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Abstract
Rb1-inducible coiled-coil 1 (RB1CC1) has been demonstrated to function as an inhibitor of proline-rich/Ca-activated tyrosine 
kinase 2 (PYK2) by binding to the kinase domain of PYK2, which promotes the proliferation, invasion, and migration of 
renal cell carcinoma (RCC) cells. Additionally, in breast cancer, PYK2 positively regulates the expression of transcriptional 
co-activator with PDZ-binding motif (TAZ) which in turn can enhance PDL1 levels in breast and lung cancer cells. The 
current study was performed to decipher the impact of RB1CC1 in the progression of RCC via regulation of the PYK2/TAZ/
PDL1 signaling axis. Expression of RB1CC1 and PYK2 was quantified in clinical tissue samples from RCC patients. The 
relationship between TAZ and PYK2, TAZ and PDL1 was then validated. The cellular processes of doxorubicin (DOX)-
induced human RCC cell lines including the abilities of proliferation, colony formation, sphere formation and apoptosis, as 
well as the tumorigenicity of transfected cells, were evaluated after the alteration of RB1CC1 expression. RB1CC1 exhibited 
decreased expression in RCC tissues and was positively correlated with patient survival. RB1CC1 could inhibit the activity 
of PYK2, which in turn stimulated the stability of TAZ protein by phosphorylating TAZ. Meanwhile, TAZ protein activated 
PDL1 transcription by binding to the promoter region of PDL1. RB1CC1 overexpression or PYK2 knockdown could help 
everolimus (EVE) to inhibit tumor proliferation and activate immune response. Taken together, RB1CC1 can potentially 
augment the response of RCC cells to immunotherapy by suppressing the PYK2/TAZ/PDL1 signaling axis.
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Introduction

Renal cell carcinoma (RCC) is the most prevalent adult 
renal malignancy, accounting for 85% of all renal tumors, 
while incidence continues to increase with the development 
of improved diagnostic imaging techniques in recent years 
[1]. RCC is often first detected as an organ-specific disease, 
locally advanced, metastatic to locoregional lymph nodes 
at the point of diagnosis [2]. Early diagnosis is extremely 
important for treating kidney cancer [3]. Systemic treat-
ments for metastatic RCC have improved in recent years, 
with immune checkpoint inhibitors therapies being gradually 
recognized to improve the survival of patients [4]. Immu-
notherapy has recently been regarded as an important treat-
ment for patients with solid tumors [5]. However, therapeutic 
resistance to immunotherapy in the tumor microenvironment 
can dramatically reduce the effectiveness of this treatment 
[6]. Therefore, it is necessary to improve our understanding 
of immunotherapies.

Rb1-inducible coiled-coil 1 (RB1CC1) is a recently 
identified tumor suppressor [7–9], which is involved in 
various cellular processes including growth, differentiation, 

proliferation, apoptosis, and autophagy [10]. Targeting 
RB1CC1 is an effective therapeutic strategy for various 
human cancers including clear cell renal carcinoma [11] 
and breast cancer [9]. The loss of nuclear RB1CC1 results 
in a significantly worse prognosis for patients with salivary 
gland cancers [12]. However, how RB1CC1 functions in the 
development of RCC remains poorly understood.

Downregulation of RB1CC1 leads to apoptosis of glio-
blastoma and microvascular endothelial cells by enhancing 
proline-rich/Ca-activated tyrosine kinase 2 (PYK2) activity 
[13]. PYK2 is a member of the non-receptor tyrosine kinase 
family, which regulates its downstream signaling by catalyz-
ing protein phosphorylation [14]. PYK2 has been reported 
to promote survival, proliferation, migration, invasion, and 
metastasis of cancer cells [15]. For example, overexpression 
of PYK2 promotes the proliferation, invasion, and migra-
tion of RCC cells and reduces their rates of apoptosis [16]. 
In addition, PYK2 activity promotes the invasion of breast 
cancer through positive feedback regulation in breast can-
cer [17]. PYK2 enhances tumorigenesis of lung and brain 
cancers [18, 19]. PYK2 is capable of enhancing the tyrosine 
phosphorylation of transcriptional co-activator with PDZ-
binding motif (TAZ) and promoting the TAZ stability in 
the context of triple-negative breast cancer [20]. TAZ is 
a mitochondrial enzyme, which transfers fatty acids from 
phospholipids to lysophospholipids and has been linked 
with tumor progression [21, 22]. TAZ expression is upregu-
lated in RCC where it is thought to be involved in density-
dependent nuclear or cytosolic translocation [23]. A direct 
protein–protein interaction between PYK2 and TAZ in the 
Hippo signaling pathway has been identified [20], which has 
been reported to regulate the expression of programmed cell 
death ligand 1 (PDL1) in RCC cells [24]. PDL1 is involved 
in immune evasion in various tumor types [25], meaning it 
is unsurprising that PDL1 is regarded as a novel prognostic 
marker for RCC [26]. In this study, we aimed to investigate 
the clinical significance of RB1CC1 in RCC and to explore 
the mechanisms by which RB1CC1 suppresses the develop-
ment of RCC.

