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Abstract

Background: Clear cell renal cell carcinoma (ccRCC) represents the most prevalent form of renal cell carcinoma. The management of
early-stage ccRCC has a better prognosis, while patients with metastatic ccRCC have a lower five-year survival rate. Angiogenesis serves
as the fundamental process underlying tumor metastasis. Therefore, it is crucial to discover new targets for angiogenesis to improve patient
survival rates. Methods: The Cancer Genome Atlas database, International Cancer Genome Consortium database, Clinical Proteomic
Tumor Analysis Consortium database, and a gene set of the vascular endothelial growth factor (VEGF) signaling pathway were utilized to
identify differentially expressed genes. Western blot (WB), quantitative real-time polymerase chain reaction, and immunohistochemistry
were employed to validate the downregulation of phospholipase C gamma 2 (PLCG2) in ccRCC tissues and cells. Cell Counting Kit-8
(CCK-8) assays, transwell assays, tube formation assays, and oil-red staining were performed to elucidate the biological functions of
PLCQG?2 in tumor cells. Gene set enrichment analysis was applied to explore the downstream pathway. Subcutaneous tumor models and
live small animal fluorescent imaging assay were utilized for in vivo investigation of the roles played by PLCG2. Results: Our study
has identified a novel biomarker, PLCG2, for ccRCC. PLCG?2 is a central gene in regulating angiogenesis in ccRCC, as validated by
bioinformatics analysis. The findings revealed a diminished expression of PLCG2 in both ccRCC tissues and cells. Further experiments
in vivo and in vitro have demonstrated the significant roles of PLCG2 in tumor proliferation, invasion, migration, and lipid accumulation.
Results of tube formation assays and WB support the role of PLCG2 in regulating VEGFA expression and angiogenesis. Conclusions:
Our results show that PLCG2 functions as a potential biomarker and an independent prognostic indicator for ccRCC. PLCG2 may
modulate angiogenesis by influencing the expression of VEGFA. Therefore, targeting PLCG2 could potentially lead to drug discovery
and improved cancer treatment strategies.
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1. Introduction Corepressor 1 (RB1) specifically leads to the transition
from renal epithelial cells to ccRCC in mice models [11].
Among these, the p53 protein plays a crucial role as a
guardian of the genome. RB/ mutations were associated
with retinoblastomas [12]. The discovery of VHL occurred
in 1993 when its delineated region on human chromosome
3p25-p2 was identified. However, VHL mutations are rare
outside VHL disease and ccRCC; as previously mentioned,
approximately 80% of sporadic ccRCC cases display VHL
mutations [13]. Therefore, undoubtedly, VHL serves as a
potential biomarker for RCC. When there is a mutation in
VHL gene expression, vascular endothelial growth factor
(VEGF) and glucose transporter-1 levels increase [14]. Ad-
ditionally, the deficiency of VHL is closely associated with
hypoxia-inducible factor-a (HIF-«/) overexpression and an-
giogenesis. This correlation arises from the fact that VHL
encodes pVHL, which acts as a component of E3 ligase.
The function of pVHL E3 ligase involves ubiquitinating
HIF-«, leading to its down-regulation in normoxic cells.

Renal cell carcinoma (RCC) is a prevalent malignant
tumor within the urinary system. According to an estimated
report by the American Cancer Society, there was an in-
crease in approximately 81,610 new cases of kidney and
renal pelvis cancer in the United States in 2024, with around
14,390 deaths attributed to this disease [1]. The most preva-
lent form of RCC is clear cell renal cell carcinoma (ccRCC)
[2]. Unfortunately, metastatic ccRCC has low 5-year sur-
vival rates ranging from 10% to 20% [3]. Therefore, it is
particularly important to explore the mechanism of the oc-
currence and development of RCC.

Risk factors of RCC include tobacco smoke expo-
sure [4], hypertension [5], and obesity [6]. Additionally,
von Hippel-Lindau (VHL) gene mutation is frequently ob-
served in RCC [7]. Numerous studies have reported that
over 80% of ccRCC tumors exhibit biallelic inactivation
of VHL [8-10]. Furthermore, it has been discovered that
deletion of VHL along with p53 and RB Transcriptional

Copyright: © 2024 The Author(s). Published by IMR Press.
BY This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://www.imrpress.com/journal/FBL
https://doi.org/10.31083/j.fbl2911390
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Certain researchers designate the sequence of phenomena
triggered by VHL mutations as “pseudohypoxia”. Mean-
while, angiogenesis is one downstream target regulated by
activated HIF-« and is essential for tumor development.

