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CMTM6 inhibits tumor growth and reverses chemoresistance
by preventing ubiquitination of p21 in hepatocellular

carcinoma
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Hepatocellular carcinoma is one of the most common malignancies and has a poor prognosis. The ubiquitin-proteasome pathway is
required for the degradation of most short-lived proteins. CMTM6 has been implicated in the progression of various tumors, but its
biological function and the underlying molecular mechanisms in HCC are still unknown. In this study, we found that the expression
of CMTM6 was significantly reduced in HCC and predicted better prognosis of HCC patients. Through in vitro and in vivo
experiments, CMTM6 was shown to inhibit the proliferation of HCC cells by blocking the G1/S phase transition. Mechanistically,
CMTM6 interacted with p21 and prevented its ubiquitination mediated by SCF**"?, CRL4P™ and APC/C®“° in a cell-
cycle-independent manner. As a result, CMTM6 stabilized p21 protein, leading to the inactivation of pRB/E2F pathway. Additionally,
CMTM6 sensitized HCC cells to doxorubicin and cisplatin, positively correlated with better clinical outcomes of the transarterial
chemoembolization (TACE) treatment for postoperative recurrence. Taken together, our study reports a novel mechanism by which
p21 can be stabilized by CMTM6 and pinpoints a crucial role of the CMTM6-p21 axis in suppressing the progression of HCC and
sensitizing patients with postoperative recurrence to TACE treatment.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is one of the most common
human malignancies worldwide, especially in developing coun-
tries [1-3]. HCC is commonly diagnosed only at intermediate
(Barcelona Clinic Liver Cancer (BCLC) stage B) or advanced (BCLC
stage C) tumor stages, where only palliative treatment options can
be offered [4]. Transarterial chemoembolization (TACE) using a
mixture of a chemotherapeutic agent (such as doxorubicin (Dox)
or cisplatin (DDP)) and lipiodol the recommended standard
treatment for intermediate stage HCC (BCLC stage B) [5]. However,
due to frequent drug resistance, TACE showed limited effect on
improving the survival of HCC. Therefore, research focusing on
improving understanding of the molecular mechanisms that
underlying HCC progression and drug resistance will have critical
importance for the development of more effective HCC treatment.
CMTM6 belongs to the chemokine-like factor (CKLF) -like
MARVEL transmembrane domain-containing family (CMTM),
which consists of eight members, namely CMTM1-8 [6]. Previous
researches on CMTM6 mainly focused on its function in antitumor
immunity [7, 8]. However, there are conflicting reports regarding
the roles of CMTM6 in tumorigenesis. On the one hand, it has
been reported that CMTM6 promoted neck squamous cell

carcinoma (NSCC) cells stemness, epithelial-mesenchymal transi-
tion (EMT) and T-cell dysfunction [9]. Also, high expression of
CMTM6 is reported to be related to poor clinical outcomes of oral
squamous cell carcinoma [10], gastric cancer [11] and gliomas [12].
On the other hand, CMTM6 was found to be associated with
better survival in non-small cell lung cancer [13] and lung
adenocarcinoma [14]. Peng et al. also confirmed that CMTM6
and PD-L1 co-expression is associated with an active immune
microenvironment and a favorable prognosis in colorectal cancer
[15]. However, the expression and biological characteristics of
CMTM6 in HCC remain unclear.

The cyclin-dependent kinase (CDK) inhibitor p21 (also known as
p21WARZCRT o CDKN1A) is a key negative regulator of cell cycle
progression [16]. By binding to several CDK/cyclin complexes, p21
was found to induce cell cycle arrests at specific stages [16-18]. In
addition, by binding to proliferating cell nuclear antigen (PCNA),
p21 interferes with PCNA-dependent DNA polymerase activity,
which is required for DNA replication and repair processes [19, 20].
Under normal conditions, p21 is an unstable protein with a
relatively short half-life [21, 22]. Ubiquitin-proteasome pathway is
a major mechanism for the regulation of p21 through its
degradation [21]. Although the ubiquitin-proteasome degradation
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of p21 has been well established, the regulatory factors involved CMTM6 interacts with p21 and prevents its ubiquitin-

in the process remain to be further investigated.

In this study, we identified CMTM6 as a tumor suppressor in
HCC that can inhibit the HCC cell proliferation by blocking G1/S
transition. Importantly, we presented the first evidence that
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dependent degradation, leading to inactivation of the phos-
phorylated RB (pRB)/E2F1 pathway. CMTM6 was also found to
sensitize HCC cells to TACE treatment with Dox and DDP. Our
study presents a novel mechanism that stabilizes p21 protein
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Fig. 1 CMTM6 is downregulated in tumor tissues and its deficiency predicts poor prognosis in HCC. A—-C CMTM6 mRNA levels of HCC
tumor tissues (T) and normal liver tissues (N) as indicated in the liver hepatocellular carcinoma (LIHC) dataset from TCGA database (A) and the
public GEO liver cancer datasets GSE45267 (B) and GSE112790 (C). D Results of the qPCR analysis of 34 pairs of HCC tumor tissues and
adjacent normal liver tissues. E Representative images and statistical analysis of the Western blotting of 34 pairs of HCC tumor tissues and
adjacent normal liver tissues. F Typical IHC images of CMTM6 expression status in HCC tissues. G The percentages of cases of four staining
intensities. H Tumor size comparison according to CMTM6 expression status. | The percentages of CMTM6 expression status in early (TNM | +
1) and advanced (TNM Il + IV) HCC. J Kaplan-Meier analysis of OS (top) and DFS (bottom) according to CMTM6 expression status in 167 HCC
patients. K Multivariate analysis of CMTM6 expression and clinical variables in HCC using a Cox-regression model. The error bars represent the

mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

and reveals CMTM6 as a pivotal suppressor in HCC tumor
progression and TACE-resistance.