Materials and methods

Ethics statement

The study protocol was approved by the Medical and Clini-
cal Research Ethics Committee of the First Affiliated Hos-
pital, University of South China and performed in strict 
accordance with the Declaration of Helsinki. All partici-
pants signed consent documentation. Animal experimental 
procedures were in line with the animal care guideline of 
National Institutes of Health. Great efforts were made to 
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minimize the number of animals used in the experiments 
and their discomfort.

Microarray‑based gene expression profiling

Gene Expression Omnibus (GEO) database (https://​www.​
ncbi.​nlm.​nih.​gov/​geo/) was initially used to retrieve data-
sets related to RCC, and GSE6344 was obtained, which 
included 10 normal samples and 10 RCC samples, with the 
platform of GPL96. “Limma” package of R language was 
applied for differential analysis of mRNA expression in RCC 
and normal samples with |logFC|> 2, p value < 0.05 set as 
the screening criteria. Heatmaps were constructed using R 
“pheatmap” package. In addition, the UALCAN database 
(http://​ualcan.​path.​uab.​edu/​analy​sis.​html) was utilized to 
analyze the expression of RB1CC1 in RCC patients, as well 
as its correlation with the survival of RCC patients [27]. The 
specific procedures are outlined here (http://​ualcan.​path.​uab.​
edu/​tutor​ial.​html#​step2b). Clinical data of patients in XML 
format were parsed with the use of Perl script to obtain, (1) 
patient vital status (Dead/Alive), (2) if the patient is alive, 
then “days_to_last_follow_up” from most recent follow-up, 
and (3) if the patient is dead, then “days_to_death”. Overall 
survival analysis was conducted using only patients with 
survival data and gene expression data from RNA-seq. As 
for each gene, a tab separated input file was created with 
the use of columns for the Cancer Genome Atlas (TCGA) 
sample ID, Time (days_to_death or days_to_last_follow_
up), Status (Alive or Dead), and Expression (high, low, or 
medium expression). Samples were subsequently divided 
into two groups: (1) high expression (with transcripts per 
million [TPM] values above upper quartile) and (2) low/
medium expression (with TPM values below upper quartile). 
A Kaplan–Meier survival plot was constructed for every 
gene in each TCGA cancer type with the use of “survival” 
package and “survminer” package. Finally, the survival 
curve of samples with high, low, or medium gene expression 
was compared by means of the log-rank test. The detailed 
clinical information of RCC patients in the TCGA database 
is shown in Supplementary Table 2.

Clinical sample collection

Five patients with RCC who underwent surgery from June 
2018 to June 2019 were enrolled in this study; 2 males 
and 3 females, aged 26—61 years, with an average age of 
43.06 ± 8.92 years. Both cancer tissues and adjacent normal 
tissues (serving as controls) were collected. All patients did 
not receive anti-tumor treatment before surgery. RCC was 
confirmed by postoperative pathological sections. Patients 
with distant metastases and cachexia were not included.

Immunohistochemistry

Paraffin sections of clinical tissues were dewaxed, dehy-
drated with gradient alcohol and immersed in 3% metha-
nol H2O2 for 20 min. Normal goat serum blocking solu-
tion (C-0005, Shanghai Haoran Bio Technologies Co., 
Ltd., Shanghai, China) was added to the tissue sections, 
which was placed at room temperature for 20 min and then 
immunostained with primary rabbit anti-human antibodies 
(Abcam Inc., Cambridge, UK) against Ki67 (ab16667) and 
CD3/CD8 (ab4055; 1: 200) overnight at 4℃. The follow-
ing day, the sections were then subjected to another incu-
bation with secondary antibody goat anti-rabbit immuno-
globulin G (IgG) (ab6785, 1: 1000, Abcam) at 37℃ for 
20 min, and with streptavidin protein working solution 
(0343-10000U, Emerald Biotechnology Co., Ltd., Bei-
jing, China) labeled with horseradish peroxidase at 37℃ 
for 20 min. Next, the sections were developed using diam-
inobenzidine (DAB) (ST033, Guangzhou Weijia Technol-
ogy Co., Ltd., Guangzhou, China), counter-stained with 
hematoxylin (PT001, Shanghai Bogoo Biotechnology Co., 
Ltd., Shanghai, China) for 1 min and then treated with 1% 
ammonia hydroxide. The sections were then dehydrated 
with gradient alcohol, cleared using xylene and mounted 
with neutral gum. The sections were finally observed and 
photographed under a microscope with 5 high-power field 
of view randomly selected from each section according to 
the system. A total of 100 cells were counted in each field.

