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BACKGROUND: Cisplatin-based cytotoxic chemotherapy is considered to be the first-line therapy for advanced bladder cancer (BC),
but resistance to cisplatin limits its antitumor effect. Fibroblast growth factor receptor 3 (FGFR3) has been reported to contribute to
the progression and cisplatin resistance of BC. Meanwhile, chromobox protein homologue 7 (CBX7) was reported to inhibit BC
progression. And our previous RNA-seq data on CBX7 (GSE185630) suggested that CBX7 might repress FGFR3, but the underlying
mechanism and other cancer-related functions of CBX7 are still unknown.
METHODS: Silico analysis of RNA-seq data to identify the upstream regulators and downstream target genes of CBX7. The western
blot analysis, quantitative real-time PCR (RT-qPCR), chromatin immunoprecipitation (ChIP)-qPCR analysis, CCK-8 assay, and nude
mice xenograft models were used to confirm the enhancer of zeste homologue (EZH2)/CBX7/ FGFR3 axis.
RESULTS: In this study, we first showed that CBX7 is downregulated in BC. Then, we revealed that EZH2 represses CBX7 expression
by increasing H3K27me3 in BC cells. Moreover, we demonstrated that CBX7 directly downregulates FGFR3 expression and sensitises
BC cells to cisplatin treatment by inactivating the phosphatidylinositol 3-kinase (PI3K)-(RAC-alpha serine/threonine-protein kinase)
AKT signalling pathway.
CONCLUSIONS: These results suggest that CBX7 is an ideal candidate to overcome cisplatin resistance in BC.
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BACKGROUND
Bladder cancer (BC) ranks as the twelfth most diagnosed
malignant tumour worldwide [1] and causes approximately
17,000 deaths annually [2]. BC ranges from nonmuscle-invasive
disease (NMIBC), accounting for three-fourths of patients, to
muscle-invasive bladder cancer [1]. Surgical resection and radio-
therapy are suitable for localised BC [3]. For BC with recurrent or
distant spread, systemic therapy is still the mainstay treatment
option [3]. Cis-diamminedichloroplatinum (II) (best known as
cisplatin) is found to crosslink with purine bases on DNA to
interfere with DNA repair and cause DNA damage, leading to the
apoptosis of cancer cells [4]. To date, cisplatin has been applied to
treat multiple types of solid tumours [5]. Notably, cisplatin-based
cytotoxic chemotherapy is considered to be the first-line therapy
for advanced BC. Due to the high heterogeneity of BC, primary or
acquired resistance to cisplatin could be observed in most
patients with BC, limiting the antitumor effect of cisplatin [6].
Although systemic immunotherapy and targeted therapy have
signifi
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Fig. 1 CBX7 is downregulated in bladder cancer and associated with hypermethylation in its promoter region. a–c The UALCAN (http://
ualcan.path.uab.edu/index.html) website was used to analyse the expression level of CBX7 in bladder cancer. P values as indicated. d–f The protein
expression levels (d, e) and mRNA levels (f) of CBX7 in the adjacent nontumor bladder tissues (n= 12) and bladder cancer tissues (n= 12) were
analysed by the western blot (d) and RT-qPCR assay (f). The protein levels of CBX7 were quantified by the ImageJ software. The paired Student’s test is
performed in panels e and f. P values as indicated in (e) and (f). g, h IHC staining analysis of the tissue microarray of bladder cancer by using the CBX7
antibody. The typical image and expression level of CBX7 in the nontumor tissue and bladder cancer tissue were shown. P values as indicated. The
scale bar indicated in the panel g is 100 μm. i–k The UALCAN (http://ualcan.path.uab.edu/index.html) website was used to analyse the correlation
between promoter methylation and expression of CBX7 in BLCA. P values as indicated. l The Enrichment analysis of the ChIP-Atlas (http://chip-
atlas.org/) was used to predict the potential transcriptional factors or histone modification bound to the CBX7 gene. We listed a number of histone
methylation marks and transcription factors, and each one represented the enrichment of one of the methylation marks or transcription factors on
the promoter region of CBX7. The P values of fold enrichment and Log(P) values as indicated.
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1B10 (AKR1B10)-extracellular regulated protein kinases (ERK)
signalling [15]. Meanwhile, CBX7 is also reported to regulate the
epithelial and mesenchymal transition by repressing the phos-
phodiesterase 4B (PDE4B) in bladder cancer cells [16]. Our
previous study indicated that CBX7 was downregulated in renal

cancer cells and inhibited cancer progression [17]. Recently, we
mentioned that CBX7 plays a key role in modulating the immune
response through the POU class 2 homeobox 2 (POU2F2)-CD274
axis in bladder cancer cells [18]. Of note, the RNA-seq data on
CBX7 (GSE185630) indicated that CBX7 might repress FGFR3 in
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renal cancer cells. Thus, we tested whether CBX7 regulated BC
progression and sensitivity to cisplatin through FGFR3. First, we
showed that EZH2 decreased the expression of CBX7 through
increasing the H3K37me3 in the promoter region of CBX7. Then,
we found that CBX7 directly bound to the promoter region of
FGFR3 and suppressed FGFR3 expression. Finally, we demon-
strated that CBX7 downregulation activated the FGFR3-AKT
pathway to promote BC progression and cisplatin resistance.

