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A B S T R A C T

Background: Dysregulation of polycomb chromobox (CBX) proteins that mediate epigenetic gene silencing
contributes to the progression of human cancers. Yet their roles in clear cell renal cell carcinoma (ccRCC)
remain to be explored.
Methods: The expression of CBX4 and its clinical significance were determined by qRT-PCR, western blot,
immunohistochemistry and statistical analyses. The biological function of CBX4 in ccRCC tumor growth and
metastasis and the underlying mechanism were investigated using in vitro and in vivomodels.
Findings: CBX4 exerts oncogenic activities in ccRCC via interaction with HDAC1 to transcriptionally suppress
tumor suppressor KLF6. CBX4 expression is increased in ccRCC and correlated with poor prognosis in two inde-
pendent cohorts containing 840 patients. High CBX4 expression is significantly associated with Fuhrman grade
and tumor lymph node invasion. CBX4 overexpression promotes tumor growth and metastasis, whereas CBX4
knockdown results in the opposite phenotypes. Mechanistically, CBX4 downregulates KLF6 via repressing the
transcriptional activity of its promoter. Further studies show that CBX4 physically binds to HDAC1 to maintain
its localization on the KLF6 promoter. Ectopic expression of KLF6 or disruption of CBX4-HDAC1 interaction
attenuates CBX4-mediated cell growth and migration. Furthermore, CBX4 depletion markedly enhances the
histone deacetylase inhibitor (HDACi)-induced cell apoptosis and suppression of tumor growth.
Interpretation: Our data suggest CBX4 as an oncogene with prognostic potential in ccRCC. The newly identified
CBX4/HDAC1/KLF6 axis may represent a potential therapeutic target for the clinical intervention of ccRCC.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Renal cell carcinoma (RCC) is the second leading cause of death in
human urological malignancies, accounting for 2-3% of human can-
cers [1]. The global burden of RCC is approximately 403,262 new
cases and 175,098 deaths per year, with an annual rate of increase of
approximately 0.7% [2]. Clear cell renal cell carcinoma (ccRCC), the
most prevalent subtype of RCC, represents about 75% of RCC [3].
Today, surgical resection followed by observation represents the clin-
ical protocol for non-metastatic ccRCC. Up to 60% of non-metastatic
patients will experience recurrence and metastatic disease within
5 years. The 5-year survival rate of metastatic ccRCC dramatically
drops down to 10% due to the chemoresistance [4]. Although remark-
able progress has been made recently in the clinical application of
immunotherapies, the characterization of genetic alterations and a
better understanding of the detailed mechanisms behind the ccRCC
progression are urgently needed.

Polycomb group (PcG) proteins are major transcriptional repress-
ors that epigenetically modify chromatin to participate in regulations
of cell differentiation, senescence, and survival [5]. Polycomb chro-
mobox (CBX) proteins belong to PcG family and include five members
(CBX2, 4, 6, 7, 8). CBX proteins canonically function through the poly-
comb repressive complex 1 (PRC1) to exert anti-tumor or pro-tumor
activities, depending on the cellular context [6]. CBX4, regulated by
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Research in context

Evidence before this study

CBX proteins are responsible for the epigenetic silencing of
genes involved in tumor progression. CBX4 has been demon-
strated to function as both tumor suppressor and oncogene in
human cancers. But its clinical significance and biological func-
tion in clear cell renal cell carcinoma (ccRCC) remain unclear.

Added value of this study

Using clinical samples, cell culture and mice models, we
showed that CBX4 was upregulated in ccRCC to exert oncogenic
activities to promote tumor growth and metastasis. Patients
with high expression of CBX4 were likely to survived shorter.
We also demonstrated that CBX4 was able to interact with
HDAC1 to suppress the transcriptional activity of tumor sup-
pressor KLF6 promoter. Combinative treatment of CBX4 knock-
down and HDAC inhibitor is of great lethal effect on ccRCC cell
survival.

Implications of all the available evidence

CBX4 is a promising prognostic factor in ccRCC. Targeting CBX4/
HDAC1/KLF6 axis may provide clinical benefit for the treatment
of patients with ccRCC.
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p63, protects epithelial stem cells from senescence through PRC1-
dependent repression of the Ink4a locus [7]. CBX4 was identified as a
SUMO E3 ligase. Several substrates, such as DNA methyltransferase
3a (Dnmt3a) [8], PR/SET domain 16 (Prdm16) [9] and BMI1 [10], have
been identified as CBX4 downstream. Overexpression of CBX4 has
also been found in breast cancer [11] and osteosarcoma [12]. Func-
tionally, CBX4 promotes hepatocellular carcinoma via sumoylating
HIF-1a to upregulate vascular endothelial growth factor (VEGF) [13].
CBX4 suppresses colorectal cancer metastasis by recruiting histone
deacetylase 3 (HDAC3) to the Runx2 promoter to inhibit its expres-
sion [14]. However, the role of CBX4 in ccRCC remains unclear.

