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Abstract

Renal cell carcinoma is a common malignant urinary tumor and CXCR4
plays an important role in the development of renal cell carcinoma. However,
the role of c-Src gene in the development of renal cell carcinoma is still unclear.
In this study, we found that CXCR4 can directly bind to SRC and CXCR4 is
involved in the regulation of c-Src expression. C-Src is highly expressed in renal
cell carcinoma and promotes cell division, proliferation, invasion and reduces
apoptosis in renal cell carcinoma. Highly expressed c-Src is associated with poor
prognosis in patients with RCC, and affects the infiltration of CD4* T cells and
macrophages in the tumor microenvironment. In addition, high SRC expression
is associated with the expression of multiple immune checkpoints, high tumor
mutation burden and high microsatellite instability which indicates the potential
of SRC to predict the response to the immune checkpoint block therapy.
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Introduction

Renal cell carcinoma (RCC) is one of the most common urinary
tumors, causing over one hundred thousand deaths around the world
annually [1,2]. With the develop of imaging technology, more and
more renal tumors were found out in an early stage. However, the
lack of obvious symptoms and signs still leads to metastatic disease
in many patients when they were diagnosed. Targeted drugs, such
as sunitinib, sorafenib and pazopanib, have significantly improved
the prognosis of patients with metastatic renal cell carcinoma
(mRCC) since 2006 [3-5]. With the surprising occurrence of immune
checkpoint inhibitor, combined therapy has become the very first
choice for mRCC patients [6,7]. However, in face of the malignant
tumors, the effect of drug treatment is limited, so further explore of
the develop mechanism of tumor is necessary.

CXC chemokine receptor type 4 (CXCR4) is an important
molecule that highly expressed in a variety of cancers [8-10]. It was
initially found to act as a co-receptor of T-tropic HIV viruses to entry
CD4" T cells [11]. CXCR4 binds to its ligand CXC motif chemokine
ligand 12 (CXCL12), also known as Stromal cell-derived factor-1
(SDF-1), and then activate multiple pathways, such as PI3K/AKT
pathway and Ras/Raf pathway, which lead to the enhance of diverse
tumor biological behaviors, including proliferation, migration,
invasion and transcriptional activation [12-14]. In our previous study,

we found that non-muscle myosin heavy chain-IIA (NMMHC-IIA)
and hypoxia-inducible factor-la (HIF-1a) can interact with CXCR4
[15,16]. However, potential interacting proteins and concrete
mechanisms need to be explored to help a more comprehensive
understanding of the function of CXCR4.

The proto-oncogene c-Src is a member of Src family kinases
(SFKs), a nine-gene family of non-receptor tyrosine kinases,
consisting of SRC, YES, FYN, LCK, HCK, FGR, LYN, BLK and YRK
[17-21]. As a cytoplasmic protein tyrosine kinase, SRC interacts with
many focal-adhesion proteins, adaptor proteins and transcription
factors in PI3K, MAPK, STAT3, FAK signaling pathways which
contributes to its important role in modulation of cytoskeletal
organization, angiogenesis, invasion, cell cycle progression and
proliferation [17,22]. However, its function in the development of
renal cell carcinoma remains to be explored.

In this study, the relationship between CXCR4 and c-Src and
the role of c-Src in the development of renal cell carcinoma were
explored.

Materials and Methods

Clinical RCC tissue samples

The study design was approved by the Changzheng Hospital
Ethics Committee, and informed consent was obtained from each
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patient. We obtained 29 pairs of tumor and adjacent tissue samples
and 98 tumor tissue samples from patients with RCC underwent
nephrectomy, partial or radical, at Changzheng Hospital, Naval
Medical University, Shanghai, China.

Cell lines and culture conditions

Human RCC cell line (A498 and ACHN) was obtained from
the Chinese Academy of Sciences (Shanghai, China) and underwent
STR authentication. The cells were incubated in DMEM high glucose
medium (Gibco) containing 10% fetal bovine serum (FBS) (Gibco)
and 1% penicillin-streptomycin (Gibco). All cells were grown as a
monolayer on the plastic cell culture dishes at 37°C in a humidified
atmosphere containing 5% CO,.