METHODS
Cell lines
The renal cancer cell lines 786-O and A498 or the bladder cancer cell lines
5637 and T24 were obtained from Yuchi Biology (Shanghai, China), with
short tandem repeat (STR) profiling authenticated. J82 and ACHN cells
were purchased from Procell (Wuhan, China) with STR profiling authenti-
cated. 5637 and 786-O cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, USA), and T24 cells were cultured with
RPMI-1640 medium (Gibco, USA) supplemented with 10% foetal bovine
serum (FBS; AC03L055, Shanghai Life-iLab Biotech, China) and 1%
penicillin. A498, ACHN and J82 cells were cultured in minimum essential
medium (MEM, Gibco, USA) supplemented with 10% foetal bovine serum
and 1% penicillin. All cells were placed in the incubator at 37 °C in 5% CO2.

Antibodies and reagents
CBX7 (#26278-1-AP, Proteintech, 1:1000 dilution), FGFR3 (#4574S, Cell
Signaling Technology, 1:1000 dilution), Beta Actin (#66009-1-Ig, Protein-
tech, 1:5000 dilution), EZH2 (#5246, Cell Signaling Technology, 1:1000
dilution) AKT (#4691, Cell Signaling Technology, 1:500 dilution), p-AKT S473
(#4060, Cell Signaling Technology, 1:500 dilution), p-AKT T308 (#13038, Cell
Signaling Technology, 1:500 dilution) and H3K27me3 (#9733, Cell Signaling
Technology, 1:1000 dilution) were employed for western blot analysis.
CBX7 (#26278-1-AP, Proteintech, 1:100 dilution), FGFR3 (#4574S, Cell
Signaling Technology, 1:1000 dilution), H3K37me3 (#9733, Cell Signaling
Technology, 1:1000 dilution), and EZH2 (#5246, Cell Signaling Technology,
1:100 dilution) were used for the immunohistochemistry of tissue
microarray (#U100Bl01). Cisplatin (#S1166), MK2206 (#S1078), PRT4165
(#S5315), and GSK126 (#S7061) were obtained from the Selleck (Shanghai,
China). Tissue microarray slides (#U100Bl01) were purchased from
Bioaitech, China. The method of scoring the staining intensity was
described previously [19] and also mentioned in the Supplementary
Methods.

Western blot analysis
Ethical approval for the use of human tissues (bladder cancer tissues and
adjacent normal tissues) was obtained by the local ethics committee (The
Second Xiangya Hospital, China). Written informed consent was acquired
from all patients before surgery. We collected specimens from patients
with bladder cancer. The detailed western blot was described previously
[20]. Cells were harvested and lysed with RIPA buffer (Beyotime
Biotechnology, China) containing phosphatase inhibitors and 1% protease
on ice for 30 min. Then cell lysates were centrifuged at 12,000 rpm for
15 min at 4 °C and collected the supernatants. Then, 4× loading buffer was
added to the supernatant and boiled in hot water (100 °C) for 10 min. The

protein of cells were collected with RIPA buffer (Beyotime Biotechnology,
China). The protein concentration from the cell lysate was evaluated by
Enhanced BCA Protein Assay Kit (P0010S, Beyotime Biotechnology, China).
Equal amounts of proteins loaded in each well of SDS-PAGE gels. The gels
were transferred onto PVDF membranes; Membranes were blocked with
5% nonfat milk for 1 h at room temperature and incubated with primary
antibody overnight at 4 °C. On the second day, the membranes were
washed with 1× TBST for 30 min and incubated with a secondary antibody
for 1 h. After incubation, the membranes were again washed three times
with PBS and exposed to X-ray films using ECL detection reagents
(#WP20005, Thermo Fisher).

Plasmids and siRNA transfection and shRNA infection
HA-CBX7 was constructed by cloning the cDNA of CBX7 into the
OmicLinkTM Expression Clone (CMV Promoter) (GeneCopoeia, EX-V0006-
M14, USA). Short-hairpin RNAs (shRNAs) were obtained from GeneCopoeia
(HSH111798-LVRU6GP, USA), and the siRNA was purchased from RiboBio.
The sequences of the shRNAs and siRNAs are provided in Supplementary
Table S1. For transfection, the plasmids and siRNAs, cells were transfected
using Lipofectamine 2000 (Thermo Fisher Scientific, China) according to
the manufacturer’s instructions. Eight hours after transfection, the
transfection medium was replaced with fresh medium containing 10%
FBS. Forty-eight hours post-transfection, cells were harvested for
subsequent experiment. For short-hairpin RNA (shRNA) infection, lipofec-
tamine 2000 (Thermo Fisher Scientific, China) diluted in Opti-MEM medium
(Thermo Fisher Scientific, China) was used to transfect shRNAs and viral
pack-aging plasmids (pVSV-G and pEXQV) into 293T cells. At 24 h after
transfection, the medium was replaced with fresh DMEM medium
containing 10% FBS and 1 mM sodium pyruvate. At 48 h after transfection,
the culture medium containing viral particles was collected and then
added to bladder cancer cells along with 12 μg/ml of polybrene. Forty-
eight hours post-transfection, the infected cells were selected with 1 μg/ml
of puromycin.

