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Arginine methylation-dependent TRIM47 stability mediated by
CARM1 promotes the metastasis of hepatocellular carcinoma
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The tripartite motif (TRIM) protein family has been shown to play important roles in the occurrence and development of various
tumors. However, the biological functions of TRIM47 and its regulatory mechanism in hepatocellular carcinoma (HCC) remain
unexplored. Here, we showed that TRIM47 was upregulated in HCC tissues compared with adjacent normal tissues, especially at
advanced stages, and associated with poor prognosis in HCC patients. Functional studies demonstrated that TRIM47 enhanced the
migration and invasion ability of HCC cells in vitro and in vivo. Mechanistically, TRIM47 promotes HCC metastasis through
interacting with SNAI1 and inhibiting its degradation by proteasome. Moreover, TRIM47 was di-methylated by CARM1 at its arginine
210 (R210) and arginine 582 (R582), which protected TRIM47 from the ubiquitination and degradation mediated by E3 ubiquitin
ligase complex CRL4“"EN, Collectively, our study reveals a pro-metastasis role of TRIM47 in HCC, unveils a unique mechanism
controlling TRIM47 stability by CARM1 mediated arginine methylation, and highlights the role of the CARM1-CRL4“REN-TRIM47-
SNAI1 axis in HCC metastasis. This work may provide potential therapeutic targets for metastatic HCC treatment.
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INTRODUCTION

Tripartite motif-containing (TRIM) family proteins are a group of E3
ubiquitin ligases (over 80 members) characterized by a RING
domain in N-terminal, a B-box domain, a coiled-coil domain, and a
variable C-terminal domain. TRIM family members are involved in
regulating various biological processes, such as autophagy, cell
cycle and innate immune response [1]. Dysregulation of TRIM
proteins is closely associated with tumorigenesis and tumor
progression [2]. TRIM47, also known as GOA (Gene overexpressed
in astrocytoma protein), was upregulated and possessed onco-
genic function in multiple types of tumors, such as non-small cell
lung carcinoma (NSCLC) [3], colorectal cancer (CRC) [4] and
prostate cancer (PC) [5]. Hepatocellular carcinoma (HCC) is the
sixth most common cancer and the fourth leading cause of
cancer-related mortality worldwide [6]. A bioinformatics study
reported that TRIM47 expression was associated with poor
prognosis of HCC. A TRIM family gene-based signature including
TRIM47 and another 5 TRIM genes performed well in Overall
survival (OS) prediction for HCC [7]. These studies indicated that
TRIM47 might play an important role in HCC progression.
However, the detailed roles of TRIM47 and its regulatory
mechanism in HCC remain elusive.

The transfer of methyl groups from S-adenosylmethionine
(SAM) to the guanidino nitrogen atoms of arginine is catalyzed by
a group of enzymes known as protein arginine methyltransferases
(PRMTs), a process referred to as arginine methylation [8]. The
PRMT family consists of nine members (PRMT1-9) and can be

categorized into three groups based on their catalytic activity.
Type | (PRMT1-4, PRMT6, PRMT8) are responsible for the formation
of monomethyl-arginine (MMA) and asymmetric dimethylarginine
(ADMA). Type Il (PRMT5 and PRMT9) catalyze the synthesis of
MMA and symmetric dimethylarginine (SDMA). Type Il PRMTs are
only involved in the enzymatic synthesis of MMA. Coactivator-
associated arginine methyltransferase 1 (CARM1), a type | PRMTs,
is deregulated in numerous cancers and plays critical roles in
cancer progression by catalyzing asymmetric di-methylation of
histone or nonhistone substrate proteins [9]. For example, CARM1
promoted breast cancer metastasis by methylating chromatin
remodeling factor BAF155 [10]. Arginine methylation of MDH1 by
CARMT1 inhibits glutamine metabolism and suppresses pancreatic
ductal adenocarcinoma (PDAC) progression [11]. However, inde-
pendent studies reported opposite functional roles of CARM1 in
HCC. CARM1 was previously reported to suppress the glycolysis in
liver cancer cells by mediating arginine 234 (R234) methylation of
GAPDH, thus inhibiting the proliferation of liver cancer cells [12].
This conflicts with another study demonstrating that CARM1
indicates poor prognosis and promotes HCC progression by
activating AKT/mTOR signaling [13]. These conflicting results lead
to a confused understanding of CARM1’s functions in HCC, thus
needing to explore its underlying molecular mechanism.