Cell transfection

The RCC cell lines A498 and ACHN purchased from 
American Type Culture Collection (ATCC; Manassas, 
VA, USA) were cultured in Roswell Park Memorial Insti-
tute (RPMI)-1640 medium (Thermo Fisher Scientific 
Inc., Waltham, MA, USA) containing 10% fetal bovine 
serum (FBS) (Thermo Fisher Scientific Inc.), 10 μg/mL 
streptomycin, and 100 U/mL penicillin at 37℃ under 5% 
CO2. Cells in the logarithmic growth phase were seeded 
in six-well plates at a density of 1 × 105 cells/well. After 
24 h in culture, cells were transfected with 3 μg pLVX-
TetOne-Puro control plasmid or plasmid expressing 
RB1CC1 according to the instructions of Lipofectamine 
2000 reagents (Invitrogen, Carlsbad, CA, USA). After 24 h 
of transfection, the medium was replaced with a complete 
one. After 24 h, the medium containing the recombinant 
virus was collected, filtered, and added with polybrene 
at a final concentration of 8 µg/mL (with the virus titer 
of 1 × 109TU/mL) to infect A498 and ACHN cells. The 
infected cells were sieved with 0.5 g/mL puromycin for 
7 days. The detailed information about RB1CC1 DOX-
induced plasmid is shown in Supplementary Table 1.

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
http://ualcan.path.uab.edu/analysis.html
http://ualcan.path.uab.edu/tutorial.html#step2b
http://ualcan.path.uab.edu/tutorial.html#step2b
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Reverse transcription quantitative polymerase 
chain reaction (RT‑qPCR)

Total RNA was extracted using the TRIzol reagent 
(15,596,026, Invitrogen, Carlsbad, CA, USA) and then 
reverse transcribed into complementary DNA (cDNA) 
using a PrimeScript RT reagent Kit (RR047A, Takara, 
Tokyo, Japan) as per the manufacturer’s protocol. RT-
qPCR was then conducted using the Fast SYBR Green PCR 
reagents (Applied Biosystems, Carlsbad, CA, USA) on an 
ABI PRISM 7300 RT-qPCR system (Applied Biosystems). 
All analyses were completed in triplicate. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as an inter-
nal reference to analyze the relative expression of RB1CC1 
and PDL1 gene by the 2−ΔΔCt method. The primers used are 
shown in Supplementary Table 3.

Western blot analysis

A total of 1 × 106 cells in each group were trypsinized and 
lysed with enhanced radioimmunoprecipitation assay (RIPA) 
lysis buffer (Boster Biological Technology Co., Ltd., Wuhan, 
China) containing protease inhibitor, followed by detection 
of protein concentration with a bicinchoninic acid (BCA) 
protein quantification kit (Boster). Then, 15 µL of protein 
was separated using 10% sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS-PAGE) followed by 
transfer onto a polyvinylidene fluoride (PVDF) membrane. 
The membrane was blocked with 5% bovine serum albumin 
(BSA) at room temperature for 2 h to block non-specific 
binding and incubated at 4℃ overnight with the diluted 
rabbit primary antibodies RB1CC1 (ab176816) p-PYK2 
(ab16667), PYK2 (ab32571), TAZ (ab224239), β-actin 
(ab8227), HA (ab9110), Myc (ab32072), PDL1 (ab205921), 
and tyrosine phosphorylated antibody (Phosphotyrosine, 
ab179530), (all 1: 500; Abcam), as well as. Phospho-YAP/
TAZ (Ser127, #13,008: 1: 500; Cell Signaling Technolo-
gies, Danvers, MA, USA). The next day, after washing, the 
membrane was subjected to another incubation with horse-
radish peroxidase (HRP)-labeled secondary antibody goat 
anti-rabbit (ab205719, 1: 2000, Abcam) at room tempera-
ture for 1 h. Enhanced chemiluminescence (ECL) working 
solution (EMD Millipore, Billerica, MA, USA) was used 
to visualize the immunocomplexes on the membrane, and 
Image J analysis software was used to quantify protein band 
intensity, with β-actin used as an internal reference.

Terminal deoxynucleotidyl transferase‑mediated 
dUTP‑biotin nick end labeling (TUNEL) assay

Cell slides were prepared, in which approximately 5 × 107 
cells were seeded, washed, then fixed in PBS containing 4% 
formaldehyde for 30 min, added with Triton X-100 (1%), 

and then soaked in 3% hydrogen peroxide for 10 min. Next, 
the cells were incubated with TdT labeling solution (C1086, 
Beyotime Biotechnology Co., Shanghai, China) for 1 h at 37 
°C. Following washing, the cells were incubated with 100 
μL staining buffer solution for 30 min in the dark and stained 
with 4′,6-diamidino-2-phenylindole (DAPI).

Cell counting kit‑8 (CCK‑8) assay

RCC cells in the logarithmic growth phase were seeded in 
96-well plates at a density of 1 × 104 cells per well for 24 h 
of pre-culture. Then the cells were transfected according to 
grouping for 48 h. Then 10 μL of CCK-8 reagent (C0037, 
Beyotime) was added to the cells at 0, 24, 48, and 72 h after 
transfection, and incubated at 37 °C for 3 h. Next, the opti-
cal density (OD) values at 450 nm were determined using a 
microplate reader. The value was proportional to the number 
of proliferated cells in the culture medium, and a cell growth 
curve was plotted.