Quantitative real-time PCR (RT-qPCR)
The detailed protocol of RT-qPCR was reported previously [20]. In brief,
RNA was extracted by using TRIzol reagent (Thermo Fisher Scientific, USA).
RT-qPCR was performed by using a reverse transcription kit and PCR kit
(#RR037A PrimeScript™ RT reagent Kit, #RR430A, TB Green™ Fast qPCR Mix,
Takara Bio Inc. Shigo, Japan) following the manufacturer’s instructions.
GAPDH served as the reference genegene and the 2−ΔΔCt method was
used to quantify fold change. The primer sequences for RT-PCR are
provided in Supplementary Tables S2 and S3.

Chromatin immunoprecipitation (ChIP) and ChIP-qRT-PCR
For ChIP-qPCR, chromatin extraction kit (Abcam, ab117152, USA) and the
ChIP Kit Magnetic - One Step (Abcam, ab156907, USA) were used, in
accordance with the manufacturer’s instructions. Immunoprecipitation was
performed using the appropriate antibodies as follows: CBX7 (#26278-1-AP,
Proteintech, 1:50 dilution), EZH2 (#5246, Cell Signaling Technology, 1:100
dilution), H3K37me3 (#9733, Cell Signaling Technology, 1:50 dilution),
H2AK119ub (#8240S, Cell Signaling Technology, 1:50 dilution) were used
for ChIP assay. Mouse IgG antibody (#61656S, Cell Signaling Technology,
1:1000 dilution) and rabbit IgG antibody (#3900S, Cell Signaling
Technology, 1:1000 dilution) were used as a negative control. The primers

Fig. 2 EZH2 suppresses CBX7 expression through H3K27 methylation in BC cells. a The ChIP-seq of EZH2 and H3K27me3 on the promoter
region of CBX7. The ChIP-seq numbers and corresponding used cell lines were indicated. The ChIP-seq data were obtained from the ChIP-atlas
(http://chip-atlas.org/). b T24 and 5637 cells were collected and ChIP-qPCR was performed. the ChIP-qPCR analysis by using the IgG or EZH2,
H3K27me3 antibodies in T24 and 5637 cells. Data presented as mean ± SD with three replicates. **P < 0.01; ***P < 0.001. c, d 5637 and T24 cells
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were designed according to the promoter sequences of the genes of
interest. The sequences of the ChIP-qRT-PCR primers are shown in
Supplementary Table S3.

In vitro cell proliferation assay
Cell proliferation assay was carried out following the manufacturer’s
instruction of the Cell Counting Kit-8 (CCK-8). Briefly, a total of 1000 cells
were plated in 96-well plates cultured with 100 μl medium containing 10%

FBS. 10 μl of the CCK-8 reagent (#C0037, Beyotime) was added to each well
one hour before the end of the incubation period following the
manufacturer’s instructions. Optical absorbance in each well at 450 nm
was measured with a microplate reader.

CCK-8 assay was applied to measure the half maximal inhibitory
concentration (IC50) of cisplatin after treated with a serial dose of cisplatin
for 24 h in 5637 and T24 cells. In brief, 1000 cells per well were plated in 96-
well plates cultured with 100 μl DMEM containing 10% FBS. The next day, a
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serial dose of cisplatin was added to wells. After 24 h treatment, the
cisplatin-containing medium was changed to fresh medium supplemented
with 10 μl of the CCK-8 reagent and cultured in the incubator at 37 °C in
5% CO2 for 1 h without light. Optical absorbance was calculated, and IC50

value of cisplatin was determined according to the optical absorbance.

In vivo tumour growth study
All animal experiments were approved by the ethics committee of the
Second Xiangya Hospital, Central South University (Animal license number:
2021896). BALB/c nude mice (4–5 weeks old, half male and half female)
were purchased from Shulaobao Biotech (Wuhan, China) and fed in a
special pathogen-free animal facility and allowed to eat and drink ad
libitum. Power analysis is used to calculate the sample size required for
animal experiments. Mice were randomly divided into groups (at least
n= 5). There is no blinding of researchers or participants. Bladder cancer
cell lines (T24) infected with shControl or shCBX7 were subcutaneously
injected into the left side of the backs of the mice (1 × 107 cells per mouse).
Tumour volume was calculated using the formula (L × W2)/2.

Statistical analysis
The experimental data are presented as the mean ± standard deviation
(mean ± SD). The sample size (n) for each statistical analysis is provided in
the figure legends. GraphPad Prism 5 software was used to calculate the P
value using Student’s t test to compare values between two groups or one-
way analysis of variance (ANOVA) followed by Tukey’s multiple compar-
isons post hoc test to compare values between more than two groups.
Differences were considered statistically significant when the P values were
less than 0.05. In all cases, the significance of differences was indicated as
follows: *P < 0.05; **P < 0.01; ***P < 0.001; not significant (ns), P > 0.05.

Other related methods were provided in the Supplementary
information.

