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ABSTRACT

Recent studies have revealed that chemokine-like factor-like MARVEL transmembrane domain-containing
family member 6 (CMTM6) promotes tumor progression and modulates tumor immunity by regulating
programmed death-ligand 1 stability; however, its intrinsic functions and regulatory mechanisms in clear
cell renal cell carcinoma (ccRCC) remain poorly understood. Here, we show that CMTM6 is upregulated in
ccRCC tissues and is strongly associated with advanced tumor grades, early metastases, and a worse
prognosis. CMTM6 depletion significantly impaired the proliferation, migration, and invasion of ccRCC
cells in vitro and in xenograft mouse models in vivo. In addition, targeting CMTM6 promotes anti-tumor
immunity, represented by increased infiltration of CD4* and CD8™ T cells in syngeneic graft mouse models.
Further research revealed that loss of CMTM6 triggered aberrant activation of DNA damage response,
resulting in micronucleus formation and G2/M checkpoint arrest, finally leading to cellular senescence
with robust upregulation of numerous chemokines and cytokines. Our findings show for the first time the
novel role of CMTM6 in maintaining cancer genome stability and facilitating tumor-mediated immuno-
suppression, linking DNA damage signaling to the secretion of inflammatory factors. Targeting CMTM6
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may improve the treatment of patients with advanced ccRCC.

Introduction

Globally, the morbidity and mortality of renal cell carcinoma
(RCC) have increased slightly in recent years.' Due to the lack
of specific biomarkers, nearly 30% of RCC patients develop
metastases at the initial diagnosis.” Among several histologic
subtypes of RCC, clear cell RCC (ccRCC) accounts for approxi-
mately 70% of RCC diagnoses.” The treatment landscape for
RCC has been revolutionized by the introduction of immune
checkpoint inhibitors. However, the patient selection that is
made to increase the response to immunotherapy, and primary
and acquired resistance are still major challenges to be over-
come, and better biomarkers and predictive models are
urgently needed.*’

DNA is vulnerable to damage by exogenous and endogen-
ous sources that are commonly counteracted by the DNA
damage response (DDR). DDR is a fundamental mechanism
that sustains genome stability via the activation of a network of
pathways promoting transient cell-cycle arrest and subsequent
DNA repair.° However, persistent damage exceeding the repair
capacity of cells would result in a variety of consequences,
including cellular senescence and subsequent inflammatory
cytokine secretion, termed the senescence-associated secretory
phenotype (SASP).” Compelling evidence has indicated that

SASP could contribute to tumor suppression by enforcing
recruitment of immune cells to clear damaged or oncogene-
expressing cells.®”

The human chemokine-like factor (CKLF)-like MARVEL
transmembrane domain-containing family member 6
(CMTMS6) has recently been identified as a critical regulator
for the expression of programmed death-ligand 1 (PD-L1)
and anti-tumor immunity.'®'" Overexpression of CMTM6
is strongly associated with malignant features and poor
prognosis in several types of cancers, and targeting
CMTMS6 suppresses the stem cell-like properties of cancer
cells, TGF-p induced epithelial-mesenchymal transition
(EMT) and cell proliferation.'*™"* Notably, recent studies
have revealed that the WEE1 inhibitors, a suppressor of
DDR, can downregulate the expression of CMTMS6."
Nevertheless, whether CMTMS6 is involved in DNA damage
and the specific function and molecular mechanisms of
CMTMS6 in carcinogenesis, development, and prognosis in
ccRCC are still poorly understood.

Here, we showed that CMTM6 overexpression was strongly
associated with advanced tumor grade, metastases, and adverse
outcomes. CMTMS6 depletion impaired proliferation and moti-
lity both in vitro and in vivo. Notably, loss of CMTM6
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increased genome instability, which led to the activation of cell
cycle arrest and cellular senescence signaling with robust secre-
tion of inflammatory factors that might contribute to anti-
tumor immunity. Collectively, these findings indicate that
CMTMS6 may be a novel therapeutic target for improving
clinical outcomes in ccRCC patients.

Material and methods
Cell culture

Human renal proximal tubular epithelial cell line HKC,
human ccRCC cell lines A498, 786-0O, Caki-1, and SN12-
PM6, murine RCC cell line Renca, and HEK293T cells were
obtained from the National Platform of Experimental Cell
Resources for Sci-Tech (Beijing, China) in September 2015
and then preserved in our laboratory, which were authenti-
cated in January 2019 using the method described earlier.'®
A498, 786-0, Caki-1, and SN12-PM6 cells were cultured and
maintained in Minimum Essential Medium (MEM), RPMI
1640, McCoy’s 5A, and Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco) supplemented with 10% fetal bovine
serum (FBS) (Evergreen Co. Ltd., China) and 1% penicil-
lin-streptomycin, and Renca cells were cultured in RPMI
1640 with 10% FBS, 1% penicillin-streptomycin, and 1%
non-essential amino acids. Throughout this study, all cell
lines were passaged fewer than 20 times. All cells were
incubated at 37°C in 5% CO, under mycoplasma-free
conditions.