Immunofluorescence

Cells were cultured and incubated overnight in six-well 
plates containing acid-treated coverslips. Triton X-100 
(0.2%) was added to the cells for 10 min. Then the coverslips 
were blocked in 3% FBS for 30 min, followed by incuba-
tion with primary antibodies. The slides were then washed, 
incubated with fluorescently tagged secondary antibodies, 
and stained with DAPI.

Xenograft tumor formation assay

Healthy 6–8-week-old nude mice (Beijing Institute of Phar-
macology, Chinese Academy of Medical Sciences, Beijing, 
China) were separately housed in a specific pathogen-free 
(SPF) animal laboratory with humidity of 60%–65% and 
temperature of 22 °C—25 °C under a 12-h light/dark cycle, 
and given ad libitum access to food and water. Mice were 
subjected to experiments after one week of adaptive feed-
ing. Mice were randomly divided into 7 groups, 8 animals 
in each group. A total of 5 × 106 A498i cells with Matrigel 
were injected subcutaneously into the mice. After 7 weeks, 
mice were euthanized, and tumors removed. Next the tumor 
tissues were dehydrated, paraffin-embedded, and cut into 
4-μm-thick sections, which were subjected to immuno-
histochemistry for Ki67 expression detection and TUNEL 
staining.

Luciferase assay

The luciferase reporter element for PDL1 promoter (nucle-
otide residue positions: −221 to + 21) was constructed, 
followed by the detection of the luciferase reporter gene 
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following the instructions of a dual luciferase reporter gene 
analysis system (Promega, Madison, WI, USA). Renilla 
luciferase was used as a reference gene. The luciferase activ-
ity of the target reporter gene was measured by calculating 
the ratio of the relative luciferase (RLU) activity of the Fire-
fly luciferase to that of Renilla luciferase.

Site‑directed mutagenesis and plasmid construction

Site-directed mutagenesis was conducted with the use of 
overlapping PCR. Briefly, mouse TAZ and TEAD4 cDNAs 
were synthesized by reverse transcription from E10 cells. 
For transient gene expression, cDNAs were cloned into 
pCDNA3.1, while for inducible overexpression, cDNAs 
were cloned into a puromycin-resistant modified pTRIPZ. 
Stable overexpression constructs were created in a HA-
tagged and hygromycin-resistant modified whey protein 
isolate (WPI). Lentivirus production or infection was per-
formed using the method described previously. In order to 
create human PDL1 promoter reporter, nucleotides 221–þ21 
were amplified by RT-qPCR from HeLa cell genomic DNA 
(gDNA) and cloned into pGL3-basic. Additionally, mouse 
PDL1 promoter (nucleotides 1723–þ220) was constructed 
by applying the gDNA extracted from C57BL/6 mice. The 
deletion in the promoter reporters was performed with the 
overlapping PCR.

Cell treatment

HEK293 cells were transfected with packaging plasmids 
(psPAX2 and pMD2.G) and pLVX-TetOne-Puro expression 
plasmid vectors of RB1CC1, PDL1 or short hairpin RNA 
targeting TAZ (sh-TAZ), respectively. Twenty-four hours 
after transfection, cells were plated in fresh medium for 
24 h. After the recombinant virus-containing medium was 
filtered, the target cells were infected with polypentadiene 
(8 mg/mL). After 48 h of infection, the cells were treated 
with puromycin (0.5 mg/mL) for 7 days, and the positive 
target cells were selected.

Co‑immunoprecipitation (Co‑IP) assay

A total of 1 × 107 cells from each group were lysed in lysis 
buffer (50 mM Tris–HCl [pH 7.4], 150 mM NaCl, 10% 
glycerol, 1 mM ethylenediamine tetraacetic acid (EDTA), 
0.5% NP-40, and protease inhibitor mixture, and cell debris 
was removed by centrifugation. The cleared cell lysate was 
incubated with 1 μg of the corresponding primary antibody 
and 15 μL of Protein A/G beads (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA) for 2 h, and washed thoroughly. The 
beads were boiled at 100 °C for 5 min.

Sphere formation assay

Cells were seeded in a six-well plate at a density of 2,000 
cells/well and cultured in Dulbecco’s modified Eagle’s 
medium (DMEM)/F12 (Thermo Fisher Scientific Inc.) sup-
plemented with 20 ng/mL endothelial growth factor (EGF) 
(Thermo Fisher Scientific Inc.) and 10 ng/mL basic fibro-
blast growth factor (bFGF) (Thermo Fisher Scientific Inc.). 
After 2 weeks in culture, spheres larger than 50 μm in diam-
eter were counted under an inverted microscope.