Due to the pivotal roles played by HIF-ow and VEGF
signaling pathways, novel therapeutic agents have been de-
veloped to target them, leading to improved 5-year survival
rates in patients with metastatic ccRCC. Sunitinib is a well-
established antiangiogenic agent in vitro; however, a subset
of patients develop resistance to sunitinib after prolonged
treatment. Sunitinib primarily inhibits tumor growth by
suppressing angiogenesis. Therefore, exploring the VEGF
pathway or developing related sensitizers would undoubt-
edly be a major breakthrough for patients who develop re-
sistance to sunitinib.

Phospholipase C gamma 2 (PLCG2) is an en-
zyme that hydrolyzes the membrane phospholipid
phosphatidylinositol-4,5-bisphosphate (PIP2) to produce
two second messengers: diacylglycerol (DAG) and
inositol-1,4,5-trisphosphate (IP3) [15]. Current research
on PLCG2 primarily focuses on its roles in leukemia,
Alzheimer’s disease, and PLCG2-associated antibody
deficiency and immune dysregulation (PLAID). Numerous
studies have shown that PLCG2 plays a crucial role in
Bruton’s Tyrosine Kinase Inhibitor (BTKi) resistance in
patients with chronic lymphocytic leukemia (CLL). An-
other common mutation associated with BTKi resistance is
Bruton’s Tyrosine Kinase (B7K) mutation [16,17]. Both of
these mutations are results of secondary resistance and are
currently key areas of research in BTKi resistance [17]. In
addition to its role in CLL, where most patients are affected
by heterozygous deletions in the PLCG2 gene, leading to
spontaneous activation of mast cells at low temperatures
and subsequent cold-induced urticaria, PLCG2 is also
crucial for the immune function of these patients. B cells
and natural killer (NK) cells in PLAID patients exhibit
impaired activation due to PLCG2 deletions. Given that
PLCG2 plays a significant role in the immune system
of PLAID patients and considering that renal cancer,
specifically ccRCC, is characterized by abnormal immune
infiltration, there may be a potential connection between
these conditions [18]. Besides its role in PLAID, PLCG2-
induced increases in DAG can potentially activate Protein
kinase C (PKC), which has been extensively studied for
its impact on the VEGF signaling pathway [19]. Investi-
gating PLCG2 may offer a novel approach to addressing
tumor angiogenesis driven by VEGF pathway activation.
Meanwhile, given that ccRCC is also characterized by
abnormal immune infiltration, there might be a significant
connection between these conditions.

Here, we demonstrated that PLCG2 plays an im-
portant role in ccRCC. First, The Cancer Genome Atlas
(TCGA) database, International Cancer Genome Consor-
tium (ICGC) database, Clinical Proteomic Tumor Analy-
sis Consortium (CPTAC) cohorts, and a gene set associated

with the VEGF signaling pathway were used to search the
hub gene of angiogenesis of ccRCC. PLCG2 was picked
relying on the better clinical values. The result of gene set
enrichment analysis (GSEA) confirmed the correlation be-
tween PLCG2 and angiogenesis of ccRCC once again. Sec-
ond, clinical samples and cell lines were utilized to confirm
the low expression of PLCG2 in ccRCC tissues and cells.
Functional studies confirmed that PLCG2 plays an essen-
tial role in ccRCC proliferation, migration, and invasion.
The tube formation assays and the Western blot proved that
PLCG2 influences VEGFA expression and plays an im-
portant role in angiogenesis. Finally, we find that PLCG2
could take part in the management of ccRCC proliferation
and metastatic ability in vivo.

2. Materials and Methods
2.1 Database

The data that we analyzed
was downloaded from TCGA
database(https://www.cancer.gov/ccg/research/genome-

sequencing/tcga), ICGC database(https://platform.icgc-
argo.org/), and CPTAC-
PDCO000127(https://pdc.cancer.gov/pdc/browse)  cohorts

which included gene expression datasets corresponding
with clinicopathological information.