In this study, we showed that CBX4 played an oncogenic role in
ccRCC. CBX4 expression was increased and correlated with unfavor-
able prognosis. CBX4 promoted cell proliferation and migration by
interacting with HDAC1 to transcriptionally repress the expression of
tumor suppressor Kruppel-like factor 6 (KLF6). Inhibition of CBX4
was able to increase cell apoptosis induced by the treatment of HDAC
inhibitor Trichostatin A (TSA). These findings suggest CBX4 as a
promising prognostic factor and a potential therapeutic target in
ccRCC.
2. Materials and methods

2.1. Patients

To determine the expression of CBX4 in ccRCC, 26 pairs of fresh
specimens were obtained from The First Affiliated Hospital of Sun
Yat-sen University and Sun Yat-sen University Cancer Center
(SYSUCC). Furthermore, 306 pairs of paraffin-embedded tissues of
ccRCC patients diagnosed between Jan 2010 to Dec 2012 in SYSUCC
were collected. All samples were anonymous. None of the patients
had received radiotherapy or chemotherapy before surgery. This
study was approved by Institute Research Ethics Committee of The
First Affiliated Hospital of Sun Yat-sen University and SYSUCC.
The upregulation of CBX4 in ccRCC was confirmed in The Cancer
Genome Atlas (TCGA) dataset (http://www.cbioportal.org) and the
Oncomine dataset (https://www.oncomine.org).
2.2. Immunohistochemistry (IHC) and scoring

Tissue microarray (TMA) was constructed, using 306 ccRCC tissues
and the adjacent nontumorous kidney tissues. The TMA sections
were dewaxed by xylene and graded alcohols. Tissues were hydrated
and washed in PBS buffer. Incubation of 3% hydrogen peroxide in
methanol for 20 min was used to inhibit the endogenous peroxidase.
The tissues were then blocked by avidin�biotin blockage using a bio-
tin-blocking kit (DAKO, Darmstadt, Germany). After incubated with
CBX4/KLF6 antibody overnight in a moist chamber at 4 °C, slides
were then washed in PBS buffer, incubated with goat anti-rabbit anti-
body for 40 min, and finally developed with DAB and counterstained
with hematoxylin. Expression of CBX4 and KLF6 was evaluated by
H-score method as following: percentage score (“0” (0%), “1”
(1%�25%), “2” (26%�50%), “3” (51%�75%), or “4” (76%�100%) was
multiplied by the staining intensity score(“0” (negative staining), “1”
(weak staining), “2” (moderate staining), or “3” (strong staining)).

2.3. Chromatin immunoprecipitation assay (ChIP)

ChIP was performed according to the manufactory instruction of
ChIP kit (Millipore, 17-10,085 & 17-10,086). Briefly, ACNH cells trans-
fected with CBX4 overexpression vector or siRNAs were cultured in
100 mm plates to grow to 70% - 80% confluence. Cells were fixed by
fixative solution (1/10th the volume of growth medium volume), and
then treated with stop solution (1/20th the volume of growth
medium volume). Cells were centrifugated and resuspended in ChIP
buffer to collect nuclear pellet. The cell lysate was then sonicated and
incubated with 5 mg of CBX4 antibody at 4 °C overnight. After incu-
bating with protein A/G agarose beads for 4 h at 4 °C, the bound
DNA-protein complexes were eluted and washed to reverse the
cross-links. DNAs were extracted and purified for PCR detection. The
primers for the KLF6 promoters are shown in Supplementary Table 1.

2.4. Luciferase reporter assay

ACHN cells were co-transfected with CBX4 overexpression vector
or siRNAs, and 500 ng of psiCHECK-2-KLF6-30-UTR wild-type or
mutant reporters. Cells were collected 36 h after transfection and
analyzed with the Dual-Luciferase Reporter Assay System (Promega,
CA, USA).

2.5. Animal model

For tumor growth model, 1 £ 107 ACHN and RCC4 cells with CBX4
overexpression or 786-O cells with CBX4 depletion were subcutane-
ously injected into the right flanks of four-weeks-aged male BALB/
c-nude mice (six mice per group). The tumor sizes were measured with
calipers and calculated with the formula: Volume (mm3) = [width2

(mm2) £ length (mm)]/2. After 25 days, all tumors were dissected and
weighed. For metastasis model, 5 £ 105 cells with CBX4 overexpression
or 786-O cells with CBX4 depletion were injected via the tail vein. After
5 weeks, the lungs of mice were dissected and fixed in 4% paraformalde-
hyde for 24 h to make paraffin-embedded tissue block. The lung tissues
were stained with hematoxylin and eosin (HE). Tumors metastasizing
to the lung was counted and quantified. All animal studies were
approved by the Medical Experimental Animal Care Commission of The
First Affiliated Hospital of Sun Yat-sen University.