Colony formation assay

Cells were seeded in a six-well plate at a density of 
500–1000 cells/well, accompanied with the dilution of cell 
suspension. Each reaction was run in triplicate. Cells were 
cultured in complete medium containing 30% FBS. The 
morphology of seeded cells was observed every 3 days with 
culture solution renewed. Colony formation was observed 
under a microscope and then imaged. Subsequently, 1 mL 
of 4% paraformaldehyde was added to each well, after which 
the cells were stained with 1,000 μL of crystal violet solu-
tion for 2 min.

Chromatin immunoprecipitation (ChIP)

Cells that had reached 70%–80% confluence were fixed by 
immersion in 1% formalin at room temperature for 10 min 
to produce DNA–protein cross-linking. Next, the cells were 
subjected to ultrasonic treatment to produce chromatin frag-
ments, 10 s each time at intervals of 10 s, with a total of 
15 cycles. After centrifugation at 13,000 rpm and 4℃, the 
supernatant was collected and divided into two tubes, which 
were incubated with rabbit antibody to IgG (ab109489, 1: 
100, Abcam) serving as negative control (NC) and target 
rabbit antibody to TAZ (ab242313, 1: 100, Abcam) at 4 
°C overnight. Thereafter, Protein Agarose/Sepharose was 
used to precipitate the endogenous DNA–protein complex. 
After a brief centrifugation and removal of the non-specific 
complex, the DNA–protein complex was incubated at 65 
°C overnight to relieve the cross-linking. Phenol/chloroform 
was then used to extract the obtained DNA fragments. Sub-
sequently, detection on the binding between TAZ and PDL1 
was conducted with the PDL1 promoter specific primer [28].

Statistical analysis

GraphPad Prism 6.0 (IBM SPSS Statistics, Chicago, IL, 
USA) was used for data statistical analysis. The measure-
ment data were expressed as mean ± standard deviation 
throughout this study. Data between two groups were 
compared using unpaired t test, and those among multiple 
groups were compared using one-way analysis of variance 
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(ANOVA) or repeated measures ANOVA, followed by a 
Tukey’s post hoc test for multiple comparisons. Log-rank 
test was used for univariate analysis, and Pearson correla-
tion analysis was used to analyze the correlation of indi-
cators. p < 0.05 was regarded as statistically significant.

Results

RB1CC1 is an effective clinically relevant tumor 
suppressor gene for RCC​

Differential gene expression analysis on the RCC-related 
expression dataset GSE6344 revealed lower RB1CC1 
expression in RCC samples when compared to normal 
samples (Fig. 1a). It is therefore likely that RB1CC1 may 

Fig. 1   RB1CC1 is an effective RCC tumor suppressor gene. A, A 
heat map highlighting the top 10 differentially expressed genes in 
the GSE6344 dataset. B. The expression of RB1CC1 mRNA in RCC 
tumor and adjacent normal tissue samples in TCGA. C, Western blot 
analysis of RB1CC1 protein in the RCC tissues (n = 5) and adjacent 
normal tissues (n = 5). T represents the tumor, and P–T represents the 
adjacent normal tissues. D, mRNA expression of RB1CC1 in RCC 
tissues (n = 5) and adjacent normal tissues (n = 5). E, Kaplan–Meier 
analysis of the survival curve of patients with high or low RB1CC1 
expression was conducted using the UALCAN database (http://​
ualcan.​path.​uab.​edu/​analy​sis.​html). The red line indicates the RCC 
patients with high RB1CC1 expression (expression cutoff 25%), and 

the blue line indicates the RCC patients with low RB1CC1 expres-
sion (expression cutoff 75%). F, Western blot analysis of the RB1CC1 
expression in the A498i and ACHNi cells. The antibody was shown 
in the figure. G, Cell viability of A498 and ACHN cells measured 
by CCK-8 assay. For DOX-inducible expressing cell lines A498 and 
ACHN, DOX (1 µg/mL) and DMSO (DOX lysing agent) were added, 
and cell viability was measured as shown in the figure. H, R A498 
and ACHN colony-forming ability determined using colony forma-
tion assay. I—J, A498 and ACHN sphere-forming ability determined 
using sphere formation assay. Data between RCC tissues and adjacent 
normal tissues were compared with paired t test, while those between 
the other two groups were compared with unpaired t test. * p < 0.05

http://ualcan.path.uab.edu/analysis.html
http://ualcan.path.uab.edu/analysis.html
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be a tumor suppressor gene in RCC. Next, using the UAL-
CAN website (http://​ualcan.​path.​uab.​edu/​analy​sis.​html), we 
focused on RCC data from the TCGA database and found 
that the mRNA expression of RB1CC1 was also lower in 
tumor tissues than that in adjacent normal tissues (Fig. 1b). 
Clinical samples confirmed that RB1CC1 had higher protein 
and mRNA levels in adjacent normal tissues than in cancer 
tissues (Fig. 1c, d). In the UALCAN website, we also found 
that patients with high RB1CC1 expression had longer sur-
vival (Fig. 1e). The above data indicated that RB1CC1 was 
a clinically relevant tumor suppressor gene in RCC.