2.2 Cell Lines and Cell Culture

The human ccRCC cell lines (786-0, Caki-1, A498,
ACHN, OSRC-2) and the human normal cell line
(HEK293) were sourced from the American Type Cul-
ture Collection (Manassas, VA, USA). All cell lines were
authenticated through STR profiling and confirmed to be
mycoplasma-free. Cells were maintained in high glucose
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco,
Waltham, MA, USA) with 10% fetal bovine serum (Gibco)
at 37 °C in a 5% COs environment.

2.3 Tissue Samples

Tissue samples from ccRCC patients were collected
by the Department of Urology, Union Hospital (Wuhan,
Hubei, China) from 2022 to 2023. All the patients only
accepted surgery without any other antitumor treatment be-
fore. All the pathological results were ccRCC. The tumor-
adjacent normal renal tissues were taken more than 2.5 cm
away from the cancer tissues. All patients were informed
and consented to it with written documents. Huazhong Uni-
versity of Science and Technology Ethics Committee ap-
proved this study (IEC-072).

2.4 RNA Extraction and quantitative polymerase chain
reaction (qPCR)

TRIzol reagent (#R4801, Magen Biotechnology Co.,
Ltd., Guangzhou, China) was employed for the extrac-
tion of total RNA from cells and tissues. A quantity of
500 ng RNA was utilized for reverse transcription, fol-
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lowed by cDNA synthesis. Subsequently, qPCR analysis
was performed using the Sybr Green Mix (#11203ES03,
Yeasen, Shanghai, China). The qPCR procedures were per-
formed in accordance with the manufacturer’s instructions
and data analysis was conducted using the StepOnePlus™
PCR system (Thermo Fisher Scientific, Waltham, MA,
USA). Primer sequences were as follows: PLCG2: For-
ward, 5'-CGTCTACCCAAAGGGACAAA-3’; Reverse,
5'-GACTGTCAGCGTCATCAGGA-3'. GAPDH: For-
ward, 5'-GAGTCCACTGGCGTCTTCA-3’; Reverse, 5'-
GGTCATGAGTCCTTCCAGGA-3'.

2.5 Western Blot(WB)

Protein extraction from cells was performed using
a mixture of radioimmunoprecipitation assay lysis buffer
(#P0013C, Beyotime, Shanghai, China), phenylmethane-
sulfonyl fluoride, and proteinase inhibitors. Bicinchoninic
acid (BCA) Protein Assay Kit (#23225, Thermo Fisher
Scientific, Waltham, MA, USA) was used for protein
quantification. The extracted proteins underwent elec-
trophoresis on a sodium dodecyl sulfate-polyacrylamide
gel electrophoresis at 80 V and were then transferred onto
polyvinylidene fluoride membranes. The membrane was
blocked using 5% non-fat dried skim milk for 30 min
and subsequently incubated overnight at 4 °C with the
primary antibody. Following this, the membranes were
incubated with the secondary antibody for two hours at
room temperature prior to development. Primary anti-
bodies were diluted according to the manual’s instruc-
tions, including PLCG2 (1:800, #A5182, ABclonal Biotech
Co., Ltd., Wuhan, China), VEGFA (1:800, #A12303,
ABclonal Biotech Co., Ltd.), GAPDH (1:2000, #60004-
1-Ig, Proteintech, Chicago, IL, USA), HIF-2a (1:1500,
#66731-1-1g, Proteintech), VEGFR2 (1:2000, #A5609,
ABclonal Biotech Co., Ltd.). Western blot utilized
horseradish peroxidase (HRP)-conjugated Affinipure Goat
Anti-Rabbit 1gG (H+L) (1:2000, #SA00001-2, Protein-
tech) and HRP-conjugated Affinipure Goat Anti-Mouse
IgG (H+L) (1:2000, #SA00001-1, Proteintech) as sec-
ondary antibodies.

2.6 Cell Transfection and Infection

PLCG2-targeted  siRNAs  (siRNA#I: 5'-
CUGAGAAAGCAGAUAUAUUTT-3/; SiRNA#2:
5'-GAGGCGAUGUGGAUGUCAACA-3") were supplied
by Genechem Co., Ltd. (Shanghai, China). PLCG2-
overexpressed lentivirus was also provided by Genechem
Co., Ltd. The targeted transcript of PLCG2-overexpressed
lentivirus was NMO002661 and the lentiviral vector
was  GV492  (Ubi-MCS-3FLAG-CBh-gcGFP-IRES-
puromycin). Lentivirus and vector were transduced into
A498 and CAKI-1 cell lines, while siRNA and negative
control were transfected into A498 and CAKI-1 cells as
well.
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2.7 Oil Red Staining

Inoculating 2 x 103 cancer cells in 12-well plates
with 500 nLL DMEM. After 24 h, the cells were fixed with
4% paraformaldehyde (#BL539A, Biosharp, Hefei, China)
for 15 min. Then the plates were rinsed with phosphate-
buffered saline (PBS) for 10 min, three times. Finally, cells
were colored with Oil red (#G1015, Servicebio, Wuhan,
China) for 15 min before being washed with water.