Here, we found that TRIM47 was upregulated in tumor
tissues and associated with poor clinical outcomes of HCC
patients. In vitro and in vivo studies revealed that TRIM47
facilitated the migration and invasion of HCC cells.
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Mechanistically, TRIM47 promoted epithelial-mesenchymal protected TRIM47 from proteasomal de%radation mediated
transition (EMT) by interacting with SNAIT and maintained its by E3 ubiquitin ligase complex CRL4“"*N. This work may
stability. Moreover, we identified that TRIM47 was a novel provide a basis for finding novel targets and designing

substrate of CARM1, while the methylation by CARM1 therapeutic strategies against metastatic HCC.
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Fig.1 TRIM47 promotes HCC cells migration and invasion. A Analysis of TRIM47 mRNA expression in HCC primary tumor tissues and normal
liver tissues from TCGA database. *P < 0.05. B Analysis of TRIM47 mRNA expression in different tumor stages of HCC patients from TCGA
database. *P < 0.05. € Kaplan-Meier survival analysis of overall survival (OS) stratified by TRIM47 expression in HCC tumor tissues from TCGA
database. P =0.0375. D Western blot analysis of TRIM47 protein levels in TRIM47 stably knockdown (shTRIM47#1 and shTRIM47#2) or control
(shNC) SMMC7721 cells. E, F The migration assay (upper panel) and invasion assay (bottom panel) of SMMC7721 cells with TRIM47 stably
knockdown (E). The average number of cells per field were calculated (F). Scale bars, 50 um. Data are shown as mean * SD. n = 3 samples per
group, four fields per sample. **P < 0.01, ***P < 0.001. G Western blot analysis of TRIM47 protein levels in SMMC7721 cells transiently
transfected with Vector or FLAG-TRIM47. H, | The migration assay of SMMC7721 cells transiently transfected with Vector or FLAG-TRIM47 (H).
The average number of cells per field were calculated (l). Scale bars, 50 pm. Data are shown as mean + SD. n = 3 samples per group, four fields
per sample. **, P<0.01.J, K2 x 10° TRIM47 stably knockdown (shTRIM47#1 and shTRIM47#2) or control (shNC) SMMC7721 cells were injected
into nude mice (n =5 per group) via tail vain. The representative haematoxylin and eosin (H&E) images (J) and quantification of metastatic foci
in lungs (K) were shown. Black arrows indicated the metastatic foci. Scale bars, 100 pm. Data are shown as mean + SD. ***P < 0.001.

RESULTS

TRIMA47 is a pro-metastatic factor in HCC

To evaluate the clinical significance of TRIM47 in human HCC, we
analyzed the publicly available HCC expression profiles in The
Cancer Genome Atlas (TCGA) and GSE76427 database. TRIM47 was
upregulated in HCC tumor tissues compared with normal tissues,
especially at advanced stages (stage IV vs stage l/I/IIl in TCGA)
(Fig. 1A, B, Fig. S1A). Kaplan-Meier survival analysis revealed that
HCC patients with high TRIM47 levels usually had poorer overall
survival (OS) (Figs. 1C and S1B). These data suggest that TRIM47
may possess oncogenic activity in HCC.

Next, we explored the function of TRIM47 in HCC progression.
We detected TRIM47 expression in four HCC cell lines (HepG2,
Huh7, SMMC7721 and Bel7402) and found that SMMC7721 cells
expressed TRIM47 at a relatively high level while Huh7 and
Bel7402 cells at a low level (Fig. S1C). SMMC7721, HepG2 and
Huh7 cell lines were thus chosen for further studies. Knockdown
of TRIM47 in SMMC7721 and HepG2 cells significantly inhibited
cell migration and invasion in vitro (Figs. 1D-F and S1D-H).
Conversely, TRIM47 overexpression promoted cell migration
ability in Huh7, HepG2 and SMMC7721 cells (Figs. 1G-I
and S1I-K). Moreover, TRIM47 knockdown decreased the foci
number of lung metastasis in vivo (Fig. 1J-K). These findings
indicate that TRIM47 is a pro-metastatic factor in HCC.

CARM1 interacts with TRIM47 and maintains its stabilization
To dissect the upstream regulatory factors and pro-metastatic
mechanism of TRIM47 in HCC, we performed an
immunoprecipitation-coupled mass spectrometry screen. CARM1,
a type | PRMTs playing critical roles in cancer progression by
methylating histone or nonhistone substrates, was identified as a
putative TRIM47-interacting protein (Fig. 2A, Fig. S2A). Noticeably,
TP53, another protein reported to interact with TRIM47 [14], was
also hitted in our screening, indicating the reliability of our
screening. The binding between TRIM47 and CARM1 were
confirmed by reciprocal co-IP assay (Fig. 2B). Next, we determined
whether the expression of CARM1 or TRIM47 was affected by their
interactions. Knockdown of TRIM47 had no effect on CARM1
protein levels (Fig. S2B). However, TRIM47 protein levels was
significantly decreased upon CARM1 depletion, while its mRNA
expression was unchanged (Fig. 2C, Fig. S2C). Treatment with
specific  CARM1 methyltransferase inhibitor HY-12759 also
reduced TRIM47 protein levels in a dose-dependent manner
(Fig. 2D). The cycloheximide chase assay showed that the protein
half-life of TRIM47 was remarkably shortened after CARM1
knockdown (Fig. 2E). These results suggest that CARM1 acts
upstream of TRIM47 to control TRIM47’s protein stability through
post-translational modifications. Of note, decreased TRIM47
protein levels by CARM1 knockdown were rescued when treated
HCC cells with proteasome inhibitor MG132, but not with
lysosome inhibitor CQ (Figs. 2F and S2D), suggesting that CARM1
protects TRIM47 protein from proteasome-mediated degradation.
Consistently, the ubiquitination of TRIM47 was enhanced by
CARM1 knockdown or HY-12759 treatment (Fig. 2G, H). Taken
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together, these results indicate that CARM1 stabilizes TRIM47
protein by inhibiting its ubiquitination.