Lentiviral vectors and infection

The lentivirus encoding CXCR4, sh-CXCR4, sh-c-Src plasmids
were packaged at GenePharma (Shanghai, China) and cells were
infected following the manufacturer’s instruction.

RNA isolation and RT-PCR

Total RNA was extracted from fresh-frozen tissues or cultured
cells using RNAiso Plus (Takara) and then underwent reverse
transcription (Takara, RR036A) on Veriti Dx platform (Applied
Biosystems) and RT-PCR (Takara, RR420A) on StepOne platform
(Applied Biosystems). Relative mRNA was analyzed using 24T
method.

Western blotting

Total protein from fresh-frozen tissues or cultured cells was
harvested with ice-cold Pierce IP (Thermofisher) and protease
inhibitor cocktail (Beyotime Biotechnology). Equivalent amounts
of protein were separated on 10% SDS-PAGE (Epizyme Biotech),
transblotted onto 0.22um Amersham Protran NC membrane (Cytiva).
Membranes were blocked with 5% skimmed milk in TBST buffer for 2
hours at4°C and incubated with the indicated primary antibodies with
gentle rocking overnight at 4°C. Membranes were further incubated
with the corresponding HRP-conjugated secondary antibodies
(Beyotime Biotechnology) for 2 hours at 4°C. Finally, protein bands
were imaged using enhanced chemiluminescence detection kit
(Epizyme Biotech) and analyzed with the chemiluminescence imager
Chemi Doc XRS+ (BIO-RAD).

Coimmunoprecipitation

Co-IP was performed as the manufacturer’s instructions (Pierce
Co-Immunoprecipitation (Co-IP) Kit, Thermfisher). Protein complex
pull-down with CXCR4 antibody from total protein harvested from
ACHN cells. The CXCR4-pull-down products were subjected to 10%
denaturing polyacrylamide gel electrophoresis and visualized by silver
staining. The protein bands were analyzed using MS/MS spectra and
the results were re-confirmed by another co-immunoprecipitation
using CXCR4 antibody and SRC antibody.

Immunohistochemistry

Paired tumor and adjacent paraffin tissue samples were cut into
slices and conducted a common immunohistochemistry procedure
with primary CXCR4 or SRC antibody (Proteintech) and appropriate
secondary antibody.

Flow cytometry
The reagents used to detect cell cycle and apoptosis by flow

cytometry were purchased from BD Pharmingen and cells were tested
according to the manufacturer’s standard instructions.

Cell Counting Kit-8 (CCK-8) assay

Cells were seeded into 96-well culture plates (2x10° cells per
well). At indicated time, 10ul CCK-8 reagent (Dojindo Molecular
Technologies) was added to each well and incubated for 2h at 37°C.
Absorbance values at a wavelength of 450nm were recorded using
a SpectraMax Paradigm microplate reader (Molecular Devices).
Viability (%) was calculated based on the optical density (OD) values
as follows: (OD of time sample - blank)/(OD of 0Oh control sample -
blank) x 100%.

Transwell invasion assay

The transwell invasion assay were performed with the 8um cell
culture insert (BD Falcon) and Matrigel matrix (Corning) following
the manufacturer’s instructions. Cells were stained with 0.5% crystal
violet.

Bioinformatics analysis

SRC expression in RCC was examined using the TIMER and
UALCAN databases. The LinkedOmics database was used to study
the signaling pathways related to SRC expression. Networks were
generated using the STRING. TIMER and xCell were used to analyze
the correlations among tumor-infiltrating immune cells. All analysis
methods and R package were implemented by R foundation for
statistical computing (2020) version 4.0.3 and software packages
ggplot2 and pheatmap.