Tissue samples

After obtaining approval from the Institutional Review Board
of PLA General Hospital, a total of 144 ccRCC specimens and
106 adjacent normal tissue specimens were included (from
January 2015 to December 2017) on previously constructed
tissue microarrays in our lab. Informed consent was obtained
from all patients for the use of their tissues for scientific
research. All ccRCC specimens were confirmed by
a genitourinary pathology specialist according to 2016 WHO
Classification of Tumors of the Urinary System and Male
Genital Organs,'” and clinical staging was performed accord-
ing to the eighth American Joint Committee on Cancer TNM
staging system.

Plasmid construction and transfection

pLKO-shCMTM6 plasmids with short hairpin RNAs
(shRNAs) targeting human and murine CMTM6 were
designed (Invitrogen). The corresponding double-stranded oli-
gonucleotides were inserted into the pLKO vector digested
with Agel and EcoRL'’ The target sequences for shCMTM6
#1 and shCMTM6 #2 for humans and mice are listed in
Supplementary Table S1. Lentivirus was produced by transfec-
tion of HEK-293ET cells with packaging DNA plus lenti-pLKO
vectors, and the packaging DNA, psPAX2, and pMD2-VSVG
at a 4:3:1 ratio. Transfection was performed using MaxiCap
reagent kits (M&C Gene Technology), as recommended by the
manufacturer. The viral supernatant was collected at 48 h and

72 h, respectively, after transfection, filtered through a 0.45 pm
filter and added to target cells in the presence of polybrene
(2 ug/mL, Millipore). Puromycin (2 pg/mL, Sigma) was used to
treat cells for two days to kill cells that had not been infected."”

Antibody

Rabbit anti-CMTM6 (Sigma-Aldrich; HPA026980), rabbit
anti-PD-L1 (Abcam, USA; ab213524), rabbit anti-CD4
(Abcam; abl183685), rabbit anti-CD8 alpha (Abcam;
ab217344), rabbit anti-CD68 (Proteintech; 28058-1-AP), rabbit
anti-CD11b (Abcam; ab133357), and rabbit anti-Ki-67 (Cell
Signaling Technology; #9129) were used for immunostaining.

Rabbit anti-CMTM6 (Sigma-Aldrich, HPA026980), rabbit
anti-PD-L1 (Abcam; ab213524), rabbit anti-E-cadherin
(Proteintech; 20874-1-AP), rabbit anti-N-cadherin
(Proteintech; 22018-1-AP), rabbit anti-Snail (Proteintech;
13099-1-AP), rabbit anti-p53 (Proteintech; 10442-1-AP), rab-
bit anti-cyclin B1 (Proteintech; 55004-1-AP), and rabbit anti-
phospho-Histone H2A.X (Cell Signaling Technology; #9718)
were used for immunoblotting.

Rabbit anti-CMTMS6 (Sigma-Aldrich, HPA026980), Rabbit
anti-phospho-Histone H2A.X (Cell Signaling Technology;
#9718) and rabbit anti-phospho-histone H3 (Cell Signaling
Technology; #53348) were used for immunofluorescence.

Immunostaining

For human and murine tissue samples, immunostaining was
performed as described earlier.”” The staining intensity (nega-
tive = 0, weak = 1, moderate = 2, strong = 3) and the proportion
of stained cells (0% = 0, <25% = 1, 26%-50% = 2, 51%-75% = 3,
276% = 4) was assessed using the German semi-quantitative
scoring system. The final score for each specimen was obtained
by multiplying the intensity scores by their extent, ranging
from 0 (minimum score) to 12 (maximum score). Tumor-
infiltrating immune cells were assessed as described
previously.”' All intratumoral immune cells were counted in
five fields at a magnification of x200, and the average number
of cells was calculated.

Immunoblotting

Cells were lysed using RIPA bufter (Thermo Scientific) supple-
mented with complete protease inhibitor (Roche) and phospha-
tase inhibitor cocktail (Thermo Scientific), followed by pelleting
of insoluble material by centrifugation. Lysates were heated to
95°C in SDS sample bufter for 10 min, separated by SDS-PAGE,
and transferred to PVDF membranes (Millipore). Membranes
were immunoblotted with the indicated antibodies, and reactive
bands were visualized using West Pico (Thermo Scientific).
Stripping buffer (Solarbio) was used to strip the immunoblot
for reprobing according to the manufacturer’s instructions.

Immunofluorescence

Cells seeded on glass slides were prepared. Fixation was per-
formed with 4% paraformaldehyde for 10 min at room tem-
perature, followed by permeabilization with 0.3% Triton



X-100/PBS for 10 min on ice. Goat serum (5%) was used for
blocking. Cells were incubated at 4°C overnight with primary
antibodies and at room temperature for 1 h with Alexa Fluor
488 or 594 conjugated secondary antibodies successively;
nuclei were stained with 0.2 mg/mL DAPI. Imaging was per-
formed on a TissueFAXS (TissueGnostics GmbH, Vienna
Austria) with a Zeiss Axio Imager Z2 Microscope System at
20x magnification and DeltaVision Restoration Microscope
(General Electric Company, USA) with a 60x/NA 1.42 oil
immersion objective (Olympus, Japan)."” Volocity software
(version 6.0) was used to analyze the images.