RESULTS

CMTM6 is downregulated in tumor tissues and its deficiency
predicts poor prognosis of HCC patients

To determine the roles of CMTM6 in HCC progression, we first
analyzed the expression of CMTM6 according to The Cancer
Genome Atlas (TCGA) database and Gene Expression Omnibus
(GEO) datasets (GSE45267 and GSE112790). CMTM6 expression
was downregulated in liver cancer samples compared with that in
normal liver tissue samples (Fig. 1A-C). gPCR and Western blot
analysis in HCC tissues confirmed that CMTM6 mRNA and protein
expression were downregulated in HCC tumor tissues compared
with that in paired normal liver tissues (Fig. 1D, E). Likewise,
human HCC cell lines (HepG2, Hep3B, HuH-7, SK-Hep-1) expressed
lower CMTM6 levels than the normal liver cell line (L-02) (Fig. S1A,
B). Furthermore, immunohistochemistry (IHC) analysis was per-
formed in 167 archived HCC samples. The staining intensity (SI)
levels of CMTM6 were divided into four groups: negative (0 < Sl <
3,37%), low (3 < SI < 5, 35%), medium (5 < SI< 7, 19%), high (7 < SI
<9, 9%) (Fig. 1F, G). Univariate analysis showed that CMTM6
expression was strongly associated with the tumor size (P = 0.027),
TNM stage (P=0.037), BCLC stage (P=0.026) and postoperative
recurrence (P=0.022) (Fig. 1H, I, Table S3). The Kaplan-Meier
analysis revealed that HCC patients with high CMTM6 expression
had a significantly longer median overall survival (OS; 61.95 +
3442 vs. 38.65+30.11, months) and disease-free survival (DFS;
52.90+40.55 vs. 29.30+31.66, months) than those with low
CMTM6 expression (Fig. 1J). In addition, multivariate analysis
revealed that the CMTM6 expression status was an independent
indicator of both OS and DFS (Fig. 1K, Table S4 and S5). Taken
together, these results indicated that CMTM6 might act as a tumor
suppressor and be a useful prognostic biomarker in HCC.

CMTMB6 inhibits HCC tumor growth in vitro and in vivo

Since CMTM6 expression was correlated with clinical prognosis in
HCC patients, we investigated the effect of CMTM6 on the growth
of HCC cells. We established stable CMTM6-overexpressing cell
lines using HUH-7 and SK-Hep-1 cells and knocked down CMTM6
in HepG2 and Hep3B cells (Fig. 2A, B and S2A, B). The CCK-8 assays
revealed that CMTM6 markedly suppressed the growth of the
indicated cells (Fig. 2C and S2C). Likewise, colony formation assays
demonstrated that the foci formation frequency of cells was
decreased with the overexpression of CMTM6, and increased with
the knockdown of CMTM6 (Fig. 2D and S2D). It has been reported
that suppression of cancer cell growth could be caused by
inhibition of cell proliferation, induction of apoptosis, or both [23].
To determine whether the difference in cell viability was due to a
difference in proliferation, we performed BrdU incorporation
assays and found that CMTM6 markedly suppressed cell
proliferation (Figs. 2E and S2E). In contrast, the regulation of
CMTM6 exhibited slight effect on spontaneous apoptosis of HCC
cells (Figs. 2F and S2F, G). Therefore, we concluded that
CMTM6 suppressed HCC cell growth mainly by inhibiting
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proliferation. Besides, CMTM6 was recently reported as stemness
regulator in head and neck squamous cell carcinoma [9]. However,
in our study, we found that CMTM6 had no significant influence
on the stemness of HCC (Fig. S3). Then we evaluated the effects of
CMTM6 on HCC tumor growth in vivo by xenograft model. As
shown in Fig. 2G, H, mice injected with HuH7/OE-CMTM6 cells
developed significantly smaller tumors than those injected with
HuH7/OE-NC cells. Likewise, larger tumors were observed in the
CMTM6-depleted groups. The tumor growth curves of NCG mice
in each group further confirmed these results (Fig. 2I). Moreover,
IHC analysis revealed that the expression of Ki67 were remarkably
reduced in HuH-7/OE-CMTM6 tumors and increased in HepG2/
shCMTM6 tumors compared to their respective control groups
(Fig. S4). These results provide strong evidence that CMTM6 plays
a critical role in the suppression of tumor growth of HCC both
in vitro and in vivo.