TRIM47 is an arginine methylation substrate of CARM1

As a type | PRMTs, CARM1 catalyzes the formation of
asymmetric di-methylarginine in its substrate proteins [9]. We
found that TRIM47 was indeed arginine-methylated by using an
anti-asymmetric  di-methylarginine  (a-ADME)  antibody
(Figs. 3A and S2A, B). CARM1 knockdown or HY-12759
treatment markedly decreased the methylation of TRIM47
(Fig. 3B, C). To define which arginine residues were methylated
by CARM1, we performed mass spectrometric analysis of
immunopurified TRIM47 protein from HCC cells and identified
arginine 210 (R210) as a putative asymmetric di-methylation
site (Fig. S3C). A previous proteomic study reported that
arginine 582 (R582) might be another methylated arginine
residue of TRIM47 [15]. To determine whether R210 and R582
are the major methylated site in TRIM47, we mutated these two
sites into lysine (TRIM47%21%K or TRIM477°82%) that conferred
resistance to arginine methylation. Compared with wild-type
(WT) TRIM47, both TRIM47%2'°¢ and TRIM47%°%%¢ mutants
showed a substantial, but incomplete reduction of asymmetric
di-methylation levels (Fig. S3D). The methylation signal was also
markedlz inhibited for the R210 and R582 double mutant
(TRIM47%219/582K) (Eig 3D). These results indicate that both R210
and R582 are the major, if not the sole, methylation site of
TRIM47. Interestingly, R582 is located in a conserved glycine-
arginine-methionine (PGM) rich substrate motif reported for the
recognition of CARM1, while R210 is not (Fig. 3E). Moreover,
TRIM47R219582K  mytant failed to interacting with CARM1
(Fig. S3E). We further tested whether the methylation of R210
and R582 contributed to TRIM47 stability and ubiquitination
status. TRIM47R219382K mytant exhibited higher ubiquitination
levels than that of WT TRIM47 (Fig. S3F). The ubiquitination level
of WT TRIM47 was sharply enhanced by CARM1 knockdown,
whereas TRIM47R21%°82K° mytant  showed little or no
change (Fig. 3F). Consistently, HY-12759 significantly decreased
WT TRIM47 protein levels, but not TRIM47 mutants
(TRIM47R219K - TRIM47R%82K  and  TRIM47R219582K)  (Figs. 3G
and S3G). We also assessed the effect of TRIM47 arginine
mutants on the metastasis of HCC. TRIM47%2'° and TRIM47R>82%
mutant-expressing cells were less metastatic compared to the
WT TRIM47-expressing cells (Fig. S3H-J). Noticeably,
TRIM47R219582K "~ mytant  absolutely abolished the pro-
metastatic ability of TRIM47 in HCC (Figs. 3H-J and S3H-J).
Together, these data indicated that the methylated modifica-
tion by CARM1 stabilizes TRIM47 protein levels and promotes
the metastasis of HCC.