2.8 Triglyceride Determination

The cell pellets were collected in a six-well plate, and
the triglyceride content was quantified using triglyceride
determination kits (#A110-1-1, Nanjing Jiancheng Institute
of Bioengineering, Nanjing, China) following the manufac-
turer’s instructions.

2.9 Immunohistochemistry

Immunohistochemistry (IHC) was performed on tu-
mors and adjacent normal tissues from patients. First, the
tissues are sliced, formalin-fixed, and paraffin-embedded.
The following steps were de-paraffinization, rehydration,
and incubating for antigen retrieval. PLCG2 antibody was
the primary antibody (#A5182, ABclonal Biotech Co., Ltd.)
that was used against PLCG2 for 12 h. Then the sec-
tions were washed with PBS before corresponding with sec-
ondary antibodies (#5220-0336(074-1506), KPL, Gaithers-
burg, MD, USA). After that, the picture was obtained by
microscope (#Pannoramic SCAN, 3D Histech, Budapest,
Hungary) randomly.

2.10 Transwell Assays

The cell was starvation with fetal bovine serum (FBS)-
free for 24 h before transwell assays. The inserts were
placed in 24-well plates with 500 pL high glucose medium
(Gibco) with 10% FBS at the underpart. Cells would be
cultured in the top of inserts with FBS-free DMEM to in-
vade the inserts with or without Matrigel. After 24 h cul-
turing, methanol (Sinopharm Chemical Reagent Co., Ltd.,
Beijing, China) was used to fix the cells, and crystal violet
(#G1014, Servicebio) was used to stain it. The image was
caught by the microscope (#DSZ2000, UOP Photoelectric
Technology, Chongqing, China) randomly.

2.11 Cell Counting Kit-8 (CCK-8) Assays

Each well was cultured 2 x 103cells in a 96-well plate
to foster 0, 24, 48, 72, and 96 h with 200 uL 10% FBS
medium The CCK-8 solution (#40203ES80, Yeasen) mixed
with 100 uL DMEM and 10 pL. CCK-8 solution was used
to add to each well. The 96-well plates would be parted
into 37 °C water baths with shading treatment for 2 h. Cell
viability was measured at 450 nm by NanoDrop 2000 spec-
trophotometer (NanoDrop Technologies, Wilmington, DE,
USA).
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Fig. 1. PLCG2 was downregulated and was a potential biomarker in ccRCC. (A) The intersection of differential genes of TCGA-
KIRC (gene set 1), ICGC-KIRC (gene set 2), CPTAC-PDC000127 cohorts (gene set 3), and a VEGF-related gene set (gene set 4). (B)
The mRNA levels of 4 genes (PLCG2, FLT1, NRPI1, CSK) in ccRCC tissues and normal tissues based on TCGA-KIRC cohort. (C)
The mRNA levels of 4 genes (PLCG2, FLTI, NRP1, CSK) in ccRCC tissues and normal tissues based on ICGC-KIRC cohort. (D) The
Kaplan-Meier survival curve of 4 genes (PLCG2, FLT1, NRPI, CSK). (E) The ROC curve of 4 genes (PLCG2, FLTI1, NRP1, CSK)
in TCGA-KIRC cohort. (F) The mRNA levels of PLCG2 in matched normal and cancerous tissues based on TCGA-KIRC cohort and
ICGC-KIRC cohort (***p < 0.001). ccRCC, clear cell renal cell carcinoma; TCGA, The Cancer Genome Atlas; ICGC, International
Cancer Genome Consortium; CPTAC, Clinical Proteomic Tumor Analysis Consortium; VEGF, vascular endothelial growth factor; ROC,

receiver operating characteristic; KIRC, kidney renal clear cell carcinoma; PLCG2, phospholipase C gamma 2; FLT1, FMS-like tyrosine

kinase 1; NRP1, neuropilin 1; CSK, carboxy terminal Src kinase.