CMTM6 induces GO/G1 cell cycle arrest by interacting with p21
and regulating its protein expression levels
To elucidate the potential mechanisms by which CMTM6 inhibits
HCC cell proliferation, we evaluated the possible effects of
CMTM6 on the cell cycle distribution. As shown in Figs. 3A and
S5A, CMTM6 significantly induced HCC cells arrest in the GO/G1
phase, while knockdown of CMTM6 significantly promoted the
G1/S phase transition. In order to identify cell cycle related
proteins that interact with CMTM6, we performed silver staining
after immunoprecipitation assays and analyzed the overtly
differential bands by liquid chromatography-tandem mass
spectrometry (LC-MS/MS, Fig. 3B). As shown in Fig. 3C, D, p21 is
identified as one of the highest scoring proteins. To confirm the
LC-MS/MS  results, Flag-CMTM6 or Myc-p21 plasmids were
transfected into 293 T cells, and ColP assays were performed
using an anti-Flag or anti-Myc antibody. As shown in Fig. 3E, p21
was detected in the Flag-CMTM6 immunoprecipitates and
CMTM6 was detected in the Myc-p21 immunoprecipitates.
Although PCNA was also detected in the CMTM6-bound protein
complexes by LC-MS/MS, repearted ColP assays followed by
Western blot analysis only found PCNA in the Myc-p21
immunoprecipitates but not in the Flag-CMTM6 immunoprecipi-
tates, implying that PCNA might indirectly bind to CMTM6 via p21
(Fig. S5 B, Q). In addition, we also confirmed the association
between endogenous CMTM6 and p21 in HuH-7 and HepG2 cells
by ColP with anti-CMTM6 or anti-p21 antibody (Fig. 3F, G).
Protein—protein interactions are known to play key roles in
regulating p21 expression levels, thus we investigated whether
CMTM6 influences the expression of p21. Western blot analysis
showed that CMTM6 significantly increased the protein
expression of p21, while the expression levels of p21 were
markedly downregulated with the depletion of CMTM6 (Fig.
3H). Furthermore, increasing CMTM6 expression induced the
upregulation of p21 in a dose-dependent manner regardless of
the p53 status (Fig. 31). On the contrary, neither overexpression
nor knockdown of CMTM6 altered the mRNA level of p21,
indicating that CMTM6 did not affect the transcription of p21
(Fig. 3J and Fig. S5D). Together, these results imply that CMTM6
directly binds to p21 and positively regulates its protein
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Fig.2 CMTM6 suppresses HCC tumor growth in vitro and in vivo. A Western blot and B qPCR analysis results validated the regulation of
CMTM6 in HuH-7 and HepG2. C CCK-8 assay and D colony-formation assay showing the cell growth of the indicated HCC cells. E Evaluation of
the effects of CMTM6 on HCC cells proliferation by BrdU incorporation analysis. F Effects of CMTM6 on cell spontaneous apoptosis as assessed
by flow cytometric analysis. G Images of the dissected tumors from the nude mice. H The tumor weight of each group is shown. | The tumor

growth curves of each group are shown. All in vitro experiments were performed in triplicate. The error bars represent the mean £ SD. *P <
0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns means non-significant.
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expression by post-transcriptional modification. Besides, IHC
and Western blot analysis revealed a positive correlation
between CMTM6 and p21 expression in human HCC samples
(r=0.7351, P=0.0002, Figs. 3K, L and S5E), whereas statistical
analysis of the gPCR assays and datasets from TCGA database
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showed no significant correlation between CMTM6 and p21
mRNA expression. (Fig. S5F, G).

p21 is widely recognized as a key negative regulator of cell
cycle progression. In this study, we also confirmed that p21 could
suppress the proliferation of HCC cell (Fig. S6). To further
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Fig. 3 CMTM6 induces GO/G1 cell cycle arrest by interacting with p21 and regulating its protein levels. A Cell cycle distribution of the
indicated HCC cells as assessed by flow cytometric analysis. B 293 T cells transfected with either empty vectors or vectors expressing Flag-
CMTM6 were subjected to immunoprecipitation with an anti-Flag antibody, followed by silver staining. The red boxes indicated the overtly
differential bands send to LC-MS/MS analysis. € Scatterplots display proteins identified by LC-MS/MS. D The best unique peptide-spectrum

matches (PSM) of p21.

E 293T cells transfected with plasmids expressing either Flag-CMTM6 or Myc-p21 were subjected to

immunoprecipitation with control I1gG, anti-Flag (left) or anti-Myc (right) antibody. F Immunoprecipitation of HuH-7 and HepG2 cell lysates
with control IgG or anti-CMTM6 antibody. G Immunoprecipitation of HuH-7 and HepG2 cell lysates with control IgG or anti-p21 antibody.
H Western blot analysis of CMTM6 and p21 expression in the indicated cells. I Increasing amounts of CMTM6 plasmids were transfected into
HuH-7 cells for 72 h. Protein levels of CMTM6 and p21 were then evaluated by Western blot analysis. J gPCR analysis of CMTM6 and p21
expression in the indicated cells. K Representative IHC staining images of p21 in tumor samples with high expression and low expression of
CMTMB6 (left). Statistical analysis of the correlation between p21 and CMTM6 expression levels detected by IHC staining (right). L Western blot
analysis of p21 and CMTM6 protein expression in HCC tumor samples(left). Statistical analysis of the correlation between p21 and CMTM6
expression levels detected by Western blotting (right). *P < 0.05; **P < 0.01; ***P < 0.001; ns means non-significant.