2.6. Statistical analysis

Data are mean § SEM from three independent experiments. The
significance between groups was calculated by the Student’s t-test.
Survival analyses were conducted by Kaplan�Meier analyses (log-
rank test). If the P-value was less than 0.05, the differences were
considered statistically significant.
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3. Results

3.1. CBX4 is upregulated and correlated with poor outcomes in ccRCC

The expression of CBX4 in ccRCC samples was determined by qRT-
PCR, western blot and IHC. Twenty-six pairs of fresh tissues were col-
lected. The mRNA expression level of CBX4 in ccRCC tissues was sig-
nificantly higher than that in nontumorous tissues (Fig. 1A). This was
validated by Lenburg Renal study from Oncomine dataset (Fig. 1B). In
consistent, CBX4 protein expression was noticeably increased by 4.1
folds in ccRCC tissues, compared to adjacent kidney tissues (Fig. 1C).
The upregulation of CBX4 was further confirmed by IHC in a large
cohort containing 306 paraffin-embedded samples. Results showed
that CBX4 was mainly expressed in the nucleus in cancer cells. Its
expression in ccRCC was much higher (Fig. 1D). Based on the median
IHC score (3.5), patients were divided into two groups: CBX4 high
and CBX4 low. High expression of CBX4 was closely associated with
higher Fuhrman grade, tumor sarcomatoid differentiation and lymph
Fig. 1. CBX4 expression is upregulated and correlated with poor survivals in RCC. a. The
tissues was examined by qRT-PCR. b. The increase of CBX4 mRNA in RCC tissues was confir
determined in 26 paired of RCC (T) and nontumorous (N) tissues. Representative images of
306 patients was recruited. Paraffin-embedded tissues were used for IHC assays to evaluate
panel) and the comparison of CBX4 IHC score (right panel) were shown. e. Kaplan-Meier sur
of 306 RCC patients were divided into two groups according to the median of IHC score. f. T
patients. g. In TCGA cohort, the expression of CBX4 mRNA was compared between patients w
in RCC patients with distant tumor metastasis (M1) than those without (M0).
node invasion in SYSUCC cohort (Supplementary Table 2). In TCGA
cohort, ccRCC patients with higher pathological grade or advanced
clinical stage had more CBX4 mRNA expression (Supplementary Fig.
1).

The prognostic value of CBX4 in ccRCC was next determined.
Compared with those with low CBX4, patients with high CBX4
expression were likely to survive shorter and experience tumor pro-
gression in SYSUCC cohort (Fig. 1E). The median months of overall
and disease-free survivals in high CBX4 group were 83.9 and 81.5,
whereas they were respectively 104.5 and 94.1 in low CBX4 groups.
Multivariate analyses using Cox regression model revealed that
CBX4, as well as Fuhrman grade, Lymph node invasion and T stage,
was an independent factor for overall survival in ccRCC (Supplemen-
tary Table 3). Prognostic analyses of TCGA data validated that CBX4
expression was reversely associated with clinical outcomes (Fig. 1F).
Patients with high CBX4 expression were frequently with tumor
lymph node and distant metastasis (Fig. 1F&H). These data suggest
CBX4 serve as a promising factor in ccRCC.
mRNA expression of CBX4 in 26 pairs of RCC and corresponding adjacent nontumorous
med in Lenburg Renal study from oncomine dataset. c. The protein level of CBX4 was
western blot (left panel) and the statistics (right panel) were presented. d. A cohort of
the expression of CBX4 protein in clinical samples. Representative images of IHC (left
vival analyses were conducted to indicate the prognostic value of CBX4 in RCC. A total
he prognostic implication of CBX4 in RCC was validated in TCGA cohort containing 534
ith (N1) or without (N0) lymph node metastasis. h. CBX4 mRNA expression was higher
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3.2. CBX4 promotes cell proliferation in ccRCC

Gain-of-function and loss-of-function assays were performed to
reveal the role of CBX4 in the progression of ccRCC. According to the
basal line of CBX4 expression in ccRCC cell lines (data not shown),
stable cell lines were established using CBX4 overexpression vector
in ACHN and RCC4 cells, and CBX4 shRNAs in 786-O cells. The mRNA
and protein expression of CBX4 in stable cell lines were examined by
qRT-PCR and western blot (Supplementary Figure 2). MTT assays
showed that ectopic expression of CBX4 increased, whereas knock-
down of CBX4 decreased the cell viabilities of ccRCC cells (Fig. 2A).
CBX4-mediated cell proliferation was examined by colony formation
and EdU assays. Overexpression of CBX4 markedly enhanced the abil-
ity of clonogenicity of ACHN and RCC4 cells. Silence of CBX4 in 786-O
cells remarkably reduced the colonies (Fig. 2B). EdU-positive cells
were more frequently depicted in CBX4-expressing cells but rarely
seen in CBX4-depleted cells (Fig. 2C).