5-ethynyl-2'-deoxyuridine (EdU) staining

EdU staining was performed using EdU Imaging Kits (Cy3)
(APExBIO) according to the manufacturer’s protocol. Cells
seeded on glass slides were prepared and exposed to a range of
EdU concentrations (5, 10, and 20 uM) for 2 h at 37°C. Further,
the cells were fixed with 4% paraformaldehyde for 15 min and
permeabilized with 0.5% Triton X-100/PBS for 20 min at room
temperature. For the EAU click reaction, the cells were treated
with staining solution for 30 min at room temperature in the
dark. Nuclei were stained with 0.2 mg/mL DAPL

Real-time PCR

Total RNA extraction from cells was performed by using the
PARISTM Kit (Applied Biosystems) according to the manu-
facturer’s protocol, which was then reverse-transcribed to
obtain ¢cDNA using TransScript First-Strand cDNA Synthesis
SuperMix (TransGen Biotech). Real-time PCR was performed
using an Applied Biosystems 7500 Detection system using
Maxima SYBR Green/ROX qPCR Master Mix Assays
(TransGen Biotech). The relative quantification of mRNA
was normalized to human peptidylprolyl isomerase A (PPIA)
and then calculated using the 27**%; method.*® Primer
sequences that were used in real-time PCR are listed in
Supplementary Table S2.

Cell proliferation assay

Cells were seeded onto a 6-well plate and cultured for 48 h,
60 h, and 72 h respectively, and the proliferation index for cells
was calculated and plotted.

Wound healing assay

Cells were seeded onto 6-well plates. Confluent monolayer
cells were scraped with a plastic 200 pL pipette tip and
then washed with PBS three times to remove cell debris
and suspension cells. The wound closure was photo-
graphed at different time points (0, 6, and 12 h) after
scraping. Under 100x magnification, the coverage of the
scraping area was measured by considering viable cells
migrating from both sides.
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Migration and invasion assay

Cells were seeded in transwell chambers with an 8 pum pore
polyethylene terephthalate filter membrane (Corning). The
chamber membranes were coated with 20 pL Matrigel
(Corning) before cell seeding for the invasion assay. After incu-
bation, the chamber membranes were fixed with 4% paraformal-
dehyde and stained with 1% crystal violet, and the cells on the
upper side of the chamber membranes were removed. The
number of cells that invaded through the membrane was visually
counted in five random microscopic fields (100x magnification).

Cell cycle synchronization

Cells were seeded on 6-well plates. Negative control group
(NC): cells were cultured with 10% FBS regular medium for
24 h; GO group: cells were cultured with FBS-free medium for
24 h; G1/S group: thymidine (250x) was added into the 10%
FBS regular medium for 24 h (2 mM final concentration); G2/
M group: Synchronize cells at G1/S phases with treatment of
thymidine block procedure, and then release cells form thymi-
dine block to grow for 4 h, added nocodazole into 10% FBS
regular medium to a final concentration of 100 nM for 8 h,
collect the mitotic cells by mechanical shake-off.”*

Flow cytometry

A DNA labeling solution (Cytognos) was used. Cells were
collected and washed with pre-cold PBS and then fixed in
75% ethanol at 4°C overnight. The fixed cells were rewashed
with PBS, and RNase A and propidium iodide (PI) were added
sequentially to stain the cells according to the manufacturer’s
protocol. Cells were analyzed using a FACS-Calibur flow cyt-
ometer (BD Biosciences), and the data were analyzed using Cell
Quest Pro software (BD Biosciences).

Senescence assay

Cells were seeded on 6-well plates. Senescence staining was
performed using a Senescence P-Galactosidase (SA-B-Gal)
Staining Kit (Beyotime) according to the manufacturer’s
instructions.

Mouse orthotopic syngeneic graft and xenograft renal
cancer model

Animal studies were approved and conducted under the over-
sight of the Institutional Animal Care and Use Committee of
the PLA General Hospital. Cells (1 x 10°) suspended in PBS/
Matrigel (Corning) were implanted into the right kidneys of 4-
5 week old male BALB/c nude mice for xenograft model and
BALB/c mice (Vital River, Beijing) for syngeneic graft (8 mice
per group). All mice were sacrificed after 3 weeks and the
lesions, including the orthotopic syngeneic graft, xenograft
tumors, and lung metastatic nodules, were measured (in vivo
bioluminescent imaging for xenograft model).
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EILSA

ELISA assay was performed to measure the serum concentra-
tions of Ccl2, Cxcl8 and Tnf-a ELISA Kits (MEIMIAN) in
mouse orthotopic syngeneic graft models according to the
manufacturer’s instructions.

Statistical analyses

Data are presented as the mean + SEM from at least three
independent experiments. Student’s ¢-test, the Mann-Whitney
U test, or ANOVA test was applied for comparisons, as appro-
priate. The Kaplan-Meier method was used to analyze survival,
and the log-rank test was used to evaluate differences in survi-
val. Independent prognostic factors were identified using mul-
tivariate Cox proportional hazards models. All statistical
analyses were performed using SPSS (version 22.0; SPSS Inc.,
USA). The level of significance was set at *p < .05, **p < .01, and
#tp < 001,