determine whether the levels of p21 were responsible for the
CMTM6-mediated effects, we silenced p21 expression in CMTM6-
overexpressing HuH-7 cells and ectopically overexpressed p21 in
CMTM6-depleted HepG2 cells (Fig. 4A). As shown in Fig. 4B, C, the
results of the CCK-8 assays and BrdU incorporation assays revealed
that overexpression of CMTM6 significantly inhibited cell viability
and proliferation of HuH-7 cells, which could be rescued by p21
knockdown. Similarly, cell viability and proliferation of HepG2 cells
were prominently accelerated by CMTM6 depletion, and these
effects were abolished by extra p21 expression. In addition,
inversely regulation of p21 in HCC cells could block the effects of
CMTM®6 on cell cycle distribution (Fig. 4D). Collectively, these data
indicated that CMTM6 suppresses HCC cell growth and blocks the
G1/S phase transition by regulating the levels of p21.

CMTMB6 protects p21 from ubiquitin-mediated degradation in
a cell-cycle-independent manner

Given that p21 is an unstable protein that can be rapidly degraded
by the ubiquitin-proteasome pathway [21], we wondered whether
CMTM6 could improve the stability of p21. To this end, we treated
the indicated cells with 10 uM cycloheximide (CHX) to block the
protein biosynthesis, and collected the cells at the indicated time
points to analyze the degradation levels of p21. Western blot
analysis showed that overexpression of CMTM6 considerably
extended the half-life of the p21 protein (Fig. 5A), while knockdown
of CMTM6 significantly shortened its half-life (Fig. 5B). Besides, the
change of p21 protein levels induced by CMTM6 modulation could
be blocked by the proteasome inhibitor MG132 (Fig. 5C, D). Thus, we
suggest that CMTM6 stabilizes p21 by repressing its ubiquitin-
proteasome proteolysis. To this end, we treated the indicated cells
with MG132 (20 uM) for 6 h and performed immunoprecipitation
analysis with an anti-p21 antibody. The results showed that
overexpression of CMTM6 significantly reduced the polyubiquitina-
tion levels of p21 (Fig. 5E), whereas knockdown of CMTM6 markedly
increased the amount of ubiquitinated p21 (Fig. 5F). These results
indicated that CMTM6 reduced the polyubiquitination levels of p21
and suppressed its degradation in HCC cells.

It is widely recognized that p21 has a cell cycle arrest effect
throughout the cell cycle process [24], thus we investigated when
and how CMTM6 influences the ubiquitination of p21. The
indicated cells were synchronized at each cell cycle phase (Fig.
S7A) and the expression of p21 was measured by Western
blotting. The results showed that CMTM6 positively regulated the
expression of p21 in all phases of the cell cgcle (Fig. S7B). Three E3
ubl(gumn ligase complexes, namely SCF*K"?, CRL4“P™, and APC/

2% have been reported to induce p21 ublqumnatlon and
proteoly5|s in specific phases of the cell cycle [25-27]. Therefore,
we also examined whether the effect of CMTM6 on p21 was
related to SCF*F?, CRL4®™?, and APC/CP“*°. Regulation of
CMTM6 levels had no effect on the expression of SKP2, CDT2
and CDC20, and vice versa (Fig. S7C-F). Strikingly, knocking down
SKP2, CDT2 or CDC20 had a slight influence on the levels of p21 in
HuH-7/OE-CMTM6 cells, but significantly increases it in the control
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cells (Fig. 5G-I). Likewise, silencing SKP2, CDT2 or CDC20 in HepG2
cells resulted in a much stronger accumulation of p21 in CMTM6-
deficient cells than in CMTM6é-proficient cells (Fig. 5J-L). Further-
more, HuH-7 and HepG2 cells stably overexpressing p21 were
transfected with CMTM6 plasmids or CMTM6 small interfering
RNAs, respectively. ColP assays showed that CMTM6 decreased
the binding of SKP2, CDT2 and CDC20 with p21 (Fig. S7G), which
suggested that CMTM6 inhibited p21 ubiquitination via competi-
tively binding with p21 against SCF**"2, CRL4“P™ and APC/CP%°,
Overall, these results indicated that CMTM6 functioned as a
molecular partner of p21 and protected it from ubiquitination
mediated by SCF**"?, CRL4“P™ or APC/CP“° in a cell-cycle-
independent manner.