To verify the tumor suppressor function of RB1CC1, 
RB1CC1 was aberrantly expressed in human RCC cell lines. 
Human RCC cell lines A498 and ACHN were employed 
for the establishment of cell models induced by doxoru-
bicin (DOX) (as DOX-induced A498 and ACHN cell lines) 
(Fig. 1f). After the expression of RB1CC1 was restored, a 
downward trend was evident in the proliferation rate of A498 
and ACHN cells, while the ability to form colonies and the 
rate of sphere-forming formation also decreased (Fig. 1g-j). 
In summary, RB1CC1 was a functional and clinically rel-
evant tumor suppressor gene for RCC.

RB1CC1 suppresses the PYK2 activity in RCC cells

In order to explore the correlation between RB1CC1 and 
PYK2 in RCC, we over-expressed PYK2 in DOX-induced 

A498i and ACHNi cell lines (Fig. 2a). Overexpression 
of PYK2 reversed the decreased cell proliferation rate of 
A498 and ACHN (Fig. 2b, c), sphere-forming rate (Fig. 2d, 
e), and colony-forming capability (Fig. 2F) caused by 
RB1CC1 overexpression. The above data indicated that a 
regulatory relationship between PYK2 and RB1CC1 was 
present in RCC, probably through a direct interaction.

The above experiments had clarified the regulatory 
relationship between PYK2 and RB1CC1 in RCC; we 
then proceeded to further study the molecular mechanism 
between PYK2 and RB1CC1. We assessed whether an 
interaction between PYK2 and RB1CC1 is present, con-
firming that, as expected, these two proteins did physically 
interact (Fig. 3a), and demonstrating that this interaction 
occurred in the C-terminal of RB1CC1 (Fig. 3b, c). Previ-
ous experimental data indicated that RB1CC1 and PYK2 
are negatively correlated in RCC. Therefore, we investi-
gated whether RB1CC1 inhibited PYK2 activity. E4Y1 
was used as a foreign substrate for measuring PYK2 activ-
ity in the presence of different doses of GST-CT-RB1CC1 
and GST in cells [29]. RB1CC1 inhibited PYK2 activ-
ity in a dose-dependent manner (Fig. 3d). At the protein 
level, based on the PYK2 protein phosphorylation induced 
by sorbitol, overexpression of both C-terminal and full-
length RB1CC1 inhibited the protein phosphorylation 
level of PYK2, although no effect was observed when just 
the N-terminal of RB1CC1 was expressed (Fig. 3e). The 
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aforementioned data supported the notion that RB1CC1 
could inhibit PYK2 activity.

PYK2 promotes TAZ protein stability via increase 
in TAZ phosphorylation

Reanalysis of TCGA data from RCC identified that TAZ 
mRNA expression in tumor tissues was higher than adja-
cent normal tissues (Fig. 4a). Meanwhile, we found that the 
expression of TAZ was negatively associated with the sur-
vival of RCC patients (Fig. 4b). It is therefore likely that 
TAZ may be an oncogene in RCC. To further verify the 
function of TAZ in RCC, we knocked down TAZ expres-
sion in human RCC cell lines. We selected human RCC cell 
lines A498 and ACHN, followed by the establishment of 
DOX-induced A498 and ACHN cell lines silencing TAZ 
expression (A498shi and ACHNshi) (Fig. 4c). Following 
TAZ knockdown, the proliferation rate and the ability of col-
ony forming of A498shi and ACHNshi cells were reduced 
(Fig. 4d, e). This indicated that TAZ might promote the 
growth of RCC cells.

Since previous data showed that PYK2 was an oncogene 
in RCC, we further analyzed the correlation between PYK2 
and TAZ. Results of TCGA-based analysis found that TAZ 
and PYK2 mRNA expression were positively correlated 

(Fig. 4f). Next, we examined the interaction between PYK2 
and TAZ at the protein level. Overexpression of PYK2 in 
A498 and ACHN was found to increase the total amount 
of TAZ protein (Fig. 4g). Furthermore, 293 T cells were 
co-transfected with PCDNA3.1-HA-PYK2 and PCDNA3.1-
Myc-TAZ, with the GFP plasmid used as a control. As 
shown in Fig. 4h, the tyrosine residues of TAZ were phos-
phorylated in the presence of PYK2. The above data indicate 
that PYK2 enhances TAZ protein stability.

