expression analyses by RNA sequencing
(RNA-seq) in NCI-H929 after CARM1 knockdown. The
heat map showed the top 56 differential genes based on
the p value <0.01, the altered genes including p53, p16,
p21, etc. cell cycle block genes, and bax (apoptosis-related
gene) increased their expression, while the expression of
CCNB1, CDK4, etc. cell cycle-related and Bcl-2 (apoptosis
resistance) genes was reduced after CARM1 knockdown
(Fig. 4A). We used the volcano map to show the differential
gene expression affected by CARMI1 knockdown. A total
of 1470 genes were affected by CARMI1 knockdown in the
NCI-H929 cell line, of which 1131 genes were up-regulated
and 339 genes down-regulated (Fig. 4B). Then, we used
KEGG enrichment analysis in CARM1 knockdown cells
and controls (Fig. 4C), which revealed that after CARM1-
knockdown significantly enriched in apoptotic pathways.
Gene set enrichment analysis (GSEA) also showed that
apoptosis and p53 signaling pathways were enriched after
CARMI1 knockdown (Figs. 4D and 5A). In addition, Fig. 4E
shows that CARMI1 can negative regulation of transcription
by RNA polymerase II and protein binding, indicating that
CARMI1 might negatively regulate the transcription of p53
by binding transcription factors.

Knockdown of CARM1 activates p53 signaling
pathway in MM cell lines

To define the molecular pathways regulated by CARM1, we
also applied GSEA to identify the most alternative pathways
influenced by the loss of CARMI1 and found that the p53
signaling pathway was significant up-regulation (Fig. 5a).
Furthermore, we found that the expression of p53 mRNA
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«Fig. 4 Transcriptional Analysis of CARM1 Knockdown in MM Cell
Lines. a Heat maps showed the top 40 different genes in the con-
structed cells. b The Volcano plot shows the genes that are up-reg-
ulated (red) and down-regulated (blue) in expression after CARMI
knockdown. ¢ Pathway enrichment analysis of KEGG revealed that
CARMI was correlated to apoptosis and the p53 signaling pathway. d
Representative GSEA plot depicting the upregulation of apoptosis. e
GO analysis of RNA-seq

was significantly up-regulated by CARM1 KD in NCI-H929
cells and L363 cells (Fig. 5b). Meanwhile, immunofluores-
cence staining confirmed that the protein level of p53 sig-
nificantly increased by CARM1 KD compared to NC cells
(Fig. 5¢), suggesting that the p53 pathway was activated. To
better understand the mechanisms leading to the cell-cycle
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Fig.5 Targeting CARMI1 inhibits the progression of MM by acti-
vating the p53 pathway. a GSEA enrichment analysis showed that
the p53 pathway was significantly upregulated. b RT-qPCR results
showed that mRNA expression of p53 was significantly elevated after
CARMI1 knockdown in NCI-H929 cells and L363 cells. ¢ Immuno-
fluorescence staining on NCI-H929 after CARMI1-shRNA lentivirus
transfection for 72 h. DAPI (blue); p53 (red). Scale bar, 20 um. The
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arrest and induction of apoptosis by CARM1 KD in MM
cells, we next analyzed changes in selected proteins by west-
ern blotting. The results showed that the level of p53 was
elevated and expression of p21 was also stimulated (Fig. 5d).
In addition, we tested whether CARM1 could affect the
expression of CDK4 and CDK6 in MM cells. CDK4/6 are
key initiators of the G1-to-S phase transition, while inhibi-
tion of CDK4/6 leads to G1 arrest of the cell cycle [23]. The
results showed that the expressions of CDK4 and CDK6
were decreased by CARM1 KD (Fig. 5d). In conclusion, we
considered that inhibition of CARM1 will activate the p53
signaling pathway and induce cell cycle arrest and apoptosis
of MM cells.
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graph shows the average fluorescence intensity of p53-positive punc-
tate cells (right). d Western blotting analysis confirmed that MM
cells after CARM1 knockdown were extracted and proteins were
incubated with primary antibodies against CARM1, CDK4, CDK®6,
p53, and p21. B-Actin was used as a loading control. Experiments
were repeated three times independently. All data are displayed as
mean +SD; **P <0.01, ***P <0.001, ****P <0.0001
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«Fig. 6 Knockdown of CARMI enhances the therapeutic effect of
bortezomib. a NCI-H929 and L363 cells were treated with various of
bortezomib for 24 h and cell viability was measured by CCK-8 Kkit.
b NCI-H929 and L363 cells were treated with 2 nm and 1 nm bort-
ezomib respectively at different times and cell viability was measured
by CCK-8 kit. ¢ The stable CARM1 knockdown cell lines (NCI-H929
and L.363) and controls were treated with 2 nm and 1 nm bortezomib
respectively for 24 h and the percentage of apoptosis cells was meas-
ured using flow cytometry. Experiments were repeated three times
independently. All data indicate the mean +SD.*p <0.05, **p<0.01,
*#%p < 0.001, ***¥*p <0.0001