2.12 Human Umbilical Vein Endothelial Cells (HUVEC)

Culturing

Cultivate ccRCC cells until they reach approximately
70% confluency, then replace the medium with serum-free

medium and continue to culture for 24 h. Collect the su-
pernatant and centrifuge at 200 g for 5 min to remove any
debris. Filter the supernatant through a 0.22-micron filter
to obtain the conditioned medium. Store the conditioned
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Table 1. Correlation between PLCG2 mRNA levels and clinicopathological characteristics of ccRCC patients.

Characteristics Total (N) OR (95% CI) p value
Pathologic T stage (T2&T3&T4 vs. T1) 541 0.547 (0.389-0.769)  <0.001
Pathologic N stage (N1 vs. NO) 258 1.307 (0.472-3.623) 0.607
Pathologic M stage (M1 vs. M0) 508 0.484 (0.294-0.797) 0.004
Pathologic stage (Stage I11&Stage IV vs. Stage 1&Stage I1) 538 0.480 (0.337-0.685)  <0.001
Gender (Male vs. Female) 541 0.868 (0.609—1.238) 0.434
Age (>60 vs. <60) 541 0.882 (0.629-1.235) 0.465

PLCG?2, Phospholipase C gamma 2; TNM, T, tumor; N, regional lymph node; M, metastasis; OR, odds ratio.

medium at 4 °C for short-term use or at—80 °C for long-term
storage. Cultivate HUVEC in endothelial cell medium until
they reach approximately 70% confluency, then replace the
medium with the previously prepared conditioned medium
before experiments.

2.13 Tube Formation Assays

Add 200 pL of Matrigel to each well of a 24-well plate
and incubate at 37 °C for 30 min before the addition of 6 x
104 HUVECs. After adding cells to incubate 8 h with su-
pernatant from indicated cultured cancer cells, microscopy
was used to observe.

2.14 Enzyme Linked Immunosorbent Assay (ELISA)

The ELISA kit utilized was the Human VEGF-A
ELISA Kit from Elabscience (#E-EL-HO111c, Elabscience
Biotechnology Co., Ltd., Wuhan, China), following all pro-
cedures as per the manufacturer’s instructions. In summary,
a preliminary experiment was conducted to determine the
optimal dilution concentration. Thereafter, the extracted
conditioned medium, diluted to the identified concentra-
tion, was added in equal volumes to the antibody-coated
plates supplied by the kit. The protocol involved repeated
cycles of incubation at 37 °C in the dark, followed by wash-
ing and blotting dry. Finally, the substrate solution was
added and incubated for 15 min, after which the stop so-
lution was introduced. The absorbance was immediately
measured at 450 nm. After calibrating the obtained pti-
cal density (OD) values, the corresponding concentrations
were calculated using the curve fitted to the standard sam-
ples.

2.15 In Vivo Cancer Metastasis Assay

The negative control and lentivirus were used to infect
1 x 10% A498 cells, which were subsequently injected into
nude mice via tail vein injection to assess their metastasis
ability. After a 45-day observation period, all mice were
first subjected to live small animal fluorescent imaging as-
says. Subsequently, they were complete anesthetized with
100 mg/kg/ip of pentobarbital sodium, followed by cervi-
cal dislocation as a secondary euthanasia method to ensure
death.
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2.16 Subcutaneous Tumor Models

Using negative control and lentivirus infected 1 x 108
A498 cells. Then cells were injected respectively into the
subcutaneous tissue of nude mice to evaluate the prolifer-
ation ability. Tumor size was measured every 5 days. Af-
ter 45 days for observation, all mice were complete anes-
thetized with 100 mg/kg/ip of pentobarbital sodium, fol-
lowed by cervical dislocation as a secondary euthanasia
method.

2.17 Statistical Methods

Data analyses were conducted using SPSS Statistics
version 25.0 (IBM Corp., Chicago, IL, USA) and Graph-
Pad Prism version 9.0 (GraphPad Software Inc., San Diego,
CA, USA). Variations between control and experimental
groups were assessed through unpaired and paired Student’s
t-tests. One-way ANOVA was applied to explore differ-
ences among multiple groups relative to a control group.
Kaplan-Meier survival analysis was utilized to project pa-
tient prognoses. Furthermore, logistic regression analyses
focusing on single genes were executed in SPSS and results
were methodically presented in tabular formats. Statistical
data were expressed as mean values + standard deviations,
with p-values of less than 0.05 deemed to indicate statistical
significance.