In vivo subcutaneous model was used to determine the effect of
CBX4 on tumor growth. Tumors were successfully formed in 6/6 and
4/6 of mice injected with CBX4-expressing and control ACHN and
RCC4 cells, respectively. 786-O-bearing tumors were found in 3/6
and 5/6 of mice in CBX4 silence and control groups. Overexpression
of CBX4 significantly promoted, whereas knockdown of CBX4 attenu-
ated tumor growth (Fig. 2D). When the mice weights in all groups
showed no difference, the tumors were much heavier in the CBX4-
overexpression groups but much lighter in the CBX4-depletion
groups, compared to the corresponding control groups (Supplemen-
tary figure 3).

3.3. CBX4 facilitates cell migration in ccRCC

Since clinical data revealed that CBX4 expression was correlated
with metastatic features in ccRCC, the effect of CBX4 on cell migration
was next determined. As shown by the Transwell assays, CBX4
enhanced the cell migration and invasion in ACHN and RCC4 cells.
CBX4 shRNAs weakened the movement of 786-O cells (Fig. 3A). Cell
shapes were indicated by phallotoxin staining to visualize cytoskele-
ton F-actin. The formation of cell pseudopodium was increased by
CBX4 overexpression but impaired by CBX4 silencing (Fig. 3B). West-
ern blot showed that the expression of mesenchymal markers
Vimentin, N-cadherin and MMP2 was induced by CBX4, but reduced
by CBX4 shRNAs in ccRCC cells. In contrast, the expression of epithe-
lial markers E-cadherin was inhibited by CBX4 overexpression
(Fig. 3C). This indicates CBX4 may trigger the epithelial-to-mesenchy-
mal transition (EMT) process. In vivo models were applied to confirm
the pro-metastatic effect of CBX4 in ccRCC. Injection of ACHN and
RCC4 cells with CBX4 overexpression formed more nodules in the
lung, compared with the control cells. shRNAs against CBX4 attenu-
ated the lung metastasis in mice injected with 786-O cells (Fig. 3D).
Collectively, these data suggest CBX4 an oncogene in ccRCC.

3.4. CBX4 transcriptionally suppresses KLF6 to exert oncogenic activities

The underlying mechanism through which CBX4 exerted onco-
genic activities was next determined. According to the published
data (GSE6344), CBX4 expression was closed related to Kruppel like
factors, such as KLF2, KLF3, KLF6 and KLF8 in ccRCC tissues (Supple-
mentary figure 4A). In another study, treatment of CBX4 shRNAs
resulted in increased expression of KLF6 (Supplementary figure 4B).
Since KLF6 had been reported as a tumor suppressor in ccRCC [15], it
was chosen as the downstream effector of CBX4 in this study. In 26
pairs of clinical fresh specimens, CBX4 mRNA expression was
reversely associated with KLF6 mRNA (Supplementary figure 5). In
SYSUCC cohort, patients with high CBX4 expression frequently
expressed less KLF6 (Fig. 4A). Determined by IHC, low CBX4 expres-
sion was significantly associated with high KLF6 expression (Fig. 4B).
In TCGA cohort, the genomic alterations of CBX4 and KLF6 was mutu-
ally exclusive (Supplementary Fig. 6A). Samples with overexpression
of CBX4 likely have a significant downregulation of KFL6 (Supple-
mentary Fig. 6B). Patients with high expression of KLF6 survived lon-
ger than those with low KLF6, but patients with both high CBX4
expression and low KLF6 expression had the worse overall and dis-
ease-free survivals (Supplementary Fig. 7). The effect of CBX2, CBX6,
CBX7 and CBX8 on the expression of KLF6 was next determined.
TCGA data showed that the expression of CBX6, CBX7 and CBX8 was
significantly associated with KLF6 (Supplementary Fig. 8A-D). How-
ever, the mRNA expression of KLF6 in 786-O cells treated with siRNAs
for CBX2, CBX6, CBX7 or CBX8 remained unchanged (Supplementary
Fig. 8E&F). These data implied a potential link between CBX4 and
KLF6 in ccRCC.

The regulation of KLF6 by CBX4 was next examined in ccRCC cell
lines. Ectopic expression of CBX4 suppressed, whereas depletion of
CBX4 induced the expression of KLF6 mRNA (Fig. 4C). Consistently,
the protein level of KLF6, as well as its well-known downstream E2F1
and p21, was altered by the change of CBX4 expression (Fig. 4D). Cur-
rent literatures suggested the chromodomain and SUMO E3 ligase
activity were important for CBX proteins to exert transcriptional
activities. According to a previous study [14], deletion mutant of
SUMO interacting motifs (CBX4DSIM1/2) and chromodomain mutant
(CBX4F11A/W35L) containing both CBX4F11A and CBX4W35L mutations
were constructed. After transfection of CBX4F11A/W35L or CBX4DSIM1/2