RESULTS
CBX7 is downregulated in bladder cancer
We previously mentioned that CBX7 is degraded by RING finger
protein 26 (RNF26) and acts as a tumour suppressor in renal
cancer [17]. We sought to investigate the role of CBX7 in other
urological malignant tumours. After analysing the TCGA dataset of
bladder cancer, we found that the expression level of CBX7 was
lower in primary tumour tissues than in normal bladder tissues
(Fig. 1a). In addition, we showed that decreases in CBX7
expression were found in both the papillary tumour and
nonpapillary tumour types (Fig. 1b). Moreover, CBX7 was found
to be downregulated with the increase of tumour stage (Fig. 1c).
To further confirm the above finding, we detected the protein and
mRNA expression levels of CBX7 in bladder cancer tissues and
adjacent normal tissues resected from our hospital [20]. We
demonstrated that CBX7 expression was reduced in bladder
cancer tissue specimens compared to normal tissues (Fig. 1d–f).
Then, IHC staining by using a CBX7 antibody in a tissue microarray
of bladder cancer demonstrated that CBX7 was mainly localised in
the layer of urothelium of the bladder (Fig. 1g). Meanwhile, we

showed that the expression of CBX7 in normal bladder tissues
(n= 20) was higher than that in the cancer tissues (n= 80)
(Fig. 1g, h). Next, we aimed to explore the underlying regulatory
mechanism of CBX7. In agreement with previous finding
indicating that DNMT1 and DNMT3a induced the promoter
hypermethylation which contributed to the downregulation of
CBX7 in BC cells [15], the TCGA dataset also revealed that
promoter methylation was increased in primary bladder cancer
tissues, including the papillary tumour or nonpapillary tumour
type, compared to normal tissue (Fig. 1i, j). In addition, we found
that promoter methylation was upregulated with the tumour
stage (Fig. 1k). Of note, the Enrichment analysis of the ChIP-Atlas
(http://chip-atlas.org/) was used to predict the potential transcrip-
tional factors or histone modification bound to the CBX7 gene [21]
(Fig. 1l and Supplementary Table S4). We listed a number of
histone methylation marks and transcription factors, and each one
represented the enrichment of one of the methylation marks or
transcription factors on the promoter region of CBX7 (Fig. 1l and
Supplementary Table S4). Among them, histone methylation
modifications H3K27me3 that was responsible for inhibiting the
downstream target genes [22, 23], were the major modifications
on the promoter of CBX7 (Fig. 1l). Together, our results indicate
that CBX7 was downregulated in bladder cancer, which might be
due to promoter hypermethylation and histone methylation
modifications.

EZH2 suppresses CBX7 expression through H3K27
methylation in BC cells
Of note, H3K27me3 was the most prominent histone modification
in the promoter region of CBX7 (Fig. 1l). EZH2 is the most common
histone-lysine N-methyltransferase methylating Lys-27 (H3K27me)
of histone H3 [24]. We first performed ChIP-qPCR analysis to show
that EZH2 and H3K27me3 bound to the promoter region of CBX7 in
BC cells (Fig. 2a, b). Then, we demonstrated that EZH2 silencing
increased CBX7 expression but reduced the expression of
H3K27me3 in T24 and 5637 cells (Fig. 2c, d). In contrast,
overexpression of EZH2 downregulated CBX7 expression by
increasing H3K27me3 in BC cells (Fig. 2e, f). Moreover, the GEPIA
dataset demonstrated that the mRNA levels of CBX7 were
negatively correlated with EZH2 in bladder urothelial carcinoma
patients (Fig. 2g). Also, the clinicopathological parameters of the
MTA in 80 bladder cancer staining with CBX7 and EZH2 were
indicated in Supplementary Table S5. Although, the expression of
CBX7 did not correlate with the patients’ gender, age, tumour stage,
or pathological stage of bladder cancer in the MTA (Supplementary
Table S5). Tissue microarray staining for CBX7 and EZH2 showed a
negative relationship between these two proteins in patients with
BC (Spearman correlation r=−0.2882, P= 0.0095, n= 80) (Fig. 2h, i
and Supplementary Fig. 1a). Moreover, there was also a negative
relationship between CBX7 and H3K27me3 in patients with BC
(Spearman correlation r=−0.2764, P= 0.0131, n= 80) (Fig. 2h, i

Fig. 3 CBX7 transcriptionally represses FGFR3 expression in BC cells. a The volcano plot of RNA-seq after knockdown of CBX7 in 5637 cells.
b 786-O, ACHN, T24, 5637 cells were infected with indicated shRNAs for 72 h. Then, cells were harvested for RT-qPCR analysis. Data presented
as the mean ± SD of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001. c T24 and 5637 cells were infected with indicated
shControl, shCBX7 #1, or shCBX7 #2 for 72 h. Cells were harvested for western blot. d, e 5637 and T24 cells were transfected with pcDNA3.1,
2 ng HA-CBX7 (+), or 6 ng HA-CBX7 (++) plasmids for 24 h. Cells were collected for western blot and RT-qPCR analysis. Data presented as the
mean ± SD of three independent experiments. **P < 0.01; ***P < 0.001. f the ChIP-seq of CBX7 on the promoter region of FGFR3 derived from
the ChIP-atlas. g 5637 and T24 cells were collected for ChIP-qPCR analysis. The ChIP-qPCR analysis by using the IgG or CBX7 antibody. Data
presented as the mean ± SD of three independent experiments. ***P < 0.001. h, i 5637 and T24 cells were infected with indicated shControl,
shCBX7 #1, or shCBX7 #2 for 72 h. Cells were collected for ChIP-qPCR analysis by using the IgG or CBX7 antibody in 5637 (h) and T24 (i) cells.
Data presented as the mean ± SD of three independent experiments. *P < 0.05; **P < 0.01. j, k T24 and 5637 cells were transfected with
pcDNA3.1, 2 ng HA-CBX7 (+), or 6 ng HA-CBX7 (++) plasmids for 48 h. Cells were collected for ChIP-qPCR analysis by using the IgG or CBX7
antibody in 5637 and T24 cells. Data presented as the mean ± SD of three independent experiments. Ns, not significant; *P < 0.05; **P < 0.01;
***P < 0.001. l, m IHC analysis of the bladder cancer tissue microarray (n= 80) by staining the CBX7 and FGFR3 antibodies. The typical images
are shown in panel l. The IHC scoring was performed, and the correlation between the IHC score of FGFR3 and CBX7 was analysed.
The P values as indicated.
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and Supplementary Fig. 1a). In addition, treatment with an EZH2
inhibitor (GSK126) increased CBX7 expression in a dose- and time-
dependent manner (Fig. 2j–m). Thus, our data demonstrated that
EZH2 inhibits CBX7 expression in BC.