CARM1 suppresses HCC metastasis in a TRIM47-

dependent manner

CARM1 functions as an oncogene or a tumor suppressor
depending on cancer types [16, 17]. However, the roles of CARM1
in dynamic HCC progression are controversial [12, 13]. We analyzed
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Fig.2 CARM1 is a binding partner of TRIM47. A HEK293T cells were transfected with FLAG-TRIM47 for 48 h. Cell extracts were subjected to
immunoprecipitated with anti-FLAG antibody or a control IgG. CARM1 was identified via mass spectrometry. B HEK293T cells were co-
transfected with FLAG-TRIM47 and MYC-CARM1 for 48 h. Total cell extracts were immunoprecipitated with anti-FLAG or anti-MYC antibodies.
FLAG-TRIM47 and MYC-CARM1 were detected by western blot. C Western blot analysis of TRIM47 protein levels in CARM1 stably knockdown
SMMC7721 cells. D Western blot analysis of TRIM47 expression in SMMC7721 cells treated with CARM1 inhibitor HY12759 for the indicated
times. E Cycloheximide chase analysis of TRIM47 degradation in CARM1 stably knockdown SMMC7721 cells. The relative band intensity of
TRIM47 was quantified and plotted. F Western blot analysis of TRIM47 protein levels in CARM1 stably knockdown (shCARM1#1 and
shCARM1#2) or control (shNC) SMMC7721 cells treated with DMSO or 10 pM MG132 for 4 h. G CARM1 stably knockdown (shCARM1#1) or
control (shNC) SMMC7721 cells were co-transfected with FLAG-TRIM47 and HA-ubiquitin plasmids for 48 h. Total cell extracts were
immunoprecipitated with anti-FLAG antibody. The immunoprecipitates were detected with anti-ubiquitin and anti-FLAG antibodies.
H SMMC7721 cells were transfected with FLAG-TRIM47 plasmid for 48 h and treated with HY12759 for another 8 h. Total cell extracts were
immunoprecipitated with anti-FLAG antibody. The immunoprecipitates were detected with anti-ubiquitin and anti-FLAG antibodies.
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the HCC cohort in TCGA and found that HCC patients at the
advanced stages expressed higher CARM1 than early staged
patients (stage Ill + IV vs stage | + Il) (Fig. 4A). Kaplan-Meier survival
analysis revealed that high levels of CARM1 was associated with
poor survival in HCC patients (Fig. 4B, Fig. S4A). Silencing of CARM1
or CARM1 inhibitor treatment suppressed the migration ability of
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SMMC7721 cells while CARM1 overexpression promoted cell
migration, which were similar to the phenotypes observed for
TRIM47 (Figs. 4C-H and S4B-D). Moreover, TRIM47 overexpression
completely rescued the migration inhibition induced by CARM1
knockdown (Fig. 41-K). Thus, we concluded that CARM1 promotes
HCC metastasis in a TRIM47-dependent manner.
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Fig. 3 CARM1 di-methylates TRIM47 at its arginine 210 and arginine 582. A SMMC7721 cells were transfected with FLAG-TRIM47 for 48 h.
Cell extracts were subjected to immunoprecipitated with anti-FLAG antibody or control IgG. Arginine methylation of immunopurified TRIM47
was detected by western blot. B CARM1 stably knockdown (shCARM1#1) or control (shNC) SMMC7721 cells were transfected with Vector or
FLAG-TRIM47 for 48 h. Cell extracts were subjected to immunoprecipitated with anti-FLAG antibody. Arginine methylation of immunopurified
TRIM47 was detected by western blot. € SMMC7721 cells were transiently transfected with Vector or FLAG-TRIM47 for 48 h, then treated with
10 pM HY12759 for another 8 h. Arginine methylation of immunopurified TRIM47 was detected by western blot. D SMMC7721 cells were
transfected with FLAG-TRIM47 or FLAG-TRIM477?'%/382K o 48 1, Cell extracts were subjected to immunoprecipitated with anti-FLAG antibodly.
Arginine methylation of immunopurified TRIM47 was detected by western blot. E The schematic representation of TRIM47 constructs (Upper
panel). The conserved glycine-arginine-methionine (PGM) rich substrate motif reported for the recognition of CARM1 (bottom Panel).
F CARM1 stably knockdown (shCARM1#1) or control (shNC) SMMC7721 cells were co-transfected with FLAG-TRIM47 or FLAG-TRIM47R210/582K
and HA-ubiquitin plasmids for 48 h. Cell extracts were immunoprecipitated with anti-FLAG antibody. The immuno reciEitates were detected
with anti-ubiquitin and anti-FLAG antibodies. G SMMC7721 cells were transfected with FLAG-TRIM47 or TRIM4772'%82K £5r 48 h and treated
with HY12759 for another 8 h. Western blot analysis of TRIM47 protein levels. H SMMC7721 cells were transfected with FLAG-TRIM47 plasmid
for 48 h and treated with HY12759 for another 8 h. Cell extracts were immunoprecipitated with anti-FLAG antibody. The immunoprecipitates
were detected with anti-ubiquitin and anti-FLAG antibodies. H Western blot analysis of TRIM47 protein levels in SMMC7721 and Huh7 cells
transiently transfected with Vector, FLAG-TRIM47 or FLAG-TRIM47%2'%582K | 'J The migration assay of SMMC7721 and Huh7 cells transiently
transfected with Vector, FLAG-TRIM47 or FLAG-TRIM47%21%382K (1), The average number of cells per field were calculated (J). Scale bars, 50 pm.

Data shown as mean + SD. n = 3 samples per group, four fields per sample. ***, P<0.001, ns no significance.