Results

CMTMe6 expression is upregulated in ccRCC and associated
with poor outcomes

To explore the protein expression profile of CMTM6 and its
potential clinical role in ccRCC, we first performed Western
blotting for 10 pairs of ccRCC tissues and corresponding adja-
cent normal tissues. The data showed that CMTM6 was sig-
nificantly elevated in nine ccRCC tissues compared to that in
adjacent normal tissues (Figure la). Subsequently, a tissue
microarray including 144 ¢cRCC samples and 106 normal
tissues was used for validation by immunohistochemistry
(IHC). Consistently, the histoscore of CMTMS6 in ccRCC tis-
sues was markedly higher than that in normal tissues
(Figure 1b). However, we detected the expression of PD-L1 in
the same tissue microarray and found no correlation between
the expression of CMTM6 and PD-L1 in ccRCC tissues
(Supplementary Fig. S1A, S1B). According to the status of
tumor grade, four subgroups were made, and quantitative
analyses indicated that the expression level of CMTM6 signifi-
cantly increased along with the ascending tumor grade.
Specifically, the expression of CMTM6 was significantly higher
in advanced tumor grades (III and IV) than in low tumor
grades (I and II) (Figure 1c). Moreover, IHC demonstrated
that CMTM6 protein was remarkably upregulated in ccRCC
patients with preoperative distant metastases (Figure 1d) and
lymph node metastases (Figure 1le).

We next assessed the association between CMTM6 expres-
sion and prognosis in ccRCC patients who were enrolled in the
study and whose tissue specimens were used in the tissue
microarray. These patients were divided into two groups
based on the cutoff value of the CMTMS6 histoscore, which
was determined by receiver operating curve analysis. Samples
with histoscores of < 6 and > 6 were assigned to the CMTM6-
low and CMTM6-high groups, respectively. Kaplan-Meier
analysis showed that patients with high CMTMS6 levels had
worse overall survival (OS) than those with low CMTMB®6 levels
(log-rank test p = .0001, figure 1f). Clinicopathological para-
meters with p < .05 screened using univariate Cox analysis were

included in multivariate analyses, and the result demonstrated
that age [hazard ratio (HR) = 1.047, 95% confidence interval
(95% CI) = 1.011-1.085, p = .009], CMTM6 expression
[HR = 1.143, 95% CI = 1.048-1.246, p = .002], and distant
metastasis [HR = 2.591, 95% CI = 1.297-4.889, p = .006] were
independent risk factors for progression-free survival (PFS) for
patients with ccRCC after surgery; simultaneously, CMTM6
expression (HR = 1.150, 95% CI = 1.042-1.269, p = .005), as
well as distant metastasis [HR = 3.872, 95% CI = 1.866-8.034,
p < .001] were also found to be independent risk factors for OS
(Figure 1g).

CMTMG6 depletion impairs the abilities of ccRCC cell
proliferation, migration, and invasion

To elucidate the results derived from ccRCC tissues and the
specific biological function of CMTM6 in ccRCC, we first
measured the protein levels of CMTM6 and PD-L1 in normal
renal epithelial cells HKC and a panel of ccRCC cell lines
(A498, 786-0, Caki-1, and SN12-PM6). Among these cell
lines, CMTM6 was expressed at a slight lower level in A498
cells; however, PD-L1 expression was relatively lower in Caki-1
and SN12-PM6 cells in particular on both mRNA and protein
levels (Figure 2a, Supplementary Fig. S2A). 786-O and Caki-1
cell lines were used for further in vitro studies. Two distinct
shRNAs targeting CMTM6 were generated, and the knock-
down efficacy was confirmed in 786-O and Caki-1 cells after
stable transduction of shRNA plasmids. However, no differ-
ence in PD-L1 expression was observed in either cell line
between the shCMTM6 and negative control (NC) groups
(Figure 2b). To further confirm that CMTMS6 had no influence
on PD-L1 expression, we treated Caki-1 cells and correspond-
ing Caki-1-shCMTM6 cells with IFN-y treatment. As expected,
IFN-y significantly upregulated the expression of PD-L1 even
under CMTMS6 depletion (Supplementary Fig. S2B). MDA-MB
-231 cell, a human breast cancer cell line, was used as the
positive control.'® CMTM6 knockdown significantly decreased
the expression of PD-L1 in MDA-MB-231 cells
(Supplementary Fig. S2C).