in ACHN and RCC4 cells for 36 h, KLF6 mRNA was determined by
qRT-PCR. Results showed that both mutants were capable of sup-
pressing KLF6 expression (Fig. 4E), indicating that CBX4 modulates
the expression of KLF6 via the manner independent of its chromodo-
main and SUMO E3 ligase activity. Dual luciferase reporter and ChIP
assays were performed to determine whether CBX4 was capable of
transcriptionally modulating KLF6. Results showed that increased
CBX4 significantly inhibited, while decreased CBX4 stimulated the
transcriptional activity of the KLF6 promoter (Fig. 4F). The enrich-
ment of CBX4 on the KLF6 promoter was induced by CBX4 overex-
pression but reduced by CBX4 siRNAs (Fig. 4G). The profound impact
of CBX4 on KLF6 expression prompted us to test whether the alter-
ation of KLF6 would rescue CBX4-promoted malignant phenotypes.
KLF6 expression was restored to the basal line in cells with CBX4
overexpression or depletion. Upon the overexpression of KLF6 in
CBX4-expressing cells, the downregulation of tumor suppressor p21
and epithelial marker E-cadherin, as well as the upregulation of mes-
enchymal marker Vimentin, was partially rescued (Supplementary
figure 9), indicating that KLF6 inhibited the EMT process induced by
CBX4. Strikingly, CBX4-promoted colony formation and cell migra-
tion were attenuated by the re-expression of KLF6 (Fig. 4H). The inhi-
bition of cell proliferation and migration by CBX4 shRNA was
abolished by KLF6 shRNA, while the promotion of CBX4-induced cell
growth was attenuated by E2F1 knockdown and p21 overexpression
(Supplementary Fig. 10). Collectively, these data indicated that CBX4
exhibited oncogenic activities in ccRCC via KLF6 suppression.

3.5. CBX4-mediated KLF6 suppression requires HDAC1

Previous studies showed that CBX4 cooperated with histone deace-
tylases (HDACs) to transcriptionally repress target genes [14, 16].
Whether HDAC was required for the KLF6 suppression by CBX4 was
next determined. Dual luciferase reporter assays demonstrated that
siRNAs for HDAC1, HDAC2 and HDAC9 significantly affected the CBX4-
mediated inhibitory of KLF6 promoter activity (Fig. 5A and Supplemen-
tary Fig. 11). Strikingly, knockdown of HDAC1 almost fully restored the
inhibitory effect of CBX4 on KLF6 promoter (Fig. 5A). In TCGA cohort,
the genomic alterations of HDAC1 and KLF6 was mutually exclusive
(Supplementary figure 6A). HDAC1 mRNA expression was positively
but not significantly correlated with CBX4 mRNA (Supplementary
figure 6B&C). High expression of HDAC1 was correlated with poor



Fig. 2. CBX4 promotes cell proliferation and tumor growth in RCC. a. Cells transfected with CBX4 overexpression vector or siRNAs were cultured into 96-well plates for 3 days.
The cell viabilities were determined by MTT assays. b. The stable cells were cultured in 6-well plates for 10 days. Colonies were stained by 0.05% crystal violet and counted (left
panel). The related fold change (fc) of colony was shown (right panel). fc, fold change. c. The effect of CBX4 on cell proliferation in RCC was further confirmed by EdU staining. Scale
bar = 50 mm. d. In vivo models were used to determine the role of CBX4 in tumor growth. Stable cells were injected into the flank of the mice for 25 days. The volumes of tumors
were measured every 3 days and indicated by growth curves. All *P<0.05, **P<0.01 (Student’s t-test).
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Fig. 3. CBX4 facilitates tumor metastasis in RCC. a. Stable cells with CBX4 overexpression or knockdown were used for migration and invasion assays. Cells were stained by 0.05%
crystal violet and counted under a microscope (left panel). The related fold changes (fc) of migrated cells or invaded cells were indicated (right panel). *P<0.05, **P<0.01 (Student’s
t-test). Scale bar = 50 mm. b. Cells cultured in 12-well plates were stained by TRITC-labeled phalloidin to show F-actin (red) to indicate the cell pseudopodium (denoted by arrows).
Scale bar = 10 mm. The number of cell pseudopodium was counted and compared. *P<0.05 (Student’s t-test). c. Proteins derived from stable cells were subjected to western blot to
examine the expression of EMT markers, including E-Cadherin, N��Cadherin, Vimentin and MMP2. d. Cells were injected in to null mice via tail vein. Lung nodules were counted
under a microscope and showed by HE staining. Representative images (left panel) and the statistical analyses were shown. *P<0.05, **P<0.01 (Student’s t-test).
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overall and disease-free survivals (Supplementary figure 12A). The
prognosis of ccRCC patients could be distinguished by the combination
of CBX4 and HDAC1 mRNA expression (Supplementary Fig. 12B).