TRIM47 methylation inhibits the ubiquitylation of TRIM47 by
CUL4CRBN

Previous results suggested that CARM1 stabilized TRIM47 protein
levels by inhibiting its ubiquitylation and degradation (Fig. 2F-H).
We intended to identify the E3 ubiquitin ligase that mediated the
degradation of TRIM47. The above immunoprecipitation-coupled
mass spectrometry screen conducted by us found that CRBN, a
substrate adapter for the CRL4 E3 ubiquitin ligase, was a potential
TRIM47 interacting protein (Fig. 5A). Co-IP experiments showed
that TRIM47 indeed interacted with CRBN (Fig. 5B). TRIM47 protein
level was decreased by CRBN overexpression, which could be
blocked by MG132 (Fig. 5C, D). Consistently, CRBN overexpression
promoted the ubiquitination of TRIM47 (Fig. 5E). Since CRL4 E3
ubiquitin ligases employed CRBN as an adaptor to recognize
substrate protein [18], we detected one of the CUL4 paralogues,
CUL4A for the ubiquitination and protein stability of TRIM47.
CUL4A overexpression also significantly enhanced the ubiquitina-
tion and degradation of TRIM47 (Fig. S5A, B). Using the ubiquitin
mutants with the same lysine at position 48 or 63 and the
remaining lysine replaced by arginine (K48 or K63), we found that
CRBN enhanced K48-linked ubiquitination of TRIM47 (Fig. 5F
and S4C). Moreover, HY15729 strengthened the interaction
between CRBN and TRIM47 in SMMC7721 cells, leading the
enhancement of TRIM47 ubiquitination. We further investigated
whether CARM1-mediated methylation affected TRIM47 ubiquity-
lation regulated by CUL4"®N, CRBN overexpression only decreased
the protein level of WT TRIM47, whereas TRIM47721%/582A ramained
unchanged (Fig. 5H). This novel observation reveals a crosstalk
between methylation and ubiquitylation in the orchestration of
TRIM47 protein stability.

TRIM47 promotes HCC metastasis by protecting SNAI1 from

proteasome-mediated degradation

We next explored the potential mechanisms by which CARM1-
TRIM47 axis suppressed HCC metastasis. TRIM47 knockdown
significantly decreased the number of F-actin stress fibers, which
is the hallmark of the cell migration (Fig. 6A, B). We examined
several pathways and molecular that influence cell metastasis,
including canonical WNT/B-catenin signaling [19], RhoA/ROCK1
signaling [20], RAC1 pathway [21] and EMT inducing transcription
factors [22]. Interestingly, only SNAI1 protein levels were
significantly decreased in TRIM47 silenced cells (Figs. 6C
and S6A-C). Knockdown of CARM1 also inhibited SNAI
protein expression (Fig. 6D). Interestingly, Co-IP experiments
showed that SNAI1 is a binding partner of TRIM47 (Fig. 6E). Of
note, Treatment with MG132, not with CQ, could rescue the
reduced SNAIT protein levels by TRIM47 knockdown (Figs. 6G
and S6D), suggesting that TRIM47 knockdown promotes SNAI1
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degradation via the ubiquitin-proteasome pathway. To validate
this, we performed protein ubiquitination assays. The ubiquitina-
tion of SNAI1 was enhanced by TRIM47 knockdown (Fig. 6F).
SNAIT overexpression extensively reversed the suppressive effect
of TRIM47 depletion on migration of SMMC7721 cells (Fig. 6H-G).
Collectively, these results indicate that TRIM47 promotes HCC
cells migration by protecting SNAI1 from proteasome-mediated
degradation.

DISCUSSION AND CONCLUSION

TRIM47 is over-expressed and acts as an oncogene in multiple
types of tumors, such as prostate cancer [5], colorectal cancer [4]
and breast cancer [23]. TRIM47 facilitates breast cancer prolifera-
tion and endocrine therapy resistance by activating NF-«kB
signaling [24]. Up-regulated TRIM47 is associated with poor
outcomes and promotes the proliferation and metastasis of CRC
[4]. However, the biological functions of TRIM47 and the possible
underlying mechanisms in HCC have not been elucidated. In this
study, we showed that the TRIM47 was up-regulated in advanced
HCC and associated with poor survival of HCC patients. TRIM47
was able to promote HCC metastasis in vitro and in vivo.
Therefore, TRIM47 acted as a pro-metastatic factor in HCC, which
was consistent with previous study demonstrated that a TRIM
family gene-based signature including TRIM47 and another 5 TRIM
genes could be used to predict poor prognosis of HCC with high
accuracy [7].