The effect of CMTMG6 depletion on cell proliferation was
measured on the 4™ day after lentivirus infection and showed
remarkable inhibition of cell growth in comparison with that
of control cells (Figure 2c). The wound healing assay showed
that the scratching area was covered at a significantly slower
speed with CMTM6 knockdown at 12 h in both 786-O and
Caki-1 cells (Figure 2d). Cell migration and invasion,
assessed by transwell assay with or without Matrigel coating
assays, were attenuated in 786-O- and Caki-1-shCMTM6
cells, compared to those in control cells (Figure 2e).
A previous study demonstrated that CMTM6 could affect
the maintenance of EMT phenotypes. Therefore, we detected
a series of markers related to EMT by Western blotting,
including N-cadherin, E-cadherin, and Snail. As shown in
figure 2f, increased expression of E-cadherin with concomi-
tant decreased expression of N-cadherin and Snail was
observed in both 786-O and Caki-1 cells after silencing
CMTM6. Thus, CMTM6 might promote metastasis by
enhancing EMT, and inhibition of CMTM6 could impair
cell proliferation and motility.
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Figure 1. CMTM6 expression is upregulated in ccRCC and associated with poor outcomes. (a) Protein expression of CMTM6 in 10 pairs of ccRCC tissues (t) and
corresponding adjacent normal tissues (NT) by Western blot assay, and quantitative analysis based on intensity values of bands. (b) Comparison of CMTM6
immunohistochemical (IHC) scores between ccRCC tissues (T) (n = 144) and normal tissues (NT) (n = 106) by tissue microarrays. (c) Representative IHC staining images
of CMTM6 vary with tumor grades and comparison of CMTM6 IHC scores among groups with different tumor grades. The scale bar represents 20 um. (d) Representative
IHC staining images of CMTM6 in ccRCC tissues with absence or presence of preoperative distant metastases (m), and quantitative analysis between groups. The scale
bar represents 20 um. (e) Representative IHC staining images of CMTM6 in ccRCC tissues with absence or presence of preoperative lymph nodes metastases (n), and
quantitative analysis between groups. The scale bar represents 20 pm. (f) Overall survival (OS) of ccRCC patients enrolled in the tissue microarray study was estimated
using Kaplan—Meier analysis according to low CMTM6 expression (IHC score <6) or high CMTM6 expression (IHC score > 6). The p value is calculated using the log-rank
test. (g) Multivariate Cox proportional hazards regression analyses for progression-free survival (PFS) and OS for ccRCC patients enrolled in the tissue microarray study.
The data is represented as means + SEM. P values are calculated using the Mann-Whitney U test (* p < .05, ** p < .01, *** p < .001).
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Figure 2. CMTM6 depletion impairs the abilities of ccRCC cell proliferation, migration and invasion. (a) Relative CMTM6 and corresponding PD-L1 protein levels in HKC
cells and a panel of ccRCC cell lines. (b) Efficiency of CMTM6 knockdown is validated in 786-0 and Caki-1 cells. (c) CMTM6 knockdown suppresses cell growth of 786-0
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represents 100 pm. (d) Wound-healing assay indicates that CMTM6 knockdown suppresses viability of 786-O and Caki-1 cells. The scale bar represents 100 pm. (e)
Transwell assay indicates impaired abilities of migration and invasion of 786-0 and Caki-1 cells treat with shCMTM6. The scale bar represents 100 pum. All the functional
assays above are independently repeated three times in triplicate. (f) Western blot of EMT-related genes expression in 786-O and Caki-1 cells with stably expressing
control shRNA and shCMTMé. The data is represented as means + SEM. P-values are calculated using the two-tailed Student’s t-test (* p < .05, ** p < .01, *** p < .001).



Inhibition of CMTM6 induces G2/M checkpoint arrest and
micronucleus formation via DNA damage

Deregulated cell cycle progression is a hallmark of the limitless
proliferation of cancers, and targeting cyclin-dependent
kinases to block cell proliferation has been verified as an
effective anti-cancer therapy.** RNA-sequencing (RNA-seq)
analysis based on Gene Ontology (GO) Biological Process
indicated that the cell cycle process was significantly altered
after CMTMS6 depletion (Supplementary Fig. S3A). To under-
stand the mechanisms underlying the function of CMTMS6 in
the cell cycle, we first measured its cellular location and funda-
mental expression pattern during cell cycle progression in 786-
O cells. Immunofluorescence revealed that CMTM6 was not
only localized in the cellular cytoplasm and membrane, but
also in the nucleus (Supplementary Fig. S3B). Treatment of
786-0 cells with nocodazole, an agent for synchronization for
G2/M phases, revealed that CMTMS6 protein and mRNA levels
fluctuated during the cell cycle and were significantly elevated
in the G2/M phase (Figure 3a,b). PD-L1 was used as positive
control and its expression was significantly upregulated after
nocodazole treatment.* Flow cytometry analysis revealed that
CMTMS6 knockdown induced a remarkable accumulation of
cells in the G2/M phase in both 786-O and Caki-1 cells
(Figure 3c). To further confirm the actual arrest point, we
detected and quantified the cells in S anaphase and M phase
by EdU staining and immunofluorescence of p-histone H3.
The results showed that both ratios of positive cells stained
with EdU and p-histone H3 were not significantly different
between 786-O-shCMTM6 cells and control cells. Therefore,
CMTM6 depletion led to G2/M checkpoint arrest
(Supplementary Fig. S3C, S3D).

Simultaneously, the formation of numerous micronuclei was
observed in 786-O-shCMTM6 cells by immunofluorescence
staining with DAPI (Figure 3d). It has been reported that G2/
M checkpoint arrest and micronucleus formation mainly result
from mitotic checkpoint activation and anaphase chromosome
mis-segregation, which is commonly induced by DNA
damage.*>*® To confirm the occurrence of DNA damage, we
analyzed the levels of YH2A X, a specific DNA damage marker,
by immunofluorescence. We found that CMTM6 depletion
significantly increased the formation of yH2A.X-positive micro-
nucleus, the number of YH2A X positive cells, and YH2A.X foci
(Figure 3d-f). Consistently, Western blot assay showed that
YH2A.X protein levels were remarkably elevated in 786-O-
and Caki-1-shCMTM6 cells compared with control cells.
However, CMTM6 depletion concomitantly downregulated
the protein levels of p53 and cyclin Bl in both 786-O and
Caki-1 cells (Figure 3g). Together, these findings indicated
that CMTM6 depletion caused DNA damage following induc-
tion of G2/M checkpoint arrest and micronucleus formation.