The interaction between CBX4 and HDAC1 was examined. Endog-
enous CBX4 and HDAC1 were detectable in the precipitate mediated
by the antibody of CBX4 or HDAC1 in both ACHN and RCC4 cells
(Fig. 5B). The nuclear colocalization of CBX4 and HDAC1 in the
nucleus of ccRCC cells was observed by confocal immunofluorescence
(Fig. 5C). Further studies showed that the interaction of CBX4 and
HDAC1 did not interrupt the binding of CBX4 to PRC1 proteins (Sup-
plementary figure 13). CBX4 knockdown markedly weakened the
binding of HDAC1 to KLF6 promoter (Supplementary figure 14).
When HDAC1 was knocked down in ACHN and RCC4 cells, the bind-
ing of CBX4 onto KLF6 promoter was markedly decreased (Fig. 5D).
Consequently, the mRNA expression of KLF6 in CBX4-expressing cells
with HDAC1 depletion was upregulated (Fig. 5E). The protein expres-
sion of KLF6, as well as its downstream effector E2F1 and p21, was
rescued to the basal line, compared with the control expression
(Fig. 5F). Our data further showed that interruption of CBX4 and
HDAC1 binding using HDAC1 siRNAs significantly increased the
H3K27 acetylation but not methylation (Supplementary figure 15).
These findings suggested that CBX4 interacted with HDAC1 to modu-
late the expression of KLF6 in ccRCC.
3.6. CBX4 depletion enhances HDACi-induced cell death

Since CBX4 exerts functions partly via HDACs, the effect of HDAC
inhibitor (HDACi) on the CBX4-mediated phenotypes was next deter-
mined. Trichostatin A (TSA) and SAHA, specific HDACis that had been
demonstrated to induce cell apoptosis in ccRCC cells [17], was used in
our study. According to the previous report [17], 2 ng/mL TSA and
1.25 mM SAHA were used in our in vitro experiments. Combinative
treatment of CBX4 siRNA and HDACi resulted in a dramatically
decrease of colony formation in 786-O cells (Fig. 6A). Annexin/V assays
showed a significant increase of cell apoptosis, compared with CBX4
siRNA or HDACi alone (Fig. 6B). The depolarization of mitochondrial
outer membrane was next examined by detecting the reduction of
mitochondrial membrane potential (MMP). Results showed that the
combined treatment remarkably lowered the mitochondrial trans-
membrane potential (Fig. 6C), followed by an obvious release of cyto-
chrome c from mitochondria to cytoplasm (Fig. 6D). Furthermore, the
cleavages of apoptotic markers PARP and Caspase-3 were upregulated
(Fig. 6D). The therapeutic effect of combinative treatment was partially
attenuated by the knockdown of KLF6 in 786-O cells (Supplementary
figure 16). Cells with CBX4 depletion were subcutaneously injected in
nude mice to determine the in vivo effect of the combination treat-
ment. Seven days after injection, TSA (1 mg/kg mouse body weight)
was given to the mice once daily for five consecutive days per week
for total 15 days. Compared with the control or signal treatment
groups, tumor growth in “shCBX4 and TSA” group was significantly
attenuated (Fig. 6E). The treatment did not appear to have a noticeable
effect on bodyweight in mice (Fig. 6F). On Day 25, mice were sacrificed
and the tumor weights were measured. As expected, the combination
of TSA and CBX4 shRNA significantly reduced the weights of xenograft
tumor, compared with other groups (Fig. 6F). These data indicated that
the CBX4 depletion-mediated anti-proliferative effect was enhanced
by the treatment of HDACi in ccRCC.
4. Discussion

As the most common malignancy of the adult kidney, ccRCC rep-
resents one of the lethal threats to human’s life [2]. Unfortunately,



Fig. 4. CBX4 exhibits oncogenic functions via transcriptional suppression of KLF6 in RCC. a. The correlation of CBX4 and KLF6 expression in RCC samples was determined. Rep-
resentative images of CBX4 and KLF6 IHC in RCC were presented (left panel). The IHC score of KLF6 was indicated in cases with high or low expression of CBX4. b. Statistical analyses
showed that RCC patients with low expression of CBX4 was frequently accompanied with high KLF6 level in SYSUCC cohort. c. Cells were transfected with CBX4 overexpression vec-
tors or siRNAs for 36 h. The KLF6 mRNA levels were determined by qRT-PCR. fc, fold change. *P<0.05 (Student’s t-test). d. The expression of KLF6, as well as its downstream targets
E2F1 and p21, was examined in cells with CBX4 overexpression or silence. e. Cells were transfected with overexpression vector of CBX4, CBX4F11A/W35L or CBX4DSIM1/2 for 36 h. The
KLF6 mRNA expression was examined by qRT-PCR. fc, fold change. *P<0.05 (Student’s t-test). f. Dual luciferase report assays were used to evaluate the impact of CBX4 on the tran-
scriptional activity of KLF6 promoter in ACHN cells. ***P<0.001 (Student’s t-test). g. ChIP assays were performed to detect the direct binding of CBX4 on KLF6 promoter in ACHN
cells. The enrichment of CBX4 on KLF6 promoter was determined by qRT-PCR. *P<0.05, **P<0.01. h. KLF6 was overexpressed in CBX4-expressing RCC cells. Rescue experiments
were performed to examine the role of KLF6 in CBX4-mediated cell growth and migration. fc, fold change. *P<0.05 (Student’s t-test).