Although TRIM47’s role in a variety of tumors has been
extensively reported, little is known about its regulatory mechan-
isms in cancer. A study reported that LMO7 promoted the lysine
48 (K48)-linked ubiquitination and degradation of TRIM47 to
alleviate hepatic steatosis, inflammation, and fibrosis [25]. Our
study identified TRIM47 as a previously uncharacterized substrate
of CARM1 and CARM1 methylated TRIM47 at its arginine 210 and
arginine 582. The canonical CARM1 methylation motif is PMG rich
motifs [15]. The TRIM477°82 methylation residue fit the consensus
motif while TRIM47%%'° do not. The crosstalk between methylation
and other modifications regulates protein stability, activity, and
intracellular location. PRMT5 methylated Mxi1 and facilitated its
ubiquitin-mediated degradation in lung cancer [26]. The methyla-
tion of FOXO1 at its residues Arg 248 and Arg 250 by PRMT1
blocks AKT dependent phosphorylation of FOXO1, thereby
increasing the stability and transcriptional activitg of FOXO1 [27].
Our study found that the methylation of TRIM47"%'%*82 could be
used to mark it for degradation by the CUL4REN E3 ubiquitin
ligase complex. Interestingly, besides stabilizing the protein levels
of TRIM47, TRIM47 R21%/582 methylation directly affect its ability to
promote HCC cells migration.
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Fig.4 CARM1 promotes HCC cells migration depend on TRIM47. A Analysis of CARM1 mRNA levels in different tumor stages (stag Ill + IV vs
stag |+ 1l) of HCC patients from TCGA database. *P < 0.05. B Kaplan-Meier survival analysis of overall survival (OS) stratified by CARM1
expression in the HCC tissues from TCGA database. P = 0.046. C Western blot analysis of CARM1 protein levels in CARM1 stably knockdown
(shCARM1#1 and shCARM1#2) or control (shNC) SMMC7721 cells. D, E The migration assay of SMMC7721 cells with CARM1 stably knockdown
(D). The average number of cells per field were calculated (E). Scale bars, 50 pm. Data shown as mean + SD. n = 3 samples per group, four fields
per sample. ***P < 0.001. F Western blot analysis of TRIM47 protein levels in SMMC7721 cells treated with HY12795 (10 uM) for 8 h. G, H The
migration assay of SMMC7721 cells treated with HY12795 (10 pM) for 8 h (G). The average number of cells per field were calculated (H). Scale
bars, 50 um. Data shown as mean =SD. n=3 samples per group, four fields per sample. ***P < 0.001. I-K CARM1 stable knockdown
SMMC7721 cells were transfected with Vector or FLAG-TRIM47. Cells were harvested and subjected to western blot (I) and migration assay (J).
The average number of cells per field were calculated (K). Scale bars, 50 pm. Data shown as mean + SD. n = 3 samples per group, four fields per
sample. ***P < 0.001; ns no significance.
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CARM1 methylates histone and non-histone proteins to
function as an oncogene or tumor suppressor in different types
of malignant tumors, suggesting that the function of CARM1 in
cancer is context-dependent [11, 28, 29]. Compared with defined
roles in other cancers, the function of CARM1 in HCC is

Cell Death Discovery (2024)10:477

controversial, as both pro-tumorigenic and onco-suppressor
functions were reported [12, 13, 30]. Here, we found that CARM1
had a similar pro-metastasis phenotype with TRIM47 in HCC. High
expression of CARM1 was correlated with poor prognosis in HCC
patients and CARM1 was able to promote HCC metastasis in vitro
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Fig. 6 TRIM47 promotes HCC metastasis via SNAI1. A, B Representative images of F-actin (red) staining in control (shNC) and TRIM47 stably
knockdown (shTRIM47#1 and shTRIM47#2) SMMC7721 cells (A). Quantification of stress fibers per cell (B). Scale bars, 200 pm. Data are shown
as mean £ SD. n = 10 cells per condition, ***P < 0.001. C Western blot analysis of EMT related proteins, including CDH1, CDH2, SNAI1, SNAI2,
VIMENTIN, ZEB-1 and ZO-1 in TRIM47 stably knockdown SMMC7721 cells. D Western blot analysis of SNAI1 protein levels in CARM1 stably
knockdown SMMC7721 cells. E HEK293T cells were co-transfected with FLAG-TRIM47 and MYC-SNAI1 for 48h. Cell extracts were
immunoprecipitated with anti-FLAG or anti-MYC antibodies. FLAG-TRIM47 and MYC-SNAI1 were detected by western blot. F Cell extracts from
TRIMA47 stably knockdown (shTRIM47#1) or control (shNC) SMMC7721 cells were immunoprecipitated with anti-SNAI1 antibody. The
immunoprecipitates were detected by with anti-ubiquitin and anti-SNAI1 antibodies. G TRIM47 stably knockdown (shTRIM47#1 and
shTRIM47#2) or control (shNC) SMMC7721 cells were treated with DMSO or 10 pM MG132 for 6 h. Western blot analysis of SNAI1 protein levels.
H-J TRIM47 stably knockdown SMMC7721 cells were transfected with Vector or MYC-SNAI1. Cells were harvested and subjected to Western
blot (H) and migration assay (I). The average number of cells per field were calculated (J). Scale bars, 50pm. Data shown as mean * SD.

n =3 samples per group, four fields per sample. ***P < 0.001.
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Fig. 7 Proposed model showing the regulation of TRIM47 by CARMT.

and in vivo. Moreover, the promotion of HCC metastasis mediated
by CARM1 was largely dependent on TRIM47. Our data strongly
supports CARM1 as an oncogene in HCC. However, large-scale
cohort studies and detailed immunohistochemical analysis of
TRIM47 and CARM1 in HCC clinical samples are still needed for
future investigation, which may facilitate understanding their roles
and clinical correlation in HCC progression.