Knockdown of CARM1 sensitizes MM cell lines
chemotherapeutic of bortezomib

Almost all patients with multiple myeloma eventually
relapse.The median progression-free survival (PFS) and
overall survival (OS) in patients with relapsed multiple
myeloma refractory to lenalidomide and bortezomib is
poor, with median times of 5 months and 9 months, respec-
tively [24]. We treated NCI-H929 and L.363 and their stable
CARMI1 knockdown cell lines with different doses of bort-
ezomib (0 nm, 1 nm, 2 nm, 5 nm, 10 nm, 20 nm) for 24 h
and detected the cell viability (Fig. 6a), which demonstrated
the IC50 of NCI-H929 and L363 CARMI1 knockdown cell
lines is 2 nm and 1 nm, respectively. There was a significant
difference in cell viability at the same drug concentration
between the control group and PC4 knockdown cell lines.
Then, NCI-H929 and L363 constructed cells were treated
with 2 nm and 1 nm bortezomib respectively to detect cell
viability at different time points (0 h, 24 h, 48 h, 72 h), which
showed that the inhibition effect of CARM1 knockdown
combined with bortezomib treatment on cell viability was
better than that of CARM1 knockdown alone or bortezomib
treatment alone (Fig. 6b). As shown in Fig. 6C, the knock-
down of CARM1 combined with bortezomib treatment
significantly increased apoptosis compared with CARM1
knockdown alone or bortezomib treatment alone. The above
data demonstrated that the Knockdown of CARM1 could
enhance the chemosensitivity of bortezomib in MM cell
lines.

Discussion

Multiple myeloma (MM) remains an incurable hematologic
malignancy with a high proliferative profile, especially in
high-risk subgroups of patients [25], and although the devel-
opment of new proteasome inhibitors and other therapeutic
strategies has greatly improved the survival of MM patients,
acquired drug resistance and malignant proliferation ulti-
mately lead to relapse and poor prognosis [26], and the exact
mechanisms remain incompletely elucidated. In addition, the
prognostic stratification and therapeutic assessment system

for MM lacks specific molecular indicators. Therefore, the
search for new biomarkers and potential therapeutic targets,
especially for relapsed refractory MM, is imminent.

CARMLI, an important target in cancer, is closely related
to tumor cell proliferation. CARM1-KD promotes the pro-
liferation of lung cancer cells [27], and the down-regulation
of CARM1 significantly inhibits the proliferation of gas-
tric cancer cells [28]. In contrast, the proliferation role of
CARMI in MM and the mechanism of its occurrence have
been rarely reported. Studies have reported that the use of
selective inhibitors of CARMI inhibits the proliferation
of multiple myeloma cell lines and that affected cells are
blocked in the G1 phase [16], which is consistent with our
findings using shRNA to knock down CARMI1 expression
in MM cells. CARMI1 is also an arginine methyltransferase,
and in addition to the role of histone H3 methylation in the
transcriptional activation of estrogen receptor (ER) target
genes [29], methylation of non-histone substrates regulates
different features of cancer [30], for example, BAF155 meth-
ylation drives cancer metastasis [31]. But it is not clear how
CARM1 plays a role in MM.