Downregulation of CMTMG6 induces cellular senescence
with SASP and upregulates cell cycle-dependent
inflammatory factors

To verify the biological behavior and explore other potential
mechanisms involving CMTMS6, we analyzed the CMTMé6-
dependent transcriptome in 786-O- and Caki-1-shCMTM6
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cells by RNA-seq analysis. The Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis of CMTM6-altered genes were
enriched in multiple signaling pathways, including prolifera-
tion-related pathways, adhesion and tight junctions, and
inflammatory response-related pathways, which ranked after
proteasome (Supplementary Fig. S4). Collectively, these data
indicate that CMTMS6 plays multiple roles in the development
and progression of ccRCC cells.

We further explored the RNA-seq data and found that
numerous immune-related factors were involved in the top
30 altered genes that were significantly elevated after CMTM6
depletion (Figure 4a). Previous studies have showed that per-
sistent DDR triggers cellular senescence following the develop-
ment of SASP, represented by upregulation of the expression
and secretion of interleukin 6 (IL6), C-X-C motif chemokine
ligand 8 (CXCL8), C-C motif chemokine ligand 2 (CCL2),
CCL5 and matrix metallopeptidase 9 (MMP9).>”*® To deter-
mine whether the upregulated inflammatory cytokines were
cellular senescence-mediated, we first validated the RNA-seq
data, which was performed for random 10 inflammatory cyto-
kines in new 786-O-shCMTM6 and 786-O-shNC cells. All the
indicated factors were consistent with the results obtained by
RNA-seq (Figure 4b). The SA-B-Gal staining also indicated
that the positivity for SA-B-gal in 786-O-shCMTM6 cells was
significantly higher with the transformation of cell morphology
from a rounded contour to an enlarged flattened shape and
vacuolization compared to that of control cells (Figure 4c).
Notably, some genes were not involved in traditional SASP,
such as CSF2, IL12A, and 1L24. To further study whether the
expression of these indicated chemokines and cytokines is
associated with G2/M checkpoint arrest, we measured the
fundamental expression of the selected cytokines at different
cell cycle phases in 786-0O cells. Except for TNF and CCL5, the
other factors also fluctuated with cell cycle progression and
were remarkably elevated in G2/M phases (Figure 4d). Taken
together, these results indicate that elevated expression of the
indicated chemokines and cytokines caused by CMTM6 deple-
tion was not only due to SASP, but also associated with a cell
cycle-dependent manner.

CMTM6 depletion suppresses xenograft tumor growth
and metastasis in vivo

To confirm the suppression phenotype of CMTM6 depletion
in vivo, we first established an orthotopic implantation model
in BALB/c nude mice by transplanting the invasive ccRCC cell
line SN12-PM6 stably expressing luciferase and control shRNA
or shCMTMS6 into the right subrenal capsule. The newly gen-
erated SN12-PM6-shCMTMS6 cells were validated by prolifera-
tion index and Western blotting in vitro (Supplementary Fig.
S5A, S5B). On day 21 after injection, bioluminescent imaging
showed that the signals in the kidneys were significantly higher
in the control group than in the shCMTM6 group (Figure 5a).
All mice were then sacrificed, and the tumors were harvested.
Orthotopic xenograft tumor weights of the shCMTM6 group
were remarkably reduced compared to those of the control
group (Figure 5b, Supplementary Fig. S5C). Histopathological
analysis of tumors and lungs was performed to confirm the
tumor type and the appearance of primary tumors and
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Student's t-test (* p < .05, ** p < .01, *** p < .001).

metastases (Figure 5c). To determine whether the suppressed
tumor growth and metastases were due to impaired prolifera-
tion induced by CMTM6 depletion, we immunostained tumors
for the targeted CMTMS6, proliferation marker Ki-67, and
DNA damage marker yH2A.X. Consistent with the in vitro
results, CMTM6 knockdown was valid in tumors from nude
mice in the shCMTM6 group (Figure 5d). Moreover, Ki-67
positive cells were reduced abundantly in tumors from the
shCMTMS6 group compared to those from the control group.
In contrast, yH2A X positive cells were significantly increased
in the shCMTM6 group compared to the control group
(Figure 5d,e). Together, these data indicate that targeting
CMTMS6 suppresses ccRCC tumor growth and metastases
in vivo, which is consistent with our in vitro results.

CMTMG6 silencing remodels tumor microenvironment and
promotes antitumor immunity

To investigate whether CMTMS6 loss promotes anti-tumor
immune response to inhibit tumor growth and metastasis, we
performed orthotopic syngeneic graft models by implanting
Renca cells stably expressing control shRNA or shCMTM6
into the right subrenal capsule of male immunocompetent