Statistical analysis

Statistical analysis was performed using the GraphPad Prism
version 8.0 (GraphPad software, USA) and Statistical Package for
Social Sciences (SPSS 17.0 for Windows, SPSS, Chicago, IL). The
measurement data are presented as mean + SD. An independent
samples t test was used to analyze the differential expression levels
of c-Src mRNA between the RCC tissues and the adjacent normal
tissues from TCGA databases. Correlations between c-Src expression
and clinicopathological characteristics were analyzed by the Pearson’s
Chi squared test. Overall survival (OS) analysis was performed by
Kaplan-Meier plots and the differences were compared using the
log-rank test. Univariate and multivariable analyses were performed
using the Cox proportional hazards regression models. A two-tailed
P value of 0.05 was considered statistically significant.

Results

SRC directly combine with CXCR4 and
downstream CXCR4

In order to find potential proteins that interact with CXCR4, a co-
immunoprecipitation (co-IP) was conducted using CXCR4 antibody
and lysates of ACHN cells. The result showed the capacity of CXCR4
to bind to various proteins and the 60 kDa band was identified as
c-Src (Figure 1A). A similar conclusion was reached by another two
co-immunoprecipitation tests using SRC antibody to pull down
protein complex in lysates of A498 cells and CXCR4 antibody to pull
down protein complex in lysates of ACHN cells separately (Figure
1B). To clarify the relationship between CXCR4 and SRC, we detected
the expression of CXCR4 and SRC in 29 pairs of tumor tissue and
adjacent tissue using immunohistochemistry. The results showed

locates
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Figure 1: CXCR4 interacts with SRC and is involved in the regulation of c-Src.

E) The RT-PCR results after CXCR4 and c-Src knockdown in A498 cells.

A) The co-IP result using CXCR4 antibody in ACHN cells. B) The co-IP results using SRC antibody in A498 cells and CXCR4 antibody in ACHN cells. C) The results
of immunohistochemistry in paired RCC tumor and adjacent tissues. D) The correlation between the expression level of SRC and CXCR4 in immunohistochemistry.
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that both SRC and CXCR4 were highly expressed in RCC tissue
(Figure 1C). Statistical analysis showed that the expression of SRC
was positively correlated with the expression of CXCR4 (Figure 1D).
Next, we considered whether c-Src locates upstream or downstream
CXCR4. In order to clarify their relationship, we constructed A498
cell lines knocking-down CXCR4 and c-Src respectively, and detected
the mRNA expression levels of the two genes by RT-PCR. It showed
that the knockdown of CXCR4 significantly reduced the expression
of c-Src and knockdown of c¢-Src did not affect the expression of
CXCR4 on the contrary (Figure 1E). Therefore, we drew a conclusion
that c-Src locates downstream CXCR4.

C-Src highly expressed
prognosis

in RCC and indicates poor

To clarify the role of c-Src in the development of renal cell
carcinoma, we first checked the expression of c¢-Src in RCC tissues
by Western-Blotting and RT-PCR. The results showed that c-Src is
highly expressed in RCC tissues (Figure 2A and 2B). Patients with
high c-Src expression had a poorer overall survival rate according to

our own follow-up data (Figure 2C). Bioinformatics analysis is used,
and the results are just consistent with our conjectures. C-Src was
highly expressed in the ccRCC cancer tissues compared with normal
tissues (Figure 2D). Also, the expression of c-Src was higher in clinical
late-stage and M1 stage tumors (Figure 2E and 2F), and high c-Src
expression leads to a worse prognosis (Figure 3D).

CXCR4 is involved in the regulation to the functions of
c-Src in RCC development

In order to clarify the role of high c-Src expression in the
development of RCC and the regulatory role of CXCR4 on c-Src,
c-Src knockdown, CXCR4 overexpression and simultaneously
CXCR4 overexpression and c-Src knockdown A498 cell lines were
constructed by lentivirus infection. The cell line constructions were
verified by RT-PCR and Western Blotting (Figure 3A and 3B).
Then flow cytometry test, CCK-8 assay and transwell invasion assay
were progressed to check the influences on functions of RCC cell.
The results showed that knockdown of c-Src significantly reduces
cell division, cell proliferation and cell invasion and increases cell
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Figure 2: c-Src is highly expressed in RCC and leads to a worse prognosis.
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A) The protein level of SRC in tumor tissues and adjacent tissues of clinical RCC patients. B) The mRNA level of c-Src in tumor tissues and adjacent tissues of
clinical RCC patients. C) The OS of clinical RCC patients with different c-Src expression level. D) The mRNA level of c-Src in tumor tissues and normal tissues
of RCC patients from TCGA database. E) The mRNA level of c-Src in tumor tissues of RCC patients with different clinical T stages from TCGA database. F) The
mMRNA level of c-Src in tumor tissues of RCC patients with different clinical M stages from TCGA database. G) The OS of clinical patients with different c-Src