As an E3 ubiquitin ligase, TRIM47 usually promoted the
ubiquitination and degradation of its binding proteins, such as
SMAD4 and FOXO1 [4, 31]. However, we observed that TRIM47
interacted with SNAI1 and protected it from ubiquitin-mediated
degradation. SNAI1 is an important transcription factor of EMT,
which suppresses the transcription of E-cadherin by combining
with the E-box sequence of E-cadherin’s promoter [32]. EMT is
characterized by reduced cell-cell adhesion, lossing of cell polarity
and the acquisition of mesenchymal features, which is considered
to be a prerequisite for tumor metastasis [33, 34]. A study reported
that TRIM47 knockdown inhibited EMT through the inactivation of
Wnt/B-catenin pathway in glioma [35]. To our surprise, TRIM47
knockdown did not affect Wnt/p-catenin pathway in HCC cells.
The ubiquitination of SNAI1 was regulated by several E3 ubiquitin
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ligase, including FBXO11 [36], GSK3p [37], and FBXL14 [38]. The
interaction between TRIM47 and SNAI1T may prevent the
ubiquitylation and degradation of SNAI1 by other E3 ubiquitin
ligases.

In conclusion, we display for the first time that CARM1-
CUL4“RBNTRIM47-SNAI1 cascade is involved in HCC metastasis.
Our data are consistent with a model in which TRIM47 methylation
by CARM1 inhibits CUL4"®N-mediated ubiquitylation of TRIM47.
Accumulated TRIM47 thus interacts with SANI1 and protecting it
from proteasomal degradation (Fig. 7). Our findings underscore
the roles of TRIM47 and CARM1 in HCC metastasis, unveils a novel
mechanism that crosstalk between arginine methylation and
ubiquitylation orchestrates TRIM47-mediated HCC metastasis. The
newly defined CARM1-CUL4“"BN-TRIM47-SNAI1 regulatory axis
may open new avenues for metastatic HCC therapy.

MATERIALS AND METHODS

Antibodies and reagents

Antibodies used in this study were as follows: anti-TRIM47 (Proteintech,
26885-1-AP), CARM1 (Proteintech, 55246-1-AP), anti-GAPDH (Proteintech,
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10494-1-AP), anti-Ubiquitin (Proteintech, 10201-2-AP), anti-Myc (Abclonal,
AE010), anti-FLAG (Abclonal, AE005), Asymmetric di-methyl arginine
antibody (Cell Signaling Technology, 13522), anti-E-cadherin (Protein-
tech,20874-1-AP), anti-N-cadherin (Proteintech, 22018-1-AP), anti-RHOA
(Proteintech, 10749-1-AP), anti-Rac1 (Proteintech, 24072-1-AP), anti-AXIN2
(Proteintech, 20540-1-AP), anti-B-Catenin (Proteintech, 51067-2-AP), anti-
GST (Proteintech,10000-0-AP), anti-CRBN (Proteintech, 28494-1-AP), anti-
SNAI1 (Proteintech, 13099-1-AP), anti-SNAI2 (Cell Signaling Technology,
9585), anti-Vimentin (Cell Signaling Technology, 5741), anti-ZEB1 (Cell
Signaling Technology, 3396), anti-ZO-1(Cell Signaling Technology, 5406).
Other reagents used in this study were: Cycloheximide (MedchemExpress,
HY-12320), CARM1-IN-1 (MedchemExpress, HY-12759), MG132 (Medchem-
Express, HY-13259), Chloroquine (Sigma-Aldrich, C6628-25G).

Cell culture and transfection

HEK293T and human HCC cell lines HepG2, Huh7 were obtained from
American Type Culture Collection (ATCC). SMMC7721 cell line was
purchased from Warner Bio with STR. All cells used in this study were
cultured in RPMI 1640 medium (Gibco, 31800022) and DMEM medium
(Gibco, 12800017) containing 10% fetal bovine serum (VISTECH, SE100-
011). Plasmids were transiently transfected into cells by using Neo-
fect™DNA reagent (Neofect, TF20121201) according to the manufacturer’s
instruction.

Plasmids construction

Human TRIM47 cDNA was cloned into the p3xXFLAG-CMV-10 Vector (sigma
aldrich) to generate p3xFLAG-CMV-TRIM47. Human CARM1, CRBN and
SNAI1 cDNA was cloned into pcDNA.3.1 Vector (Invitrogen). The following
mutational TRIM47 plasmids were constructed based on p3xFLAG-CMV-
TRIM47 plasmid: p3xFLAG-CMV-TRIM47%2'%, p3xFLAG-CMV-TRIM477°82K,
p3XFLAG-CMV-TRIM47%21%82K TRIM47 and TRIM47%2'%%82K ctaply over-
expression cell lines were constructed using the plLenti-3xFlag-CMV
plasmid. Oligonucleotides specific ShRNA against TRIM47 or CARM1 were
synthesized and cloned into pLKO.1 Vector (Addgene Plasmid, #10878). All
plasmids used in our study were confirmed by DNA sequencing. The
shRNA sequences were listed in Table S1.

Lentivirus production and transduction

Indicated lentiviral plasmids were transfected into HEK293T cells. After 48 h
post transfection, the supernatant containing lentiviral particles was
harvested. HCC cells were infected with the lentivirus in the presence of
polybrene (8 ug/mL) for 24 h and then selected by puromycin (0.5 pg/mL)
for one week. The overexpression or knockdown efficiency was detected
by western blot.