In this study, we found that when the CARMI1 gene
was knockdown in MM cell lines, flow cytometry results
showed increased apoptosis and induced cellular GO/G1
phase arrest. These two knockdown sequences differ in their
apoptotic effects, and the knockdown sequences were vali-
dated on NCBI and found to belong to CARM1 sequences
only. Therefore, we speculate that different sequences of
CARMI have different functions and lead to different apop-
totic effects. This is the part that we will explore in the next
study. Also, RNA-Seq analysis showed increased expression
of cell cycle blocking genes and pro-apoptotic related genes,
and apoptosis and p53 pathways were significantly enriched.
The expression of CARM1 was also negatively correlated
with p53 expression as verified by RT-qPCR and cellular
immunofluorescence assays. In summary, our study showed
that CARM1 knockdown induced GO/ G1 phase block and
p53 pathway activation inhibited MM cell proliferation, and
promoted apoptosis. In addition, there have been no reported
that an association between CARM1 and p53 in MM, sug-
gesting its specificity.p53 is one of the major determinants
of the anti-proliferative response, integrating multiple stress
signals to prevent abnormal cell growth and tumorigenesis
[32]. It has been shown that CARMI1 can interact with p53
and thus participate in regulating the methylation status of
p53 target gene proteins [33, 34]. Another study found that
CARMI can regulate the expression of p53 target genes
[35]. In our study, we found that knockdown of CARMI in
MM cell lines affected the expression of p53 at the mRNA
and protein levels, while a significant decrease in the dimeth-
ylation level of BAF155 (the direct substrate of CARM1) by
Western blotting assay, indicating that our constructed vec-
tors expressing two different small hairpin RNAs (shRNAs)
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effectively targeted CARMI1 and affected methyl transfer.
Therefore, we speculate that CARM1 may directly inhibit
the transcription of p53 through transcriptional repression,
while CARM1 may also have an indirect effect on p53 pro-
tein methylation.

Although the experimental results obtained in this study
were more than satisfactory, there are still shortcomings.
The use of CARMI inhibitors in this study was only studied
on cells, and in subsequent studies cellular experiments with
Crispr-cas9 should be continued in depth and the effects of
inhibitors on hormonal experiments should be completed
on animals. In addition, We have not yet conducted animal
experiments to investigate whether the effects of CARMI in
MM in vivo and its effects are consistent with those in vitro,
and we will need to supplement the validation in the future.
Certainly, our current understanding of the role of CARM1
in regulating proliferation and apoptosis in multiple mye-
loma through the p53 pathway is just beginning, and the
related molecular mechanisms still need to be explored and
studied in greater depth.

Conclusions

This study shows that high expression of CARMI in mul-
tiple myeloma patients, especially in stage III or relapsed
refractory MM, is strongly associated with poor prognosis;
CARM1 knockdown activates the p53 signaling pathway
and inhibits MM cell proliferation. In addition, combining
shRNAs that effectively target CARM1 with bortezomib
showed significant inhibitory effects on MM cells. This
study on CARMI is of great significance in elucidating
the pathogenesis of MM and finding potential therapeutic
targets.

Acknowledgements This study was supported by intramural research
project grants (AWS17J007)

Author contributions QG and JC designed the experiments and super-
vised the progress of the experiments. LY and LM performed the
experiments and analyzed the statistical data, as well as created the fig-
ures. LY and LM wrote the manuscript. QG, QH and JC provided data
interpretation. All authors have read and approved the final manuscript.

Declarations

Conflict of interest The authors declare that they have no competing
interests.

Ethical approval This study was performed in line with the principles
of the Declaration of Helsinki. Approval was granted by the Ethics
Committee of the First Affiliated Hospital of Army Medical University.
(No: (B) KY2022205).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