PYK2 promotes TAZ‑mediated transcription of PDL1 
in RCC cells

We further explored the regulatory role TAZ and PYK2 
have on PDL1 protein expression in RCC. Knocking down 
of TAZ in A498shi and ACHNshi cell lines reduced PDL1 
mRNA and protein levels (Fig. 5a, b), while overexpression 
of PYK2 increased PDL1 protein expression (Fig. 5c), sug-
gesting TAZ and PYK2 promoted PDL1 expression in RCC 
cell lines. Since TAZ is a transcription factor, we adopted a 
ChIP-PCR-based approach to confirm that TAZ bound to the 
promoter region of PDL1 (Fig. 5d). We further constructed a 
PDL1 promoter (nucleotide residue positions −221 to + 21), 
a luciferase reporter element, and found that WT of TAZ 
proteins with binding ability at the transcriptional region 
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could activate PDL1 promoter activity, while this effect 
was not observed in the MUT of TAZ (F52/53A) or a TAZ 
without C-terminal transcriptional co-activation domain—
Δ227 (Fig. 5e). By deleting mutations in the PDL1 promoter 
region, we found that the TAZ-PDL1 promoter binding 
region was −101 to −39 (Fig. 5f). The above data indicated 
that PYK2 promoted TAZ-dependent transcription of PDL1 
in RCC cells.

RB1CC1 enhances the effect of immunotherapy 
treatment by inhibiting PDL1 transcription

The data highlighted in Fig. 3 showed that RB1CC1 inhib-
ited PYK2 activity. After ectopic expression of RB1CC1 
in A498i and ACHNi cell lines, it was found that RB1CC1 
overexpression reduced the PDL mRNA levels (Fig. 6a) 
and protein levels of PDL1, PYK2 and TAZ (Fig. 6b). This 
suggested that ectopic expression of RB1CC1 could poten-
tially clinically improve the effectiveness of immunotherapy 

treatment in RCC patients. To test this hypothesis, nude mice 
were injected with A498i cells subcutaneously and randomly 
divided into two groups, a DOX + group (fed with food and 
drinking water containing DOX) and a DOX- group (fed 
with normal food and drinking water). After ten days, mice 
in both groups received everolimus (EVE) treatment. Mice 
in the DOX + group responded to EVE treatment to a sig-
nificantly greater extent to the nude mice in the DOX-group, 
with the tumor growth rate and tumor weight of mice in 
the DOX + group being significantly lower than in the EVE 
group (Fig. 6c-e). At the same time, immunohistochemistry 
staining also showed that the expression of RB1CC1 could 
help EVE to suppress tumor proliferation and also activate 
immune response (Fig. 6f).

PYK2 provides a clinical target for RCC​

The above experiments showed that ectopic expression 
of RB1CC1 could clinically improve the effectiveness 
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the TAZ phosphorylation. A, TAZ mRNA levels in RCC and adja-
cent normal tissues obtained from the TCGA database. The red box 
indicates the expression in tumor samples, and the gray box indicates 
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of immunotherapy on RCC patients. However, it was 
difficult to achieve ectopic expression of RB1CC1 clini-
cally. Therefore, it was necessary to find a method that 
could replace the ectopic expression of RB1CC1 and was 
suitable for clinical use to improve the effectiveness of 
immunotherapy for RCC patients. The aforesaid results 
proved that RB1CC1 inhibited PYK2 activity, indirectly 
inhibiting TAZ protein activity, resulting in a decrease 
in TAZ and reduction in PDL1 transcriptional activity. 
Therefore, the A498 cell line that constructed the PDL1 
protein induced by DOX was named A498-PDL1 (Fig. 7a). 
Nude mice were injected with A498-PDL1 cells subse-
quently and received EVE, PF-562,271 (FAK/PYK2 
inhibitor), combined treatment of EVE + PF-562,271 or 
the combined treatment of EVE + PF-562,271 + DOX. The 

tumor growth rate, volume, and weight of nude mice in the 
combined treatment group were lower than those in the 
EVE treatment group. At the same time, the restoration 
of PDL1 expression would reduce the promoting effect of 
PF-562,271 on immunotherapy (Fig. 7b-d). Immunohis-
tochemistry analysis also showed that inhibition of PYK2 
could help EVE inhibit tumor proliferation and activate the 
immune response, while restoring PDL1 expression would 
impair the effects of PYK22 on EVE treatment (Fig. 7e). 
These results showed that PF-562,271 could replace the 
ectopic expression of RB1CC1 and improved the effec-
tiveness of immunotherapy for RCC patients for immuno-
logical drugs and that this promotion effect was caused by 
inhibition of PDL1 transcription.
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Discussion

RCC is one of the prevalent lethal urologic cancers [30]. 
RCC is the most common adult renal malignancy, account-
ing for 2.4% of adult malignancies worldwide. In recent 
decades, the incidence of RCC has increased significantly 
[31]. RCC has high risks of malignancy and metastasis, is 
always asymptomatic and has regularly metastasized prior 
to being diagnosed [32, 33]. Even though several targeted 
drugs currently being used to treat RCC, chemotherapy 
and radiotherapy still remain unsuccessful [34]. Therefore, 
finding new effective treatment methods and targets is of 
significant clinical interest. In this study, we investigated 
the mechanism of RB1CC1 and PYK2 underlying RCC. 
We provided evidence that RB1CC1 inhibited PYK2 activ-
ity to reverse the effect of TAZ on PDL1 transcriptional 
activation in RCC.