CBX7 transcriptionally represses FGFR3 expression in BC cells
It has been reported that CBX7 is downregulated, represses
AKR1B10, and inactivates ERK signalling in BC [15]. The above
results indicated that CBX7 was significantly downregulated in BC
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(Fig. 1), suggesting that the downregulation of CBX7 in BC might
be important for the progression of BC. However, the underlying
mechanism is still poorly understood. We have performed the
RNA-seq analysis after knockdown of CBX7 in a BC cell line (5637)
(Fig. 3a, GSE214886). The Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis in 5637 cells indicated that
knockdown of CBX7 activated multiple types of pathways,
including the bladder cancer pathway (Supplementary Fig. 2a).
The Gene Set Enrichment Analysis (GSEA) enrichment analysis also
indicated that knockdown of CBX7 is positively correlated with
bladder cancer pathways in 5637 cells (Normalised Enrichment
Score, NES = 1.700, P < 0.001) (Supplementary Fig. 2b). In the
bladder cancer pathway, we noticed numbers of genes were
upregulated after CBX7 knockdown in 5637 cells, including FGFR3,
RB1, CXCL8 (Supplementary Fig. 2c). Furthermore, we found that
FGFR3 had a greatest enrichment score (ES score) in the bladder
cancer pathway (Supplementary Fig. 2d). Our previous RNA-seq
data for CBX7 knockdown 786-O renal cancer cells (GSE185630)
suggested that CBX7 silencing increased FGFR3 expression
(Supplementary Fig. 2e). Thus, we chose FGFR3 as the candidate
downstream target genes of CBX7 for further study. It is not
surprising that knockdown of CBX7 by shRNAs markedly increased
the mRNA levels of FGFR3 in renal cancer cells (786-O and ACHN)
and BC cells (T24, 5637 and J82 cells) (Fig. 3b and Supplementary
Fig. 3a). Similarly, we found that CBX7 ablation upregulated the
protein expression of FGFR3 in 5637, T24 and J82 cells (Fig. 3c and
Supplementary Fig. 3b). In contrast, ectopic overexpression of
CBX7 reduced FGFR3 expression in 5637, T24 and J82 cells (Fig. 3d,
e and Supplementary Fig. 3c, d). Besides, the FGFR family
comprises four main members of high-affinity receptors
(FGFRs1-4) [25]. We demonstrated that knockdown of CBX7
decreased the expression of FGFR1, FGFR2, FGFR4 in T24 cells
(Supplementary Fig. 3e), which were opposite to FGFR3 in T24
cells. Then, we assessed published chromatin immunoprecipita-
tion sequencing (ChIP-seq) data acquired by using the CBX7
antibody (GSE151899) [26], which indicated that there was a
binding peak in the promoter region of the FGFR3 gene (Fig. 3f).
Subsequent ChIP-qPCR assays revealed that CBX7 bound to the
promoter of FGFR3 (Fig. 3g–k). Moreover, we analysed the
expression levels of CBX7 and FGFR3 on a tissue microarray of
BC samples by IHC staining (Spearman correlation r=−0.3039,
P= 0.0061, n= 80) (Fig. 3l, m). We showed that CBX7 was
negatively correlated with FGFR3 in patients with BC. Meanwhile,
the clinicopathological parameters of the MTA in 80 bladder
cancer staining with FGFR3 were indicated in Supplementary
Table S5. We found that FGFR3 expression was not correlated
with patient’s gender, age, but has a close relationship
with pathological stage (Supplementary Table S5). It has been
mentioned that CBX7 is a major component of polycomb
repressive complex 1 (PRC1) [15]. We would like test whether
CBX7 regulated the FGFR3 expression through a PRC1-dependent

manner. As previously reported [15], the histone H2A ubiquitin
ligase—Ring1b was inhibited by its small molecular inhibitor
(PRT4165) after overexpression of CBX7 in 5637 and T24 cells
(Supplementary Fig. 3f). We found that inhibition of Ring1b could
diminished the downregulation of FGFR3 induced by overexpres-
sion of CBX7 (Supplementary Fig. 3f). Then, the ChIP-seq showed
that the binding sites of CBX7 and H2AK119bUb [15] were
overlapped in the promoter region of FGFR3 (Supplementary
Fig. 3g). Moreover, we demonstrated that knockdown of CBX7
decreased the H2AK119bUb in the promoter region of FGFR3
genes (Supplementary Fig. 3h). Thus, these data suggest that CBX7
inhibits the expression of FGFR3 in BC through a PRC1-dependent
manner.