@ Springer

adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Silberstein J, Tuchman S, Grant SJ (2022) What Is Multiple
Myeloma?[J]. JAMA 327(5):497
2. Harding T, Baughn L, Kumar S et al (2019) The future of mye-
loma precision medicine: integrating the compendium of known
drug resistance mechanisms with emerging tumor profiling
technologies[J]. Leukemia 33(4):863-883
3. Oliva S, D’Agostino M, Boccadoro M et al (2020) Clinical Appli-
cations and Future Directions of Minimal Residual Disease Test-
ing in Multiple Myeloma[J]. Front Oncol 10:1
4. Bonello F, Mina R, Boccadoro M et al (2019) Therapeutic Mono-
clonal Antibodies and Antibody Products: Current Practices and
Development in Multiple Myeloma[J]. Cancers (Basel) 12:1
5. Dagostino M, Bertamini L, Oliva S et al (2019) Pursuing a Cura-
tive Approach in Multiple Myeloma: A Review of New Therapeu-
tic Strategies[J]. Cancers (Basel) 11:12
6. Cheng H, Qin Y, Fan H et al (2013) Overexpression of CARM1
in breast cancer is correlated with poorly characterized clinico-
pathologic parameters and molecular subtypes[J]. Diagn Pathol
8:129
7. Davis MB, Liu X, Wang S et al (2013) Expression and sub-cellular
localization of an epigenetic regulator, co-activator arginine meth-
yltransferase 1 (CARM1), is associated with specific breast cancer
subtypes and ethnicity[J]. Mol Cancer 12(1):40
8. Nakayama N, Sakashita G, Nariai Y et al (2018) Cancer-related
transcription regulator protein NAC1 forms a protein complex
with CARMI1 for ovarian cancer progression[J]. Oncotarget
9(47):28408-28420
9. Karakashev S, Zhu H, Wu S et al (2018) CARM1-expressing
ovarian cancer depends on the histone methyltransferase EZH2
activity[J]. Nat Commun 9(1):631
10. Wang YP, Zhou W, Wang J et al (2016) Arginine Methylation
of MDH1 by CARMI1 Inhibits Glutamine Metabolism and Sup-
presses Pancreatic Cancer[J]. Mol Cell 64(4):673-687
11. Zhong XY, Yuan XM, Xu YY et al (2018) CARM1 Methylates
GAPDH to Regulate Glucose Metabolism and Is Suppressed in
Liver Cancer[J]. Cell Rep 24(12):3207-3223
12. VuLP, Perna F, Wang L et al (2013) PRMT4 Blocks Myeloid Dif-
ferentiation by Assembling a Methyl-RUNX1-Dependent Repres-
sor Complex[J]. Cell Rep (Cambridge) 5(6):1625-1638
13. Leonard S, Gordon N, Smith N et al (2012) Arginine Methyltrans-
ferases Are Regulated by Epstein-Barr Virus in B Cells and Are
Differentially Expressed in Hodgkin’s LymphomalJ]. Pathogens
1(1):52-64
14. LiS, Cheng D, Zhu B et al (2017) The Overexpression of CARM1
Promotes Human Osteosarcoma Cell Proliferation through the
pGSK3p/p-Catenin/cyclinD1 Signaling Pathway[J]. Int J Biol Sci
13(8):976-984


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Molecular Biology Reports (2023) 50:7457-7469

7469

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Greenblatt SM, Man N, Hamard P et al (2018) CARMI1 Is Essen-
tial for Myeloid Leukemogenesis but Dispensable for Normal
Hematopoiesis[J]. Cancer Cell 33(6):1111-1127

Nakayama K, Szewczyk MM, Dela SC et al (2018) TP-064, a
potent and selective small molecule inhibitor of PRMT4 for mul-
tiple myelomal[J]. Oncotarget 9(26):18480-18493

Drew AE, Moradei O, Jacques SL et al (2017) Identification of
a CARMI Inhibitor with Potent In Vitro and In Vivo Activity in
Preclinical Models of Multiple Myelomal[J]. Scie Rep 7:1

Slade D (2020) PARP and PARG inhibitors in cancer treatment[J].
Genes Dev 34(5-6):360-394

Oliver FJ, De La Rubia G, Rolli V et al (1998) Importance
of poly(ADP-ribose) polymerase and its cleavage in apop-
tosis. Lesson from an uncleavable mutant[J]. J Biol Chem
273(50):33533-33539

Eskandari E, Eaves CJ (2022) Paradoxical roles of caspase-3 in
regulating cell survival, proliferation, and tumorigenesis[J]. J Cell
Biol 221:6

Xu Y, Zhou Q, Feng X et al (2020) Disulfiram/copper markedly
induced myeloma cell apoptosis through activation of JNK and
intrinsic and extrinsic apoptosis pathways[J]. Biomed Pharmaco-
ther 126:110048