3. Results

3.1 PLCG2 was Downregulated and was a Potential
Biomarker in ccRCC

The VEGF signaling pathway was markedly corre-
lated with the clinical prognosis in ccRCC. Thus, the genes
that were differential expression in TCGA-KIRC database,
ICGC-KIRC database, CPTAC-PDC000127 cohorts, and a
gene set of the VEGF signaling pathway were used to screen
the hub gene of the angiogenesis in ccRCC. The intersec-
tion of these four datasets showed that 6 genes were signif-
icantly different expressions in ccRCC relative to the nor-
mal tissues (Fig. 1A). From go without saying, that VEGFA
and VEGFB, as two famous factors of the VEGF signal-
ing pathway, played important roles in the angiogenesis of
ccRCC. There was not much innovativeness to study with
those two genes. Kaplan—Meier analysis showed ccRCC
patients with higher expression of FMS-like tyrosine kinase
1 (FLTI) and neuropilin 1 (NRPI) had better overall sur-
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Fig. 2. PLCG2 was downregulated in ccRCC tissues and cell lines. (A) The protein expression of PLCG2 in 12 pairs matched normal
and cancerous tissues and the statistical graph of gray value. In this context, N1 represents the adjacent normal tissue of the first patient,
T1 represents the cancerous tissue of the first patient, and so on. (B) The mRNA levels of PLCG2 in 16 pairs matched normal and
cancerous tissues of ccRCC patients and the statistical graph. (C) The immunohistochemical analyses of 5 pairs matched normal and
cancerous tissues and the statistical graph of IHC score. Scale bar = 50 um. (D) The protein expression of PLCG2 in ¢ccRCC cell lines
(A498, 786-0, CAKI-1, ACHN, OSRC) and human embryonic kidney cell (HEK293) (n = 3) and statistical graph of gray value. (E)
The mRNA levels of PLCG2 in ccRCC cell lines (A498, 786-O, CAKI-1, ACHN, OSRC) and HEK293 (n =3) (*p < 0.05, **p < 0.01,
**¥p < 0.001, ****p < 0.0001). IHC, immunohistochemistry.
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Table 2. Correlation between CSK mRNA levels and clinicopathological characteristics of ccRCC patients.

Characteristics Total (N) OR (95% CI) p value
Pathologic T stage (T2&T3&T4 vs. T1) 541 1.023 (0.730-1.433)  0.896
Pathologic N stage (N1 vs. NO) 258 2.390 (0.806-7.085)  0.116
Pathologic M stage (M1 vs. M0) 508 1.635(1.004-2.663)  0.048
Pathologic stage (Stage II1&Stage IV vs. Stage 1&Stage 1) 538 1.287 (0.908-1.823) 0.156
Gender (Male vs. Female) 541 0.787 (0.551-1.122)  0.186
Age (>60 vs. <60) 541 0.856 (0.611-1.200)  0.367

CSK, Carboxy-terminal Src kinase; TNM, T, tumor; N, regional lymph node; M, metastasis.

vival which was opposite to the upregulation in the tumor,
indicating these two factors had no clinical significance
(Fig. 1B-D). The prognostic values of PLCG2 and carboxy-
terminal Src kinase (CSK) were consistent in the expression
of ccRCC (Fig. 1B-D). Next, monogenic logistics were
performed demonstrating that PLCG2 had more diagnos-
tic value to be a biomarker for ccRCC (Tables 1,2). The
findings from the receiver operating characteristic curve
(ROC) analysis also indicated the expression of PLCG2
was associated with the clinical prognosis (Fig. 1E and
Supplementary Fig. 1A). Pair comparison by TCGA and
ICGC database and unpair comparison by CPTAC database
showed that PLCG2 was significantly downregulated in tu-
mor tissues (Fig. 1F and Supplementary Fig. 1B). The
data from the ArrayExpress database (E-MTAB-1980) and
TCGA database indicated that PLCG2 expression was asso-
ciated with clinical stages of ccRCC (Supplementary Fig.
1C,D). GSEA showed the high-expression group of PLCG2
was enriched in the VEGF signaling pathway and angio-
genesis (Supplementary Fig. 1E). The Kyoto Encyclope-
dia of Genes and Genomes (KEGG) analysis showed the
same results. Even more interesting is renal cell cancer was
enriched in KEGG analysis which confirmed that PLCG2
may be a hub gene to make RCC in connection with angio-
genesis (Supplementary Fig. 1F). The results consistently
supported the significance of PLCG?2 as a pivotal gene im-
plicated in renal cancer and angiogenesis.