CMTM6 reduces the phosphorylation of RB and
downregulates the transcriptional activity of E2F1

Given that the ability of p21 to block the G1/S phase transition
primarily depends on its inhibitory effects on various CDK-cyclin
complexes, which is essential for the phosphorylation of RB
[28, 29], we hypothesized that CMTM6 inhibits the G1/S phase
transition mainly by suppressing the pRB/E2F pathway. Western
blot analysis showed that overexpression of CMTM6 in HuH-7 cells
significantly reduced the expression of pRB protein (Fig. 6A),
which could be rescued by silencing of p21 (Fig. 6A). Similarly, the
upregulation of pRB was induced by knocking down CMTM6 and
reversed by ectopic overexpression of p21 (Fig. 6B). Hypopho-
sphorylated RB binds to E2F transcription factors and blocks the
transcriptional activation of the genes required for the transition
from the G1 to S phase. Thus, we took E2F1 as the representative
to examine the effect of CMTM6 on the activity of E2F
transcription factors. Dual-luciferase reporter assays indicated that
overexpression of CMTM6 significantly reduced the transcriptional
activity of E2F1 on the promoters of CDC6, PCNA and TK1, while
knockdown of CMTM6 upregulated its transcriptional activity.
Similar to these results, reverse regulation of p21 expression was
found to block the effect of CMTM6 on the E2F1 transcription
factor (Fig. 6C). In addition, qPCR analysis revealed that over-
expression and knockdown of CMTM6 negatively regulated the
mRNA expression of the representative E2F target genes involved
in DNA synthesis and S phase entry. Likewise, these CMTM6-
mediated mRNA level changes could be reversed by the inverse
regulation of p21 (Fig. 6D). Overall, these findings suggested that
CMTM6 induces the dephosphorylation of RB protein and inhibits
the transcriptional activity of E2F transcription factors by acting on
p21.

CMTM6 sensitizes HCC to Dox and DDP and its
downregulation predicts poor prognosis of TACE outcome
p21 came into the spotlight as an inhibitor of cell cycle and a
modulator of DNA repair. The effect of CMTM6 on p21 regarding
the former function has been examined above, we next explored
whether CMTM6 could influence the ability of p21 to regulate
DNA repair. The gene set enrichment analysis (GSEA) plot revealed
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Fig. 4 p21 was responsible for the CMTM6-mediated tumor suppression. A Modulation of the CMTM6 and p21 expression in HCC cells was
validated by Western blot analysis. B CCK-8 assays and (C) BrdU corporation assay showing the cell growth of the indicated HCC cells. D Cell
cycle distribution of the indicated HCC cells as assessed by flow cytometric analysis. The experiments were performed in triplicate. The error

bars represent the mean = SD. *P < 0.05; ***P < 0.001; ****P < 0.0001.

that the levels of CMTM6 were negatively related to DNA repair (P
=0.002, Fig. 7A). To determine whether CMTM6 is involved in the
DNA damage-mediated regulation of p21, we treated the
indicated cells with 0.2uM Dox or 10uM DDP, which are
chemotherapeutic agents commonly used in TACE treatment for
HCC, for 0, 8 and 16 h, separately. As shown in Figs. 7B and S8A,
Dox or DDP treatment led to upregulation of p21 levels in HCC
cells, which could be enhanced by overexpression of CMTM6 and
abolished by CMTM6 depletion. Notably, the expression of CMTM6
remained consistent in the presence or absence of genotoxic
treatment. These results indicated that CMTM6 could stabilize p21
in response to DNA damage. To determine the influence of
CMTM6 on Dox and DDP sensitivity, cells were exposed to the
indicated concentrations of Dox or DDP for 48 h. Cell viability
assays showed that CMTM6 promoted the sensitivity of HCC cells
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to Dox and DDP and decreased their half maximal inhibitory
concentration (ICsp) value, whereas inverse regulation of p21
expression could reverse the effect of CMTM6 on Dox and DDP
sensitivity. (Figs. 7C, D, S8B, C and S9A, B). Additional results
confirmed that CMTM6 inhibited the viability of HCC cells under
exposure to Dox (Figs. 7E, F and S9C, D) or DDP (Figs. S8D, E and
S9F, G) treatments in a time-dependent manner. Moreover, we
also investigated the effect of CMTM6 on apoptosis induced by
DNA-damaging agents. Compared with the control cells, CMTM6-
proficient cells exhibited a significant increase in the apoptosis
rate after 48 h exposure to Dox or DDP. In contrast, ablation of p21
fully reversed the apoptosis-promoting effect of CMTM6 over-
expression. Likewise, knockdown of CMTM6 markedly reduced the
rate of apoptotic cells, which could be rescued by restoring p21
expression (Figs. 7G, S8F and S9E, H). These findings suggested
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that CMTM6 sensitizes HCC cells to Dox and DDP by promoting

p21 accumulation.

According to the BCLC staging system, TACE is the first-line of
treatment for patients with intermediate stage HCC [30]. Genotoxic
drugs (e.g., Dox or DDP) emulsified in the oily radio-opaque agent
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lipiodol are recommended to be applied in TACE [4]. Given that
CMTM6 could improve the sensitivity of HCC to Dox and DDP, we
wondered whether CMTM6 was associated with the prognosis of the
TACE treatment. To investigate this potential association, we explored
the levels of CMTM6 in 47 primary tumor specimens obtained from
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Fig.5 CMTM6 protects p21 from ubiquitin-mediated degradation throughout the cell cycle. A HuH-7 and (B) HepG2 cells transfected with
the indicated constructs were treated with 10 pM CHX, collected at the specific time points and immunoblotted with anti-CMTM®, anti-p21,
and anti-p-actin antibodies (left). Quantification of the p21 levels relative to -actin expression is shown (right). C HuH-7 and (D) HepG2 cells
transfected with the indicated constructs were treated with DMSO or MG132 (20 pM) for 6 h, and the expression of CMTM6, p21 and f-actin
was analyzed by Western blotting. E HuH-7 and F HepG2 cells transfected with the indicated constructs were treated with MG132 (20 pM) for
6 h and then subjected to immunoprecipitation with control IgG or anti-p21 antibody. The total cell lysates were probed with anti-CMTM6,
anti-p21 and anti-B-actin antibodies, while the immunoprecipitates were probed with anti-Ubiquitin and anti-p21 antibodies. G-1 HuH-7 cells
infected with the indicated constructs were transfected with scrambled, SKP2 (G), CDT2 (H), or CDC20 (I) siRNA for 48 h, and then the cell
lysates were prepared and analyzed by Western blotting. J-L HepG2 cells infected with indicated shRNAs were transfected with scrambled,