apoptosis (Figure 3C-3F). By contrast, overexpression of CXCR4 can
increase cell division, cell proliferation and cell invasion but reduce
cell apoptosis (Figure 3C-3F). And overexpression of CXCR4 can
rescue cells from the inhibition on cell division, cell proliferation and
cell invasion and promotion on cell apoptosis causing by knockdown
of c-Src (Figure 3C-3F).

SRC promote the development of RCC by affecting the
tumor microenvironment

For a deeper sense of understanding on the function of c-Src in
the development of RCC, we explored the interaction proteins of
SRC by bioinformatics. The protein-protein interaction network (PPI
network) displayed the top 45 proteins associated with SRC (Figure
4A). The GO and KEGG enrichment showed that those proteins join
mainly in the ionic transportation and pH regulation (Figure 4B).

With the emergence of immune checkpoint block (ICB) therapy,
the evaluation of tumor immune infiltration status in RCC patients
gets more essential and may improve the treatment response rate.
From the results of bioinformatics analysis, we found that SRC was
correlated with low infiltration levels of macrophages (p=1.68e-04)
and high infiltrating levels of CD4* T cells (p=4.04e-02) (Figure 4C).
Also, SRC was significantly correlated with high expression of immune
checkpoints, such as CD274 (p=1.08e-02), CTLA4 (p=1.39¢-06),
TIGIT (p=6.23e-05), LAG3 (p=6.24e-09), and PDCD1 (p=5.26e-09)
(Figure 4D). When analyzing the correlation between SRC expression
and tumor mutation burden (TMB) and microsatellite instability
(MSI), we found that SRC expression was positively correlated with
TMB (P=0.014) and MSI (P=0.002) (Figure 4E and 4F), suggesting
that c-Src may predict the clinical response to ICB in RCC patients.

Submit your Manuscript | www.austinpublishinggroup.com

Austin J Cancer Clin Res 9(1): id1099 (2022) - Page - 04



Shi J, Gan X and Wang L

Austin Publishing Group

5. CCK-8 Proliferation Assay lv-CXCR4

44
2
=1
(=}l
o

i-

Tmm\(dayq)

The number of cell/con

con

Iv-CXCR4 Iv-CXCR4-sh-c-Sre

CXCR4. C) The results of cell division cycle detected by flow cytometry. D)
proliferation assay. F) The results of transwell cell invasion assay.

A B con B
5 M. [v-CXCR4 | 5 -
50 = SOt e Nt e
250 ] = sh-c-Src '
B L % e CXCRE — e sl st
< 31 -
& GAPDII _
E| & %05 P sh-c-Src -
£ 1 2 : lv-CXCR4 - - T T
¢ 0.0
CXCR4 ¢-Src CXCR4 c-Sre
C
sh-c-Sre Ty CXCR4-5}1 -c-Sre
D
sh-c-Sre lv-CXCR4 lv-CXCR4-sh-c-Src
E —-con
-=-sh-e-Src

—= |yv-CXCR4-sh-c-Sre¢

Figure 3: CXCRA4 regulates the functions of c-Src in the development of RCC.
A) The mRNA expression after knockdown of c-Src and overexpression of CXCR4. B) The protein expression after knockdown of c-Src and overexpression of

The results of cell apoptosis detected by flow cytometry. E) The results of CCK-8

Discussion

Because of the hidden onset and insensitivity to radiotherapy and

chemotherapy, advanced RCC remains a common fatal malignan

tumor [23-25]. Although the emergence of targeted drugs improves
the prognosis of patients with advanced renal cell carcinoma and the
combination with immune checkpoint inhibitors further improves its

t efficacy, the overall benefit is still limited [3-7]. Therefore, it is still
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Figure 4: c-Src is associated with the changes of tumor microenvironment in RCC.