3.2 PLCG2 was Downregulated in ccRCC Tissues and
Cell Lines

The expression levels of PLCG2 were found to be sig-
nificantly downregulated in ccRCC. To confirm this obser-
vation, WB, qPCR, and IHC were employed to compare the
expression levels of PLCG2 between ccRCC tissues and ad-
jacent normal tissues. Both WB and qPCR results indicated
a marked reduction in PLCG2 expression in ccRCC tissues
(Fig. 2A,B). This finding was further supported by IHC
analysis (Fig. 2C). Additionally, we confirmed the down-
regulation of PLCG2 in ccRCC cell lines compared to nor-
mal renal cell lines (Fig. 2D,E). In conclusion, these re-
sults collectively validated the downregulation of PLCG2
in ccRCC.
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3.3 Overexpression of PLCG2 Inhibited Cell Proliferation,
Migration, Invasion, and Lipid Accumulation in ccRCC

ccRCC cells were transfected with lentivirus to in-
vestigate the role PLCG2 played in ccRCC. Using qPCR
and Western bolt to confirm the mRNA level’s and protein
expression’s upregulation compared with the vector group
(Fig. 3A,B). Transwell assays suggested that increased
PLCG?2 expression reduced the ccRCC cells invasion and
migration ability (Fig. 3C). Also, CCK-8 assays indicated
that tumor cells reduced the ability of proliferation while
the PLCG2 were upregulated in ccRCC cells (Fig. 3D).
Lipid accumulation is the most remarkable biological fea-
ture of ccRCC. To investigate whether the PLCG2 can ef-
fect a change in ccRCC cells’ lipid metabolism, the oil
red staining assay was used which showed overexpress-
ing the PLCG2 could reduce lipid accumulation (Fig. 3E).
Triglyceride determination showed that PLCG2 reduces the
triglyceride content in ccRCC cells (Fig. 3F). The findings
clearly demonstrate that overexpression of PLCG2 inhibits
proliferation, invasion, migration, and lipid accumulation
of ccRCC cells.

3.4 Knocking Down PLCG2 Promoted Cell Proliferation,
Migration, Invasion, and Lipid Accumulation in ccRCC

Si-RNAs targeted PLCG2 were used to study the func-
tion of PLCG2 knocking down plays in cells. As mentioned
before, qPCR and WB were used to verify the decreased ex-
pression of PLCG2 in protein and mRNA levels (Fig. 4A
and Supplementary Fig. 2A,B). The migration and in-
vasion abilities of A498 and CAKI-1 were promoted by
PLCG?2 downregulation (Fig. 4B). The promotion of prolif-
eration ability was verified by CCK-8 assays (Fig. 4C). The
influence of PLCG2 played in lipid metabolism was veri-
fied again by oil red staining assay to compare negative con-
trol and PLCG2-downregulated group (Fig. 4D and Sup-
plementary Fig. 2C). Triglyceride determination showed
that knocking down the PLCG2 improved the triglyceride
content in ccRCC (Fig. 4E). It was proved that knockdown
of PLCG2 promoted cell proliferation, migration, invasion,
and lipid accumulation in ccRCC.
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Fig. 3. Overexpression PLCG2 inhibited cell proliferation, migration, invasion, and lipid accumulation in ¢cRCC. (A) Protein
expression of A498 and CAKI-1 cells with transfected PLCG2-overpressed lentivirus (n = 3) and the statistical graph of gray value. (B)
The mRNA levels of A498 and CAKI-1 cells with transfected PLCG2-overpressed lentivirus (n = 3). (C) The transwell assays were
used to evaluate the migration and invasion ability of A498 and CAKI-1 transfected PLCG2 overexpression and the statistical graph was
used to compare the number of cells between the PLCG2 overexpression group and vector group (n = 3). Scale bar = 50 um. (D) Cell
proliferation curves of CCK-8 assays for A498 and CAKI-1 transfected PLCG2 overexpression compared with the control group (rn =
3). (E) The oil red staining of A498 and CAKI-1 transfected PLCG2 overexpression compared with the control group (n» = 3) and the
statistical graph of the quantitative oil red staining. Scale bar = 100 um. (F) The relative TG content in ccRCC cells transfected PLCG2
overexpression compared with the control group (n = 3) (*p < 0.05, **p < 0.01, ***p < 0.001). CCK-8, Cell Counting Kit-8; TG,
triglyceride.
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Fig. 4. Knocking down PLCG2 promoted cell proliferation, migration, invasion, and lipid accumulation in ccRCC. (A) Protein
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3.5 PLCG2 Played an Important Role in Tumor
Angiogenesis