SKP2 (J), CDT2 (K), or CDC20 (L) siRNA for 48 h, and then the cell lysates were prepared and analyzed by Western blotting.
«

patients who underwent surgery and received TACE treatment after
postoperative recurrence. Noteworthy, patients with high CMTM6
expression had significantly longer OS (Fig. 7H). Moreover, multi-
variate analysis revealed that CMTM6 expression status was an
independent indicator of OS after the first TACE treatment (Fig. 7l and
Table S6). Collectively, the above results indicated that
CMTM6 sensitizes HCC cells to Dox and DDP and might be a
potential predictor of TACE treatment outcome.

DISCUSSION

CMTM6 is a ubiquitously expressed protein that belongs to a
family of eight MARVEL domain-containing proteins [6]. Most
studies on CMTM6 have focused on its role in the regulation of the
immune response [7, 8]. Recently, CMTM6 has been found to play
multiple roles in tumor progression but different studies have
reached completely opposite conclusions. CMTM6 may serve as
either a promoter or a suppressor in different tumors [9-15]. In
this study, we demonstrated that the expression of CMTM6 was
significantly downregulated in HCC and that patients with low
CMTM6 expression had a higher risk of death and recurrence,
which supports the results previously reported by Zhu et al. [31].
Additional studies, for the first time, indicated that CMTM6
induced cell cycle arrest and repressed the proliferation of HCC
cells both in vitro and in vivo. The above data strongly suggest
that CMTM6 functions as a tumor suppressor in HCC. However,
Huang et al. showed that CMTM6 promoted migration, invasion
and EMT in HCC and poor prognosis of HCC was associated
significantly with higher CMTM6 expression [32]. Yugawa et al.
also found that CMTM6 stabilizes PD-L1 expression and is a
prognostic impact factor in HCC [33]. We speculated that the
contradictory results are mainly due to the different clinicopatho-
logical features of the patients. Huang et al. focused on the
migration and invasion of HCC and enrolled the majority of the
patients with microvascular invasion. The majority of HCC in China
occurs in patients with hepatitis B virus infection, while Yugawa
et al. enrolled the patients from Japan and most of the patients
were HBs-Ag negative. On the contrary, we mainly explore the
growth of HCC and most of the patients in our study had no
microvascular invasion and portal vein tumor thrombus, but their
HBs-Ag was positive.

The cyclin-dependent kinase inhibitor p21 (also named
p21WAFVCPT o CDKNTA) is well established as a key negative
regulator of cell cycle progression [18]. In this study, we presented
the first evidence that p21 directly interacts with CMTM6.
Modulation of CMTM6 positively regulated p21 protein expression
by post-transcriptional modification. IHC and Western blot analysis
of the HCC samples also demonstrated the positive association
between the protein levels of CMTM6 and p21. Moreover,
inversely regulation of p21 could block the suppressing effects
of CMTM6 on HCC cells, confirming that CMTM6 functioned as a
tumor suppressor mainly by acting on p21. Under normal growth
conditions, p21 is an unstable protein [24] and its stability is
regulated mainly by post-translational modifications, such as
phosphorylation and ubiquitination [21, 34]. Regarding the
ubiquitin-dependent pathway, three E3 ubiquitin ligase
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complexes, namely SCF?*"?, CRL4®™ and APC/CP“*°, account
for the ubiquitination of p21 in the G1/ S transition, S phase and
G2/M transition [25-27, 35], respectively. In this study, we found
that CMTM6 significantly prolonged the half-life of p21 and the
change of p21 expression induced by CMTM6 regulation could be
abolished by the proteasome inhibitor MG132. Ubiquitination
assays revealed that CMTM6 reduced the poly ubiquitination
levels of p21. In addition, silencing SKP2, CDT2 or CDC20 resulted
in a stronger increase in p21 levels in CMTM6-deficient than in
CMTM6-proficient cells. These experiments together revealed the
interesting findings that CMTM6 interacts with p21 and protects it
from ubiquitin-dependent proteolysis carried out by SCF**?,
CRL4“P™ and APC/CP°,

It is well known that p21 inhibits G1/S phase transition primarily
by physically binding to cyclin-CDK4/6 and -CDK2 and inhibiting
their phosphorylation activity on RB [36, 37]. Hypophosphorylated
forms of RB bind to E2F transcription factors and restrict their
transcriptional activity [38]. Consistent with previous study, our
study indicated that by maintaining the protein levels of p21,
CMTM6 could reduce the phosphorylation of RB, reduced the
activity of E2F1 and inhibited the transcription of a set of typical
G1/S cell cycle transition genes. Together, these results demon-
strated that the downregulation of CMTM6 in HCC cells activates
the pRB/E2F1 pathway by decreasing the levels of p21, which
consequently promotes G1/S phase transition in HCC cells.