BALB/c mice or immunodeficient BALB/c nude mice respec-
tively. The newly generated Renca-shCMTM6 cells were vali-
dated using qRT-PCR in vitro (Supplementary Fig. S6A). The
effect of CMTM6 depletion on cell proliferation was also mea-
sured on the 4™ day after lentivirus infection and showed
remarkable inhibition of cell growth in comparison with that
of the control group (Supplementary Fig. S6B). qRT-PCR assay
was also performed in new samples of Renca stably expressing
control shRNA or shCMTM6 for measuring several chemokines
and cytokines. Except for Tnf, the remaining factors were con-
sistent with the results of RNA-seq (Supplementary Fig. S6C).
Compared to control shRNA group, CMTM6 knockdown in
Renca cells significantly reduced primary tumor growth both in
BABL/c mice and BABL/c nude mice; quantitative analysis
indicated the extent of tumor growth in BABL/c mice was
much restricted than that in BABL/c nude mice (Figure 6a,b).
Moreover, similar tendency was observed in lung metastasis
(Figure 6c¢,d). These data suggested the critical role of adaptive
immunity in tumor suppression. We further analyzed the tumor
microenvironment alteration in BALB/c mouse models. THC
staining showed that the intratumor infiltration of CD4" and
CD8" T cells were remarkably increased and total CD11b" cells,
commonly contain macrophages and myeloid-derived cells
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(MDSC), were found to be significantly reduced in tumors from
shCMTM6 group. However, further staining for CD68" indi-
cated that there was no difference in macrophage between two
groups (Figure 6e). In addition, we randomly chose three che-
mokines and used EILSA assay to measure their serum concen-
trations in models. Surprisingly, the concentration of Ccl2 was
significantly lower in both shCMTM6 groups in comparison
with that in control shRNA group, and there was no statistically
significance among groups for Cxcl8 and Tnf-a (Supplementary
Fig. S6D). Consistently, Ki-67 positive cells decreased signifi-
cantly in tumors from the sShCMTM6 group compared to those
from the control group. In contrast, yH2A.X positive cells

significantly increased in the shCMTM6 group compared to
the control group (Supplementary Fig. S6E). Collectively, apart
from the significant inhibition on proliferation and motility for
tumor cells, loss of CMTMS6 could also promote the infiltration
of CD4" and CD8" T cells in tumors and enhance anti-tumor
immunity that further contributes to tumor control.

Discussion

Growing evidence has indicated that CMTMG6 has predictive
value for oncological outcomes in malignancies.” In this
regard, CMTMBS6 overexpression was not only highly correlated
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with major malignant characteristics of tumors but also
strongly associated with frequent genomic aberrations of driver
oncogenes.'>"'* Meanwhile, CMTM6 promotes cell migration
and invasion by enhancing EMT progression, a fundamental
mechanism for the metastatic phenotype of malignant
tumors.'>?° In our study, we found that CMTM6 was over-
expressed in ccRCC tissues and was significantly associated
with advanced tumor grade, early lymph node and distant
metastases, and adverse prognosis. Interestingly, HKC cells,
a commonly used human renal tubular epithelial cell line
with characteristics of being immortalized, expressed similar
level of CMTMBS6 in comparison with that in most of ccRCC cell
lines (Figure 2a). In spite of maintaining typical genomics and
most functional characteristics, potential alterations on mor-
phological heterogeneity, physiological and biomedical fea-
tures may still exist between primary human renal tubular
epithelial cells and HKC cell line.?%32 Simultaneously,
Western blots and IHC staining showed that CMTMG6 expres-
sion in adjacent normal tissue was mostly lower than that in
corresponding ccRCC tissue, while a small portion of adjacent
normal tissues present relative higher CMTM6 expression
(Figure 1a,b), indicating the CMTMBS6 expression heterogeneity
in ¢ccRCC. In addition, CMTMS6 co-localizes with PD-L1 at the
plasma membrane and in recycling endosomes, where it pre-
vents PD-L1 from being targeted for lysosome-mediated
degradation.'®!" A positive correlation between the expression
of CMTM6 and PD-L1 has been observed,” > and their co-
expression has already been identified as a novel prognostic
factor in several cancers.’®*® However, in the current study, we
demonstrated for the first time that CMTM6 did not regulate
the expression of PD-L1 in ccRCC cells, and no correlation was
observed between CMTM6 and PD-L1 expression in ccRCC
tissues. This suggests that the biological function of CMTM6
may vary in different types of cancers.

In ccRCC, substantial downregulation of CMTM4 was
found, and restoration of CMTM4 significantly suppressed
786-O cell growth by inducing G2/M arrest and p2l
upregulation.” CMTMS6, another member of the CMTM
family, shares 55% homology with CMTM4.'" We showed
that CMTM6 expression not only fluctuated following cell
cycle progression, peaking in the G2/M phase but also was
localized in the nucleus, not just in cellular cytoplasm and
membrane. CMTM6 depletion could induce robust DNA
damage, resulting in micronucleus formation, an indicator of
chromosomal instability and G2/M checkpoint arrest. In addi-
tion, CMTMS6 expression in pancreatic cancer could be down-
regulated by a WEELI inhibitor, which plays an essential role in
the regulation of G2/M checkpoint and DDR."> Whether
WEEL is involved in the regulation of CMTM6 and how
CMTMS6 influences the DDR in ccRCC cells needs to be further
investigated. Interestingly, p53 expression concurrently
decreased after CMTM6 depletion, which was contradicted
the classical “ATM/ATR-CHK1/CHK2-p53” pathway, in
which the different activation levels of p53 are dependent on
different DNA damage levels.** p53 is commonly stabilized by
DDR signaling in the presence of DNA damage, but an increas-
ing amount of evidence indicates that there is a more compli-
cated regulatory network than phosphorylation that
contributes to p53 stabilization.* ™ Therefore, the specific
mechanisms for DNA damage caused by CMTM6 depletion
and the subsequent decrease in p53 need to be studied further.
The present study uncovered a novel approach for CMTM6-
mediated maintenance of genome stability in ccRCC.