N. Jiang et al. / EBioMedicine 53 (2020) 102692 7
the molecular mechanism of the development and progression of
ccRCC remains unclear to date, despite of lots of efforts in identifica-
tion of aberrant signaling pathways in this deadly disease [3]. Dysre-
gulation of PcG proteins have been implicated in ccRCC [18, 19]. Here
we showed that CBX4 expression was upregulated in clinical samples
and correlated with poor outcomes. In vitro and in vivo data demon-
strated that CBX4 played an oncogenic role in ccRCC via interacting
with HDAC1 to suppress the transcription of tumor suppressor KLF6.

One of the main goals of current cancer studies is to search for
potential biomarkers for the prognostic prediction of patients with
malignancies. The prognostic significances of CBX members have
been well described in human cancers. Overexpression of CBX2 in
leukemia [20], high grade serous ovarian carcinoma [21] and pros-
tate cancer [22] was associated with poor survivals. High CBX6
expression was linked to worse overall survival in hepatocellular
carcinoma [23], but better recurrence-free survival in breast carci-
noma [24]. Reduced expression of CBX7 in breast cancer [25] and
colon carcinoma [26] was found to be a negative prognostic factor.
CBX8 upregulation in hepatocellular carcinoma [27] and breast
cancer [28] predicted unfavorable prognosis of patients. For CBX4,
paradoxical conclusions were reported. On one hand, CBX4 expres-
sion was increased in hepatocellular carcinoma [13], breast cancer
[11] and osteosarcoma [12], and correlated with poor clinical out-
comes. On the other hand, CBX4 expression was decreased in colo-
rectal carcinoma, and connected with better survivals [14]. In this
study, CBX4 was upregulated at both mRNA and protein levels in
ccRCC. Patients with high expression of CBX4 were accompanied
with worse overall and disease-free survivals. This may be due to
that elevated CBX4 expression was associated with higher Fuhr-
man grade, tumor sarcomatoid differentiation and lymph node
invasion responsible for the disease progression. Taken together,
these data suggest that CBX proteins be differently expressed in
human cancers and be promising biomarkers for the prediction of
postsurgical outcomes.



Fig. 5. HDAC1 is required for CBX4-mediated KLF6 suppression in RCC. a. siRNAs for HDAC1, HDAC2, HDAC3 and HDAC9 were introduced into ACHN cells with CBX4 overexpres-
sion. The effects of siRNAs on the activity of KLF6 promoter were examined by luciferase reporter assays. *P<0.05, ***P<0.001 (Student’s t-test). ns, non-significant. b. The interac-
tion between CBX4 and HDAC1 was determined by co-IP experiments in ACHN and RCC4 cells. c. Immunofluorescence was used to indicate the colocalization of CBX4 and HDAC1
in the nuclear of RCC cells. Scale bar = 10 mm. d. Cells with CBX4 overexpression were transfected with two HDAC1 siRNAs (siHDAC1 #1 and #2). The binding ratio of CBX4 on KLF6
promoter was determined by ChIP assays. *P<0.05 (Student’s t-test). e. The mRNA expression of KLF6 in ACHN and RCC4 cells were examined by qRT-PCR, following the transfection
of HDAC1 siRNA for 36 h. *P<0.05 (Student’s t-test). f. The expressions of CBX4, HDAC1 and KLF6, as well as E2F1 and p21, were examined by western blot.
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Current literatures suggest CBX proteins may function as both
oncogene and tumor suppressor, dependent on the cell contents. The
investigation of the biological function of CBX4 in ccRCC demon-
strated that CBX4 exerted oncogenic activities to promote tumor
growth and metastasis via transcriptionally downregulating KLF6.
Two alternative mechanisms have been demonstrated for CBX4 to
exhibit biological functions: transcriptional repression and post-tran-
scriptional sumoylation. Current literatures indicate that CBX4 func-
tions as both a transcriptional repressor and a SUMO E3 ligase
through its N-terminal chromodomain and two SUMO-interacting
motifs (SIMs), respectively. SIMs-dependent, rather than polycomb-
dependent, function of CBX4 contributes to its effect on CBX2 polySU-
MOylation [20], increased Prdm16 protein expression [9] and
enhanced hypoxia-induced VEGF expression [13]. On the other hand,
the N-terminal chromodomain, but not the SIMs, of CBX4 was
required for its transcriptional repression of link4a locus [29], none-
pidermal lineage genes [7] and transcriptional factor Runx2 [14] to
protect cells from senescence, differentiation and death. In our study,
CBX4 interacts with HDAC1 to inhibit the transcriptional activity of
KLF6 independent of its SIMs and PRC1-binding domain. These data