Wang L, Zhao Z, Meyer MB et al (2016) CARM1 Methylates
Chromatin Remodeling Factor BAF155 to Enhance Tumor Pro-
gression and Metastasis[J]. Cancer Cell 30(1):179-180

Goel S, Decristo MJ, Watt AC et al (2017) CDK4/6 inhibition
triggers anti-tumour immunity[J]. Nature 548(7668):471-475
Kumar SK, Lee JH, Lahuerta JJ et al (2012) Risk of progres-
sion and survival in multiple myeloma relapsing after therapy
with IMiDs and bortezomib: a multicenter international myeloma
working group study[J]. Leukemia 26(1):149-157

Gao M, Bai H, Jethava Y et al (2020) Identification and Charac-
terization of Tumor-Initiating Cells in Multiple Myeloma[J]. J
Natl Cancer Inst 112(5):507-515

Takeda T, Tsubaki M, Kino T et al (2016) Mangiferin enhances the
sensitivity of human multiple myeloma cells to anticancer drugs

217.

28.

29.

30.

31.

32.

33.

34.

35.

through suppression of the nuclear factor kappaB pathway[J]. Int
J Oncol 48(6):2704-2712

Hu B, Li X, Chen L et al (2020) High Expression of CARM1
Inhibits Lung Cancer Progression by Targeting Tp53 by Regulat-
ing CTNNBI1[J]. Lung 198(2):415-422

Yang S, Zhang J, Chen D et al (2022) CARM1 promotes gas-
tric cancer progression by regulating TFE3 mediated autophagy
enhancement through the cytoplasmic AMPK-mTOR and nuclear
AMPK-CARMI-TFE3 signaling pathways[J]. Cancer Cell Int
22(1):102

Wu J, Xu W (2012) Histone H3R17me2a mark recruits human
RNA polymerase-associated factor 1 complex to activate
transcription[J]. Proc Natl Acad Sci U S A 109(15):5675-5680
LiuF, MaF, Wang Y et al (2017) PKM2 methylation by CARM1
activates aerobic glycolysis to promote tumorigenesis[J]. Nat Cell
Biol 19(11):1358-1370

Wang L, Zhao Z, Meyer MB et al (2014) CARM1 methylates
chromatin remodeling factor BAF155 to enhance tumor progres-
sion and metastasis[J]. Cancer Cell 25(1):21-36

Duffy MJ, Synnott NC, Grady OS et al (2022) Targeting p53 for
the treatment of cancer[J]. Sem Cancer Biol 79:58-67
Scoumanne A, Chen X (2008) Protein methylation: a new mecha-
nism of p53 tumor suppressor regulation[J]. Histol Histopathol
23(9):1143-1149

An W, Kim J, Roeder RG (2004) Ordered cooperative functions
of PRMT]1, p300, and CARMI in transcriptional activation by
p53[J]. Cell 117(6):735-748

Li P, Yao H, Zhang Z et al (2008) Regulation of p53 target gene
expression by peptidylarginine deiminase 4[J]. Mol Cell Biol
28(15):4745-4758

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Inhibition of CARM1 suppresses proliferation of multiple myeloma cells through activation of p53 signaling pathway
	Abstract
	Background 
	Methods and results 
	Conclusion 

	Introduction
	Materials and methods
	Antibodies and reagents
	Cell lines and culture
	Immunohistochemistry analysis (IHC)
	Lentiviral vectors construction and gene transfection
	Real-time PCR
	Western blots
	Cell proliferation and viability assay
	Clone formation assay
	Flow cytometry analysis of apoptosis and cell cycle
	RNA-seq and data analysis
	Immunofluorescent staining
	Statistical analysis

	Results
	Database and sample studies of patients with MM show that CARM1 expression is associated with MM prognosis
	Expression of CARM1 in MM cell lines and its knockdown cell line constructed
	Knockdown of CARM1 leads to cell cycle arrest and induces apoptosis in MM cell lines.

	.
	Transcriptional analysis of CARM1 knockdown in MM cell lines
	Knockdown of CARM1 activates p53 signaling pathway in MM cell lines
	Knockdown of CARM1 sensitizes MM cell lines chemotherapeutic of bortezomib

	Discussion
	Conclusions
	Acknowledgements 
	References