CBX7 impedes bladder cancer progression partially through
FGFR3
Given that overexpression or activated mutation of FGFR3 is
crucial for the tumour growth and migration of BC [27, 28], we
investigated whether CBX7 regulated the aggressiveness of BC
through FGFR3. First, a CCK-8 assay showed that knockdown of
CBX7 increased the proliferation of BC cells, but overexpression of
CBX7 inhibited this process (Fig. 4a, b). Similarly, a colony
formation assay demonstrated that CBX7 silencing promoted BC
cell growth (Fig. 4c, d). Meanwhile, we also found that CBX7
knockdown enhanced the migration ability of T24 cells (Fig. 4e).
However, overexpression of CBX7 hindered the migration of T24
cells (Fig. 4f). Then, we showed that FGFR3 silencing not only
inhibited T24 growth but also diminished the tumour growth-
promoting effect induced by CBX7 knockdown in vivo and in vitro
when CBX7 and FGFR3 were co-knocked down in T24 cells
(Fig. 4g–l). Thus, our data suggest that CBX7 regulates tumour
progression partially through FGFR3 in BC.

CBX7 modulates BC cell proliferation via the FGFR3–PI3K–AKT
signalling pathway
To further explore how CBX7 promoted tumour growth, we
reanalysed the RNA-seq data of CBX7 from the renal cancer cells
(786-O) mentioned previously [17]. KEGG enrichment pathway
analysis indicated that there was a close relationship between
CBX7 and the PI3K–AKT signalling pathway (Fig. 5a). Moreover,
GSEA analysis of the RNA-seq data also suggested that knock-
down of CBX7 was positively correlated with activation of the
PI3K–AKT signalling pathway in renal cancer cell line (786-O) or
bladder cancer cell line (5637) (Fig. 5b and Supplementary Fig. 4a).
Consistently, we showed that knockdown of CBX7 in BC cells
(5637 and T24 cells with wild type FGFR3, J82 with mutant FGFR3)
increased the phosphorylation of AKT (Fig. 5c and Supplementary
Fig. 4b), which is a marker of PI3K–AKT signalling pathway
activation in cells [29]. In contrast, ectopically overexpressed CBX7
inactivated the PI3K–AKT signalling pathway in 5637 and T24 cells
(Fig. 5d). Moreover, we showed that treatment with an AKT

Fig. 4 CBX7 impedes the bladder cancer progression partially through FGFR3. a 5637 and T24 cells were infected with indicated shControl,
shCBX7 #1, or shCBX7 #2 for 72 h. Cells were harvested for CCK-8 assay. Data presented as the mean ± SD of three independent experiments.
***P < 0.001. b 5637 and T24 cells were transfected with indicated EV (pcDNA3.1) or HA-CBX7 (6 ng) plasmids for 24 h. Cells were harvested for
CCK-8 assay. Data presented as the mean ± SD of three independent experiments. ***P < 0.001. c–e 5637 and T24 cells were infected with
indicated shControl, shCBX7 #1, or shCBX7 #2 for 72 h. The puromycin were used to select shRNA-infected positive cells for 48 h. Then, cells
were harvested for colony formation assay (c) and transwell assay (e). Data presented as the mean ± SD of three independent experiments.
**P < 0.01; ***P < 0.001. f 5637 and T24 cells were transfected with EV (pcDNA3.1) or HA-CBX7 plasmids for 24 h. Cells were harvested for
transwell assay. Data presented as the mean ± SD of three independent experiments. ***P < 0.001. g, h T24 cells were infected with indicated
shControl, shCBX7 #1, shFGFR3 #1, or shCBX7 #1 + shFGFR3 #1 for 72 h. The puromycin were used to select shRNA-infected positive cells for
48 h. Then, cells were collected for CCK-8 assay (g) and colony formation assay (h). Data presented as the mean ± SD of three independent
experiments. Ns, not significant; **P < 0.01; ***P < 0.001. i–l T24 cells were infected with shControl, shCBX7 #1, shFGFR3 #1, or shCBX7
#1 + shFGFR3 #1 for 72 h. The puromycin were used to select shRNA-infected positive cells for 48 h. Then, cells were subcutaneously injected
into the flank of nude mice. The tumour image is showed in panel i, the tumour mass is shown in panel j, and the tumour growth curve is
indicated in panel k. The Ki-67 staining was performed in the tumour. Data present as mean ± SD with five replicates for panels j and k. Data
present as mean ± SD with three replicates for panel l. Ns not significant; ***P < 0.001.
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inhibitor (MK2206) abolished the cell proliferation changes
induced by knockdown or overexpression of CBX7 in BC cells
(Fig. 5e, f). These data suggest that CBX7 regulates BC tumour
growth through the PI3K–AKT pathway. It is worth noting that
overexpression of FGFR3 was responsible for the activation of the
PI3K–AKT pathway (Supplementary Fig. 4c). We found that