Another well-known function of p21 is to regulate DNA
repair. Studies on the effects of p21 on DNA repair have
reached contradictory conclusions that it plays a role as either
an enhancer or a suppressor of various DNA repair pathways
[24, 39, 40]. In this study, GSEA of the TCGA datasets showed a
negative association between CMTM6 and DNA repair. We
found that CMTM6 significantly enhanced the upregulation of
p21 induced by Dox and DDP. By maintaining p21 expression,
CMTM6 promoted the sensitivity of HCC cells to Dox and DDP.
Although the precise mechanism by which CMTM6 enhances
the efficacy of Dox and DDP needs to be further investigated,
we believe that CMTM6 sensitizes HCC cells to Dox and DDP at
least in part by its ability to stabilize p21 and consequently
impair DNA repair.

TACE is recommended as the standard care for intermediate
stage HCC (BCLC B) [4] and an effective treatment for patients
who experience postoperative recurrence. Despite considerable
advances in TACE techniques, the survival outcome of patients
managed with this technique is variable [41]. Patients with
postoperative recurrence often do not have the option of
curative surgery, their recurrent tumor specimens are usually
unavailable. However, it has been reported that the majority of
recurrent HCCs derive from the clonal lineage of the initial
tumor [42]. It is meaningful to find biomarkers from the initial
tumors that can predict the therapeutic efficacy of TACE for
recurrent HCC. In this study, we found that lower levels of
CMTMB6 in the initial tumors were correlated with poor prognosis
after TACE. Since genotoxic agent treatment can induce p21
upregulation but has no influence on the levels CMTM6, we
speculate that the expression levels of CMTM6 but not p21 in
the initial tumors might be a potential biomarker to reflect the
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Fig. 6 CMTM6 reduced the phosphorylation of RB and downregulates E2F1 transcription factors activity. A The HuH-7 cells

stably

overexpressing CMTM6 were transfected with scramble or two independent p21 siRNAs. The expression of p21, pRB and total RB was
detected by Western blot analysis. B The HepG2 cells with stable CMTM6 depletion were transfected with empty vectors or vectors expressing
p21. The expression of p21, pRB and total RB was detected by Western blot analysis. C Dual-luciferase reporter assays revealing the
transcriptional activity of E2F1 on the promoters of CDC6, PCNA and TK1 in the indicated cells. D gPCR analysis of the mRNA levels of the
candidate downstream targets of E2F1 in the indicated cells. The error bars represent the mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001.

sensitivity of tumor to TACE. Our study constructively provides a
new clinical strategy for HCC patients with postoperative
recurrence. Even if the recurrent tumor specimens are unavail-
able, the expression level of CMTM6 in the initial tumors can be
used to preliminary determine whether a patient is suitable for
TACE treatment. Patients with high CMTM6 expression are more
likely to benefit from TACE treatment.

There are some limitations in our study. First, we focused on the
downstream pathway of CMTM6 without referring to the
regulation of CMTM6 in HCC. The reason for the down-
regulation of CMTM6 in HCC needs to be further explored.
Besides, we speculate that whether the patient is infected with
HBV is the reason why our results contradict those of Yugawa et al.
However, we have not verified our speculation nor explored
whether HBV could regulate the expression or function of CMTM6.
Despite these limitations, our study not only contribute to our
understanding of the role of CMTM6 in tumor growth in HCC, but
will also lead to the characterization of a specific HCC patients’
group with CMTM6 overexpression who may benefit from TACE.

SPRINGER NATURE

MATERIALS AND METHODS

Patients and specimens

A total of 167 paraffin-embedded HCC samples were obtained from HCC
patients who underwent hepatectomy at Sun Yat-sen University Cancer
Center (Guangzhou, China) from November 2005 to November 2011. The
diagnosis was histologically confirmed by pathological examination, and
none of the patients had received any antitumor therapy before surgery. In
addition, 34 fresh specimens of HCC tissues paired with non-tumorous liver
tissues were collected from HCC patients who underwent hepatectomy
between December 2017 and May 2018. Written informed consent was
obtained from all patients before sample collection, and ethics approval for
the use of the specimens was provided by the Internal Review and the
Ethics Boards of the Sun Yat-Sen University Cancer Center.

Western blot and immunoprecipitation analysis

Total proteins were isolated from HCC tissues and cells using RIPA lysis
buffer (MilliporeSigma, Burlington, MA, USA) with freshly added
protease inhibitor cocktail (Roche AG, Basel, Switzerland). The protein
concentration was determined using the Detergent Compatible
Bradford Protein Assay Kit (Beyotime, shanghai, China). 10 ug of the
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protein extracts was separated on 10% gels by standard sodium
dodecyl sulfate/polyacrylamide gel electrophoresis (SDS/PAGE) and
transferred to polyvinylidene fluoride (PVDF) membranes (Millipore-
Sigma). The membranes were sealed in 5% nonfat milk, probed by
primary antibodies overnight, and then incubated with secondary
antibody for 1h. An enhanced chemiluminescence (ECL) reagent

(Pierce, Rockford, IL, USA) was used to visualize the immunoblots. The
primary antibodies used in this experiment are listed in Table S2.