Apart from the activation of cell cycle arrest, DNA damage
is also an inducer of cellular senescence. Senescence is a cell
fate triggered by stressors or developmental signals and is
characterized by stable growth arrest, active metabolism, resis-
tance to cell death, and secretion of extracellular factors.” In



this study, we found that CMTM6 depletion in ccRCC cells
remarkably transformed the cell morphology and few cells
ultimately died. SA-B-Gal staining confirmed that CMTM6
inhibition induced massive cellular senescence. In addition,
RNA-seq analysis also revealed that numerous chemokines
and cytokines are involved in the top 30 upregulated genes
after CMTMS6 depletion in ccRCC cells, including many classic
markers of SASP such as IL6, CXCL8, CCL2/5, and MMP1/9.
SASP commonly acts as a double edged sword in various
cancers.>”** Given the complex array of genes in the SASP
and variability of expression in different cell types, these
secreted factors can either promote immune surveillance and
tumor clearance or create an immunosuppressive, pro-tumor,
chemo-resistant environment.® For illustration, CCL2 exerted
tumor-suppressive responses by recruiting tumor-infiltration
cytotoxic T lymphocyte in many solid tumors;*>*® inversely,
CCL2 could also promote breast cancer metastasis by CCL2-
induced retention of metastasis-associated macrophages.
CXCLS8 could not only enhance antitumor immune responses
by increasing immunogenicity of dying tumor cells by translo-
cating calreticulin to the cell surface,*”*® but also promote
growth and proliferation of prostate cancer cells through upre-
gulating CXCR7 expression along with ligand-independent
function of CXCR7.**** Notably, in the current study, the
mRNA level of Ccl2 and Cxcl8 in Renca-shCMTM§6 cells was
inconsistent with their serum concentrations, which indicated
that senescent tumor-derived inflammatory mediators were
just an uncertain portion that might do not adequately repre-
sent their real final status in local microenvironment or even
systemically. However, the results of orthotopic syngeneic graft
models indicated T cells are partially responsible for tumor and
metastasis control. Overall, SASP in the current study probably
contributed to tumor suppression effects that presenting infil-
tration of CD4" and CD8" T cells and decreased the number of
CD11b" MDSC in the syngeneic graft mouse model. Therefore,
we speculated that the loss of CMTM6 promote antitumor
immunity by inducing senescence and SASP.

Notably, most of the elevated inflammatory cytokines were
validated using the results of RNA-seq in our study, few of
them, such as CSF2, IL12A, and IL24, were not involved in
traditional SASP. Previous studies reported that several inflam-
matory cytokines could be upregulated, accompanied by G2/M
phase arrest, by interfering with exogenous agents.”"
Therefore, we presumed that the expression of these inflam-
matory cytokines was elevated in the G2/M phase. Cell cycle
synchronization of ccRCC cells was performed, and we
detected their expression patterns in different phases. As
expected, most of the inflammatory cytokines were expressed
in a cell cycle-dependent manner, fluctuating after cell cycle
progression and peaking in G2/M phases. Collectively, the
elevated inflammatory cytokines that were found to be
involved based on the results of our study were regulated by
dual mechanisms.

Although we demonstrated that CMTM6 depletion
increases genome instability, leading to following activa-
tion of cellular senescence, the underlying mechanisms
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remains unknown. Dynamic transcriptome profiling of
DNA damage-induced cellular senescence predicted that
many transcription factors, such as NFYA, PLAU, ATF1,
ATF3 and ATF4, may play key roles in regulating DNA
repair and senescent cell fates.”> Correspondingly, RNA-
seq analysis in our study revealed that levels of NFY-B,
NFY-C (another two subunits of the transcription factor
NFY), PLAU, ATF1, ATF4, E2F2, E2F3 and RB1 were
dramatically changed, as well as RUNX family and ELF4.
NFY is known as a classic transcriptional regulator of cell
cycle genes in senescence,”® ATF4 is involved in DNA
repair.”> In addition, growing evidence implicates RUNX
family transcription factors are frequently dysregulated in
cancers and function as regulators for DNA damage
response.”® ELF4, a member of the ETS family of tran-
scription factors, contributes to the persistence of YH2A.X
DNA damage foci and the absence of ELF4 promotes the
faster repair of damaged DNA and more rapid disappear-
ance of yH2A X foci.>” Therefore, we suspected that tran-
scription factors might be involved in CMTM6-mediated
DNA damage and following activation of cellular senes-
cence, further research to clarify the underlying mechan-
isms is urgently needed.

In conclusion, this study identified a novel and funda-
mental role of CMTM6 in the development of ccRCC.
CMTMS6 depletion promotes DNA damage-induced G2/M
checkpoint arrest and cellular senescence with robust
inflammatory cytokine secretion, contributing to tumor
microenvironment modeling and enhancing anti-tumor
immunity (Figure 7). Therefore, targeting CMTM6 may be
a promising alternative strategy for ccRCC treatment.
Future studies that investigate the specific mechanisms for
DNA damage caused by CMTM6 depletion need to be
performed.
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