CBX7 silencing could not further increase the phosphorylation of
AKT after co-knockdown of FGFR3 in BC cells (Fig. 5g). Further-
more, knockdown of FGFR3 attenuated the inactivation of the
PI3K–AKT pathway after the overexpression of CBX7 in BC cells
(Fig. 5h). Together, our results indicate that the CBX7–FGFR3 axis
modulates the AKT signalling pathway in BC cells (Fig. 5i).
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The CBX7–FGFR3 axis modulates cisplatin resistance in BC
cells
Cisplatin-based adjuvant or neoadjuvant chemotherapy is the
standard treatment for patients with muscle-invasive and
metastatic BC [30]. Cisplatin treatment resulted in the hyper-
activation of AKT signalling in BC cells (Supplementary Fig. 5a),
which was consistent with the previous findings [31]. FGFR3
activates the PI3K–AKT pathway to promote cisplatin resistance
in BC [32]. Since CBX7 has been identified as the upstream
regulator of the FGFR3-AKT axis, we sought to determine the
role of CBX7 in regulating the sensitivity of BC to cisplatin. It is
not surprising that knockdown of FGFR3 decreased the IC50
values of cisplatin in both 5637 and T24 cells (Fig. 6a). Then, we
showed that overexpression of CBX7 also reduced the IC50
values of cisplatin in BC cells (Fig. 6b). In contrast, CBX7 silencing
increased the IC50 values of cisplatin, prevented cisplatin-
induced apoptosis and promoted cisplatin resistance in BC cells
(Fig. 6c–f and Supplementary Fig. 5b). Moreover, the nude
mouse study demonstrated that knockdown of CBX7 decreased
the antitumor effect of cisplatin in BC (Fig. 6g–i). Besides, we
have performed the colony formation assay after cisplatin
treatment for 7–10 days in shControl or shCBX7 T24 cells
(Supplementary Fig. 5c, d). Meanwhile, we established the nude
mice xenograft model with shControl or shCBX7 T24 cells. When
the volume of xenografts reached to 200 mm3, 20 mg/Kg of
cisplatin (once a day for 10 days) were administrated to the
nude mice (Supplementary Fig. 5e). The in vitro and in vivo
assessment indicated that knockdown of CBX7 reduced the
tumour cell kill effect in BC (Supplementary Fig. 5c–g). Further
study showed that knockdown of FGFR3 or treatment with an
AKT inhibitor (MK2206) attenuated the IC50 changes induced by
CBX7 silencing in 5637 and T24 cells (Fig. 6j, k). Besides, we
demonstrated that combination FGFR3 knockdown and treat-
ment with MK2206 could not significantly decreased more IC50
values of cisplatin compared to FGFR3 knockdown alone or
MK2206 treatment alone in 5637 and T24 (Supplementary
Fig. 5h). Taken together, our data indicate that the CBX7–FGFR3-
AKT axis plays a key role in modulating the sensitivity of BC to
cisplatin. Besides, we have detected the protein levels of FGFR3
and p-AKT after knocking-down EZH2 in cisplatin pre-treatment
BC cells. We demonstrated that EZH2 silencing decreased the
expression of FGFR3 and p-AKT in BC cells (Supplementary
Fig. 5i), which established the dependence of FGFR3 expression
and p-AKT on EZH2 activity.

DISCUSSION
FGFRs are receptor tyrosine kinases (RTKs) consisting of 2–3
extracellular immunoglobulin-like domains, a transmembrane
domain and an intracellular domain with tyrosine kinase activity
[33]. FGFRs are usually inactivated under normal conditions. In the
presence of natural ligands, FGFRs can form dimers and activate
multiple downstream signalling pathways to modulate cell

growth, differentiation, survival, angiogenesis and organogenesis
[34]. The abnormal expression and activation of FGFR family
members are closely related to the occurrence and development
of malignant tumours [35]. FGFR3 is a well-known FGFR and has a
high mutation rate in BC [36]. The active mutation of FGFR3 is
involved in tumour initiation, development, metastasis and
immune response in BC [37–39]. Although FGFR3 mutation is
important for the tumorigenesis and progression of BC, FGFR3
overexpression is also found in patients with BC. The regulatory
mechanism of FGFR3 is well-studied in cells [40]. Several
microRNAs, such as miR-701-3p [41], miR-99a [42], and miR-24-
3p [43], have been documented to regulate FGFR3 expression. In
addition, the ATF6 arm of the unfolded protein response (UPR) is
reported to lead to the overexpression of FGFR3 in chondrocytes
[44]. In this study, our results demonstrated that CBX7, a member
of the polycomb group family, transcriptionally represses the
expression of FGFR3 in BC cells. Owing to the hyperactivation of
the promoter region of CBX7, CBX7 was downregulated in BC cells,
which resulted in the high expression level of FGFR3 in BC.