A) The PPI network of the top 45 proteins associated with SRC. B) The GO and KEGG enrichment of the 45 associated proteins. C) The immune infiltration level
in tumor tissues with different c-Src expression. D) The immune checkpoint level in tumor tissues with different c-Src expression. E) The correlation between tumor
mutation burden score and c-Src expression. F) The correlation between microsatellite instability score and c-Src expression.

necessary to study the development mechanism of RCC. after binding to its ligand SDF-1 occurs in metastatic tissues but not
the primary lesion [26]. Then, we found that CXCR4 knockdown
inhibits cell growth and metastasis in RCC cells [27]. In order to learn

more about the influence of the nuclear localization of CXCR4, we

In our previous research, functions of CXCR4 in RCC
development were studied. We found that CXCR4 nuclear localization
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first identified the nuclear localization sequence of CXCR4 in RCC
by constructing expression plasmids of different deletants [28]. Then
we found nuclear localization of CXCR4 is dependent on NMMHC-
ITA in RCC [15]. Most importantly, we found that CXCR4 and
hypoxia-inducible factor-la (HIF-1a) colocalized in RCC cells and
interacted with each other which formed a positive feed-forward loop
to promote the development of RCC [16].

In this study, we found that CXCR4 can directly combine
with SRC. This makes us wonder whether CXCR4 is involved in
regulating the expression of c-Src. We found that CXCR4 knockdown
significantly reduced the expression of c-Src but not vice versa.
Therefore, we think c-Src may be a downstream molecule of CXCRA4.
The knockdown of c-Src significantly reduced cell division, cell
proliferation and cell invasion and increased cell apoptosis. And
overexpression of CXCR4 can rescue cells from the inhibition of cell
division, cell proliferation and cell invasion and promotion of cell
apoptosis causing by knockdown of c-Src. Thus, CXCR4 is involved
in regulating the role of c-Src in promoting the development of RCC.

The results of bioinformatics analysis verified some of our
conclusions and found that c-Src may play a role in regulating tumor
microenvironment. We found that the expression level of c-Src affects
the infiltration of immune cells in the tumor microenvironment and
is related to the expression of multiple immune checkpoints which
may indicate that c-Src can be a biomarker in screening patients
suitable for immune checkpoint combined therapy.

Interaction between CXCR4 and c-Src was observed in many
other cancers, such as breast cancer, prostate cancer and gastric
cancer [29-32]. However, most of their studies only indirectly show
that CXCR4 play a regulatory role to SRC. In our study, we found that
SRC is one of the proteins directly bind to CXCR4 and is regulated
by CXCR4 at both mRNA and protein levels in RCC. But the specific
regulation mechanism of how CXCR4 influence the expression level
of ¢c-Src remains to be further studied to make clear how CXCR4
regulates the transcription of c-Src and what’s the effect of direct
binding on their own protein functions.

The phenomenon that Src expression was associated with
immune cell infiltration was found in both benign and malignant
diseases [20,33-35]. But the mechanism behind this phenomenon still
needs further experimental proofs. There’s a bioinformatics study
showed that the differential expression of CXC kinase family affects
the immune infiltration of RCC, and SRC family is the downstream
target of CXC kinase family. This is consistent with our conclusion.
However, the effects of SRC on the microsatellite instability score,
tumor mutation burden score and the efficacy of immune checkpoint
inhibitor therapy need to be further explored in clinical trials.

Overall, our study found that CXCR4 can directly bind to SRC and
regulate the function of ¢-Src in RCC development. C-Src is involved
in the regulation of immune infiltration in tumor microenvironment
and affects tumor MSI and TMB score. It has the potential to be used
as a screening marker of immune checkpoint inhibitors.

Data Availability Statement

All data, models, and code generated or used during the study
appear in the submitted article.
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