Cell migration, invasion and wound healing assay

The cell migration and invasion assay were performed by using 8-um
Boyden chambers (Corning Inc, 3422). For migration assay, 1 X 10°
SMMC7721 cells or Huh7 cells were seeded in the upper chamber with
serum-free RPMI 1640 medium. The lower chamber was added with RPMI
1640 medium containing 10% FBS. After 12h for SMMC7721 or 6 h for
Huh?, the migrated cells were fixed with 4% paraformaldehyde, stained
with crystal violet and counted.

For invasion assay, the upper chamber was pre-coated with matrigel
matrix (BD Science, 356234). 2 x 10> SMMC7721 cells were seeded in the
upper chamber with serum-free RPMI 1640 medium. The lower chamber
was added with RPMI 1640 medium containing 10% FBS. After 72 h, the
invaded cells were fixed with 4% paraformaldehyde, stained with crystal
violet and counted.

For wound healing assay, indicated cells were seeded in 6-well plate and
grown to 90% confluence. A linear scratch was made by a sterile 200 pl tip.
Cells were cultured in RPMI 1640 medium containing 1% FBS to close the
wound for 48 h. The scratch area was analyzed by Image J software.

Animal experiments

1 x 10° indicated SMMC7721 cells (shNC, shTRIM47#1 and shTRIM47#2)
were injected into Balb/c nude mice (male, 6 weeks) through tail vein. After
8 weeks, the mice were sacrificed and pulmonary metastatic nodules were
counted. The animal studies were approved by the Animal Ethics
Committee of Wuhan University of Science and Technology. The mice
used in our study were housed under specific pathogen-free (SPF)
conditions.
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RNA Extraction and Semi-Quantitative RT-PCR

RNA was extracted by RNA extraction kit (Abclonal, RK30120) and cDNA
was synthesized using a Transcription Reagent Kit (Abclonal, RK20429)
according to the manufacturer's instruction. PCR analysis of mRNA
expression was conducted using a 2 X Taq Plus Master Mix (Vazyme,
P211-01). The PCR products were separated by agarose gel electrophoresis.

Immunofluorescence and F-actin staining

Cells were fixed with 4% paraformaldehyde and permeabilized with 0.2%
Triton X-100 (Sigma-Aldrich). For immunofluorescence, cells were then
blocked with 10% FBS, incubated with the indicated primary antibodies
and secondary antibodies. For F-actin staining, cells were incubated with
Rhodamine-conjugated Phalloidins for 1 h. nuclei was stain with DAPI.

Western blot

Cells were harvested and lysed with RIPA buffer (Beyotime Biotechnology,
P0013C) containing protease inhibitors. The protein concentration was
detected with BCA kit (Thermo Scientific, A55864). The cell lysate was
separated by SDS-PAGE and then transferred onto Immobilon-P (PVDF)
membranes (Merck Millipore, ISEQ00010). After blocking with 5% skimmed
milk, membranes were incubated with indicated antibodies. The protein
bands were visualized by chemiluminescence system.

Co-immunoprecipitation assay (Co-IP)

Cells were harvest and lysed with RIPA buffer (Beyotime Biotechnology,
P0013D) containing protease inhibitors. The cell lysates were incubated
with indicated antibodies overnight at 4 °C. Then protein A/G magnetic
beads (Biolinkedin) were added and incubated for another 2h. The
protein-bound beads were washed with washing buffer for 3 times, boiled
with protein loading buffer and analyzed by western blot.

Liquid chromatograph-mass spectrometry (LC-MS) analysis
HEK293T cells were transfected with FLAG-TRIM47 for 48 h. Cell extracts
were subjected to immunoprecipitated with anti-FLAG antibody or a
control IgG. the immunoprecipitated proteins were eluted and then
subjected to liquid chromatograph-mass spectrometry (LC-MS)
analysis.

GST-PAK17EP pull down assay and GTP-RhoA activation assay
GST-PAK17EP protein was expressed in E. coli strain BL21 and purified.
Equal amounts of GST-PAK172P protein were incubated with glutathione
Sepharose 4B beads (GE Healthcare) and indicated cell lysates. Then the
beads were washed with washing buffer for 5 times, boiled with protein
loading buffer and analyzed by western blot.

The GTP-RhoA activation assay were performed with the Rho Activation
Assay Biochem Kit (Cytoskeleton) according to the manufacture’s
instruction.

Statistical analysis

Kaplan-Meier method was performed to analyze survival rate and the
survival differences was calculated with log-rank test. Unpaired Student’s
t-tests or one-way ANOVA were used to determined other comparisons
according to the number of groups. Date was presented as the
mean * standard deviation (SD). Statistical significance was set at
P <0.05. *P < 0.05, **P < 0.01, ***P < 0.001, ns, no significance. All analyses
were performed with GraphPad Prism software.

DATA AVAILABILITY
The data are available in the article and obtained from the corresponding author
upon reasonable request.
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