Cell lysates for (co)immunoprecipitation experiments were prepared by
lysing cells in immunoprecipitation (IP) Lysis Buffer (Thermo Fisher
Scientific Inc.) containing protease inhibitor cocktail (Roche AG). Then,
1 mg of the clarified lysates was incubated overnight at 4 °C with 2 ug of
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Fig. 7 CMTM®6 sensitizes HCC to Dox and its downregulation predicts poor prognosis of TACE treatment outcome. A GSEA plot showing
that CMTM6 expression is negatively correlated with DNA repair in HCC. B The indicated cells were treated with 0.2 pM Dox for O, 8 or 16 h.
Cell lysates were then extracted and subjected to Western blot analysis. C HuH-7 and D HepG2 cells transfected with the indicated constructs
were treated with Dox at different concentrations for 48 h and cell viability was then measured by the CCK-8 assay. E HuH-7 and F HepG2 cells
transfected with the indicated constructs were treated with 0.2 uM Dox for different time periods and cell viability was measured by the CCK-8
assay. G HuH-7 (top) and HepG2 (bottom) cells transfected with the indicated constructs were treated with 0.5 pM Dox for 48 h and cell
apoptosis was assessed by flow cytometric analysis. H Kaplan-Meier analysis of OS after the first TACE treatment according to CMTM6
expression status. I Multivariate analysis of CMTM6 expression and clinical variables in HCC patients who received TACE treatment. The
experiments were performed in triplicate. The error bars represent the mean + SD. **P < 0.01; ***P < 0.001; ****P < 0.0001.

either the appropriate primary antibodies or an isotype-matched negative
control IgG. Subsequently, the sample-antibody mixtures were rotated
together with Protein A/G Magnetic Beads (MedChemExpress (MCE) LLC,,
Monmouth Junction, NJ, USA) for 2 h at 4°C and then washed five times
with IP Lysis Buffer and collected by magnetic separation. The samples
were ultimately eluted with Lane Marker Reducing Sample (Invitrogen,
Carlsbad, CA, USA) and further assessed by Western blot analysis.

Protein half-life assay

Cells were treated with 10 uM cycloheximide (CHX; MCE) for various
periods of time to block protein synthesis. Crude protein extracts were
prepared, and the protein levels were determined by Western blot analysis.

Ubiquitination assay

The indicated cells were treated with 20 uM MG132 (MilliporeSigma) for 6 h
before harvesting. Subsequently, cells were washed with PBS and lysed with IP
lysis buffer containing protease inhibitor cocktail (Roche AG) and 10 uM
N-ethylmaleimide (MCE) on ice for 30 min. The lysates were heated at 95 °C for
10 min and then quenched by incubating with nine volumes of quenching
buffer (0.5% Triton X-100, 20 mM Tris-HCl (pH 8.0), 137 mM NaCl, 10% glycerol,
2mM EDTA) at 4°C for 30 min with rotation. Afterwards, the lysates were
centrifuged at 12,000 rpm for 15 min at 4 °C, and then incubated with the anti-
p21 antibody overnight. Subsequently, the samples were rotated together with
Protein A/G Magnetic Beads (MCE) for an additional 1h at 4°C. Then, the
beads were washed three times and the bound proteins were released from
the beads by boiling the beads in SDS/PAGE sample buffer, and analyzed by
immunoblotting with anti-Ubiquitin mAb.

Cell cycle synchronization

To synchronize HuH-7 and HepG2 cells at the G1/S phase border, cells
were treated with 2 mM thymidine (MCE) for 18 h. After washing twice with
PBS, cells were cultured in complete growth medium for 9 h, followed by
addition of 2 mM thymidine for another 16 h. After rinsing twice with PBS,
cells were collected immediately (G1/S phase border) or cultured in
complete growth medium for 3 h (S-phase cells), 6 h (G2-phase cells), or
treated with 100 ng/mL of nocodazole for 11 h (M-phase cells). Cells were
collected and analyzed by flow cytometry and Western blotting.

Statistical analysis
Data were expressed as the mean +standard deviation (SD). Survival
analysis was conducted using the Kaplan-Meier method. The x2 test was
performed to analyze the relationship between CMTM6 expression and the
clinicopathological characteristics. Based on the variables selected by
univariate analysis, the multivariate Cox proportional hazards model was
used to determine the independent prognostic factors of HCC. The
association between CMTM6 and p21, or Ki67 expression in HCC tissues
was calculated using the Pearson correlation test. The differences between
the groups were evaluated using the Student two-tailed t test and one-way
analysis of variance (ANOVA). P<0.05 was considered statistically
significant. The statistical analysis and figure generation were performed
using the Prism 8.0 software (GraphPad Software, Inc., San Diego, CA, USA)
and SPSS version 23.0 (IBM Corporation, Armonk, NY, USA).

Other materials and methods of this study were listed in the
Supplementary Materials and Methods.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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