Fig. 6. CBX4 deficiency enhances the lethal effect of HDACi in RCC. a. Stable786-O cells were treated with HDACi (2 ng/mL TSA and 1.25mM SAHA) or both. Colony formation was
used to evaluate the effects of the three treatments on the cell growth. fc, fold change. b. Cell apoptosis was assessed in cells treated with CBX4 siRNA, HDACi or both via flow cytom-
etry using Annexin V/PI staining. c. Reduction of mitochondrial membrane potential (MMP) was induced in cells treated as in A. The MMP collapse (DCmL) was measured by flow
cytometry after staining the cells with DioC6 and quantitative analysis of DCmL was shown. d. Apoptotic markers including PARP and its cleaved form (cl-PARP), Caspase 3 and its
cleaved form (cl-Caspase 3) and cytosolic cytochrome c, were examined by western blot in 786-O cells. e. Nude mice were inoculated with 1 £ 107 of 786-O cells with or without
CBX4 overexpression. After the formed tumor was palpable, mice were randomly divided into four groups as indicated in the curve. TSA (1 mg/kg mouse body weight) was given to
the “TSA” and “shCBX4 + TSA” groups, once daily for five consecutive days per week for 15 days. The tumor volumes were calculated every three days. Data are mean § SEM,
**P<0.01, ***P<0.001 (One way ANOVA). f. On day 25, mice were sacrificed, and the tumor weights and mice body weights were measured and indicated. All data represented
mean § SEM of three independent experiments. All *P<0.05, **P<0.01, ***P<0.01 (Student’s t-test).
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are consistent with a previous study that showed CBX4 inhibited
Runx2 transcription in both SIMs and PRC1-independent fashion
[14]. Interestingly, CBX7, lack of SIMs, interacted with HDAC2 to sup-
press CCNE1 gene expression [30]. Collectively, our data suggest that
the effect of gene repress of CBX proteins in human cancers does not
depend on catalytic activities.

KLF6, a member of Kruppel-like factor (KLF) family that is a
group of zinc finger transcription factors, is a putative tumor sup-
pressor in human cancers. In ccRCC, KLF6 exerts antitumor effects in
several studies [31, 32]. However, a latest study showed that KLF6
was responsible for the upregulation of lipid metabolism genes to
support ccRCC progression [33]. According to the TCGA data, KLF6
expression in ccRCC tissues were significantly higher than that in
nontumorous tissues. However, as shown in our supplementary
figure 6 and 7, KLF6 mRNA expression was reversely correlated
with oncogenic CBX4. High expression of KLF6 mRNA was associ-
ated with better overall and disease-free survivals of ccRCC patients
in TCGA dataset, which may finely support the tumor suppressor
role of KLF6 in ccRCC. Knockdown of KLF6 in ccRCC cells, using
CRISPR-Cas9 system, resulted in enhanced cell proliferation and
migration (Supplementary figure 17). Furthermore, in rescue
experiments using two KLF6 shRNAs, our data showed KLF6 knock-
down markedly attenuated the CBX4 shRNA-induced suppression
of cell proliferation and migration. Similar to our results, KLF6
mRNA was also increased in TCGA glioblastoma tissues. However,
KLF6 was identified as a tumor suppressor to inhibit glioblastoma
by several research groups [34, 35]. Collectively, KLF6 may exert
both anti-tumorigenic and pro-tumorigenic activities in ccRCC cells.
It should be noted that KLF6 splice variant 1 (KLF6-SV1) exhibits
oncogenic activities in many kinds of human cancers [36, 37]. Previ-
ous studies implied that KLF6-SV1’s activity antagonizes the wild-
type KLF6’s (KLF6) tumor-suppressive effects. It should be of great
interest to investigate whether KLF6-SV1 plays roles in the develop-
ment and progression of ccRCC, and also in CBX4-mediated malig-
nant phenotypes in our future studies.

In our study, treatment of TSA (a specific inhibitor of HDAC pro-
teins) enhanced the attenuation of tumor growth mediated by CBX4
depletion. According to the current literatures, KLF6 transcriptional
activation is associated with increased histone H3 acetylation [38]. A
single lysine-to-arginine point mutation (K209R) reduces acetylation
of KLF6 and abrogates its capacity to modulate gene expression [39].
Interestingly, TSA treatment is able to increase the acetylation of his-
tone H3 to increase the nuclear localization of KLF6 and its transcrip-
tional activity [40]. These data indicate that HDACi treatment may
enhance the histone H3 acetylation at the promoter region of KLF6 to
promote its transcriptional activity. In our study, the expression of
KLF6 is transcriptionally downregulated by CBX4. Combinative treat-
ment of HDACi and CBX4 knockdown should be more powerful to
reduce the ccRCC cell growth. Since HDACis have potential in clinical
management of human cancers [41, 42], targeting CBX4 represents
an adjuvant strategy to improve the efficacy of chemotherapy in
ccRCC. Collectively, our study suggests CBX4 function as an oncogene
and serve as a promising prognostic factor and a potential therapeu-
tic target in ccRCC.
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