The loss of CBX7 in malignant tumours is common. The
downregulation of CBX7 is positively correlated with the highly
aggressive property of cancer [45]. Similarly, we previously found
that CBX7 is downregulated in ccRCC, and low expression of CBX7
is associated with poor prognosis [17]. Here, we only investigated
the CBX7 expression level in BC by analysing the TCGA dataset or
patient samples from our hospital or tissue microarray. Consis-
tently, CBX7 was downregulated in bladder cancer tissues
compared to normal tissues. Studies have reported that many
factors contribute to the downregulation of CBX7 in cancer. It has
been documented that HMGA1 directly binds to the promoter
region of CBX7 to suppress CBX7 expression in breast cancer [46].
Meanwhile, CBX7 was also inhibited by several microRNAs, such as
miR-182, miR-183, miR-9 and miR-421 [47–49]. After analysing the
histone modification on the promoter region of CBX7, we found
that promoter methylation is a feature of CBX7. Promoter
methylation led to repressing target gene expression, which
might be the reason why CBX7 is lost in malignant tumours. Of
note, DNMT1 and DNMT3a induced the promoter hypermethyla-
tion contributes to the downregulation of CBX7 in BC cells [15]. In
consistent, our study demonstrated that EZH2-mediated
H3K27me3 was responsible for the downregulation of CBX7 in
BC cells. In addition, we previously showed that RNF26 was
upregulated in ccRCC and promoted CBX7 degradation. Thus, our
group explored the regulatory mechanism of CBX7 at the
transcriptional and post-transcriptional levels.

Resistance to cisplatin-based chemotherapy is one of the major
obstacles for prolonging the survival time of patients with
advanced BC. Several factors participate in modulating the
sensitivity of BC to cisplatin. Galluzzi et al. divided the mechanism
related to cisplatin resistance into four major parts, namely,
pretarget resistance, on-target resistance, post-target resistance
and off-target resistance [5]. Here, we are interested in the role of
FGFR3 in regulating the sensitivity of BC to cisplatin. The somatic

Fig. 5 CBX7 modulates BC cell proliferation via the FGFR3–PI3K–AKT signalling pathway. a KEGG enrichment analysis of RNA-seq data of
CBX7 from the 786-O cells (GSE185630). P values as indicated. b GSEA analysis of RNA-seq data of CBX7 from the 786-O cells (GSE185630). P
values as indicated. c 5637 and T24 cells were infected with indicated shControl, shCBX7 #1, or shCBX7 #2 for 72 h. Cells were harvested for
western blot analysis. d 5637 and T24 cells were transfected with EV (pcDNA3.1) or HA-CBX7 (6 ng) plasmids for 24 h. Cells were harvested for
western blot analysis. e 5637 and T24 cells were infected with indicated shControl, shCBX7 #1, or shCBX7 #2 for 72 h. Cells were treated with or
without MK2206 (5 μM) and subjected to CCK-8 assay simultaneously. Data present as mean ± SD with three replicates for panel l. Ns, not
significant; ***P < 0.001. f 5637 and T24 cells were transfected with EV (pcDNA3.1) or HA-CBX7 (6 ng) plasmids for 24 h. Cells were treated with
or without MK2206 (5 μM) and subjected to CCK-8 assay simultaneously. Data presents as mean ± SD with three replicates. Ns, not significant;
***P < 0.001. g 5637 and T24 cells were infected with shControl or shCBX7. After 24 h, cells were transfected with siNC or siFGFR3 for 48 h.
Then, cells were harvested for western blot analysis. h 5637 and T24 cells were transfected with siNC + EV, HA-CBX7 + EV, siFGFR3 + EV or
siFGFR3 + HA-CBX7 for 48 h. Then, cells were harvested for western blot analysis. i A model depicting that EZH2 mediated the H3K27
methylation on the promoter region of CBX7 to repress the expression of CBX7, and the downregulation of CBX7 directly inhibited the
expression of FGFR3 in bladder cancer cells.
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mutation of FGFR3 is a reasonable predictor of response to
cisplatin-based chemotherapy for MIBC [11, 50, 51]. Mechan-
istically, FGFR3 promotes cisplatin resistance by increasing the
phosphorylation of EGFR and subsequently activating the
PI3K–AKT signalling pathway [32]. Here, we explored the role of

the CBX7–FGFR3 axis in regulating the cisplatin response in BC
cells. Other top candidate genes (Supplementary Fig. 2d), such as
RB1, have been reported to be involved in regulating the
sensitivity of cisplatin to tumour [52–54]. Thus, the CBX7–FGFR3
axis might not be specific to the observed phenotype. However,
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FGFR3 can only be considered as one of the most important genes
for CBX7 to regulate cisplatin sensitivity. In this study, we
demonstrated that CBX7 sensitised BC cells to cisplatin by
repressing the expression of FGFR3 and inhibiting PI3K–AKT
signalling. Similarly, Huang et al. also examined the changes of
p-AKT after knockdown or overexpression of CBX7 in bladder
cancer cells. They found that silencing CBX7 increased the p-AKT
in 5637 cells, and overexpression of CBX7 decreased the p-AKT in
T24 cells, which is consistent with our findings. However,
overexpression of CBX7 did not change the p-AKT in UMUC-3
cells, and it indicated that the CBX7-AKT signalling might be cell-
line dependent [15]. Meanwhile, we also determined the
regulatory mechanism of CBX7 in cancer cells, which provides a
clue for developing chemosensitization strategies for BC in the
future.

CONCLUSIONS
Collectively, we showed that CBX7 is downregulated in BC partially
due to promoter hypermethylation. EZH2 represses CBX7 expres-
sion by increasing H3K27me3 in BC cells. We also demonstrated
that CBX7 directly downregulated FGFR3 expression and sensi-
tised BC cells to cisplatin treatment. By studying the role of CBX7
in bladder cancer, we not only identified the mechanism by which
CBX7 inhibits the progression of bladder cancer but also collected
evidence suggesting that CBX7 is an ideal candidate to overcome
cisplatin resistance in BC.
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