Our study first revealed that RB1CC1 was an effective 
clinically relevant tumor suppressor gene for RCC, mani-
fested by its lower expression in RCC tissues than that in 
adjacent normal tissues, and its positive correlation with 
the longer survival time of RCC patients. Similar to our 
findings, RB1CC1 has been indicated to be an independ-
ent prognostic indicator for prostate cancer [35]. RB1CC1 
expression was detected to be significantly lower in urine 
sediment of patients with diabetic kidney disease than 
control individuals [36]. Overexpression of RB1CC1, 
when combined with RB1 and p53 status, can help clini-
cal practice and provide future therapies for breast can-
cer [7]. Prostate stem cell antigen (PSCA) inhibits tumor 
growth of esophageal squamous cell carcinoma by binding 
to RB1CC1 [37]. We also found that PF-562,271 could 
replace the ectopic expression of RB1CC1 and therefore 
functioned as a PYK2 inhibitor. Similar with our findings, 
the combination of sunitinib and PF-562,271 TKI may 
help to alleviate the angiogenesis and tumor aggressive-
ness of hepatocellular carcinoma [38].

In addition, the activity of PYK2 in RCC cells was 
inhibited by RB1CC1, and RB1CC1 and PYK2 were 
negatively correlated in functional correlation in RCC. 
Similarly, downregulation of endogenous focal adhe-
sion kinase (FAK) family interacting protein of 200 kD 
(FIP200), also known as RB1CC1, in glioblastoma tumor 
cells, astrocytes, and brain microvessel endothelial cells 
can promote tumor cell apoptosis for removing its inhibi-
tion on PYK2 activation [13]. More importantly, RB1CC1 
has been previously reported to bind to the kinase domain 
of PYK2 and thus inhibit its kinase activity [39]. Moreo-
ver, the results obtained from our present study indicated 
that PYK2 was highly expressed in RCC, and furthermore, 
PYK2 could promote the proliferation of RCC cell lines, 

and existed as a proto-oncogene in RCC. Consistently, a 
recent study presented higher PYK2 expression in RCC 
tissues compared with paired adjacent normal tissues, and 
the tumor-promoting function of PYK2 in RCC due to its 
role in stimulating tumor cell proliferation, invasion, and 
migration [14]. Moreover, the high expression of PYK2 is 
associated with the reduced survival in patients with pure 
human epidermal growth factor receptor 2 (HER2) breast 
cancer [40]. Microglial cells can activate the migration/
dispersal of glioma cells by PYK2 signaling pathway in 
glioma cells [41]. High expression of PYK2, especially 
peritumoral Pyk2, can result in poor survival, disease 
recurrence, and metastasis in hepatocellular carcinoma 
[42]. In addition, PYK2 was found to be positively asso-
ciated with TAZ in RCC where PYK2 promoted TAZ pro-
tein stability via enhancement of its phosphorylation level. 
Consistent with our findings, a previous study revealed 
the significantly increased TAZ protein stability after 
TAZ underwent tyrosine phosphorylation [43]. In addi-
tion, PYK2 can strengthen the tyrosine phosphorylation 
of TAZ and LATS1/2 and the stability of TAZ [20]. The 
cell density-regulated ferroptosis in RCC is regulated by 
TAZ by regulating EMP1-NOX4 [23].

Besides, our data suggest that PYK2 phosphorylation 
stabilizes TAZ to increase transcription of PD-L1 in RCC. 
TAZ can enhance PDL1 levels in breast and lung cancer 
cell lines, and the TAZ-induced PDL1 upregulation in 
human cancer cells is sufficient to inhibit T cell function, 
contributing to the promotion of immune evasion in human 
cancer [44]. PDL1 is regarded as a biomarker for high-risk 
RCC [45]. Multiple cytokines like STAT3 may induce the 
expression of PDL1 on tumor and/or immune cells [46]. 
PD1 on regulatory T cells and PDL1 inhibits immune 
response on cancer cells, which is important for evading 
the immune system [47]. In addition, RB1CC1 improved 
the effectiveness of RCC immunotherapy by inhibiting 
PDL1 transcription in RCC. Similar to our findings, com-
bined treatment of EVE with anti-PDL1 can reduce the 
tumor burden [48].

On the basis of the above findings, our study proved that 
RB1CC1 was a tumor suppressor gene for RCC. PYK2 was 
highly expressed in RCC where it functioned as a proto-
oncogene in RCC. RB1CC1 significantly reduced PYK2 
activity to inhibit the effect of TAZ on PDL1 transcrip-
tional activation. In doing so, this has a dramatic influence 
on the effectiveness immunotherapy treatment has on RCC 
(Fig. 8). This study suggests a novel theoretical ground 
for developing molecular-based therapeutics against RCC, 
although further work is required to identify additional 
regulatory mechanisms which underpin this disease.
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