To dig deep into the correlation between the PLCG2
and the VEGF signaling pathway, we added the super-
natant collected from ccRCC knocking down or overex-
pressing the PLCG2 group into the medium of HUVEC.
The tube formation assays in vitro indicated that HUVEC
co-culture with supernatant of PLCG2-overexpressed or
PLCG2-knockdown group inhibited or promoted the abil-
ity of angiogenesis, respectively (Fig. 5A,B). The tube
length of HUVEC co-cultured with overexpression PLCG2
was markedly shorter than HUVEC with negative control,
whereas the down-regulated group exhibited the opposite
effect (Supplementary Fig. 3A,B). The findings of West-
ern blot indicate that PLCG2 may exert an influence on
the process of angiogenesis mediated by VEGFA (Fig. 5C).
The results of the ELISA experiment also demonstrated that
overexpression of PLCG2 led to increased levels of VEGFA
in the supernatant of ccRCC cell lines (Supplementary
Fig. 3C). Also, CCK-8 assays suggested that HUVECs co-
cultured with the overexpressing PLCG2 group reducing
the ability of proliferation (Fig. SD). As expected, knock-
ing down group improved the proliferation of HUVEC
(Fig. 5E). In order to determine whether the role of PLCG2
in promoting angiogenesis is related to HIF-2c, we sub-
jected ccRCC cell lines to hypoxic conditions. The results
showed that PLCG2 promotes angiogenesis through a HIF-
2a-independent pathway (Supplementary Fig. 3D). In
summary, PLCG2 might affect the ccRCC cell metastasis
by inhibiting angiogenesis.

3.6 The PLCG2 Suppressed Tumor Progression in Vivo

Subcutaneous tumor models were used to verify the
function of PLCG2 in vivo (Fig. 6A), and the results of tu-
mor weight and triglyceride determination verified overex-
pression PLCG2 inhibited tumor proliferation and lipid ac-
cumulation in vivo (Fig. 6B,C). The tumor growth curve
showed that PLCG?2 reduced the tumor growth (Fig. 6D).
And the live small animals fluorescent imaging assays were
used to evaluate the proliferation and invasion capabilities
of ccRCC in vivo (Fig. 6E,F). The findings aligned with the
cell experiment. The PLCG2 overexpression group had a
smaller range of ccRCC cell metastasis and invasion than
the negative control group. These observations confirmed
that the function of PLCG?2 is to inhibit tumor growth in
vivo.

4. Discussion

In recent years, studies have demonstrated that
monotherapy targeting ccRCC angiogenesis yields limited
efficacy, while combination chemotherapy inflicts unimag-
inable suffering upon patients [20,21]. Therefore, it is of
paramount importance to identify a dual-targeting strategy
capable of inhibiting both angiogenesis and the prolifera-
tive capacity of ccRCC itself.
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The PLC family plays a crucial role in catalyzing
the transformation of 1-phosphatidyl-1D-myo-inositol 4,5-
bisphosphate (PIP2) to inositol 1,4,5-trisphosphate (IP3)
and diacylglycerol (DAG) [22]. Previous study suggested
that PLCG2 was implicated as a risk factor in Alzheimer’s
disease and could be therapeutically targeted [23]. Study
[24] has shown that in Alzheimer’s disease, the Trigger-
ing Receptor Expressed on Myeloid Cells 2 (TREM2) de-
pends on PLCG?2 activity to regulate the expression of lipid
metabolism-related genes in microglia. Cells with PLCG2
knockout tend to accumulate cholesterol and sphingolipids
after sphingomyelin treatment [24]. This underscores the
role of PLCG2 in regulating lipid metabolism. Addition-
ally, aberrant lipid metabolism is a significant characteristic
of renal cancer. We have discovered that PLCG2 can mod-
ulate lipid metabolism in renal cancer cell lines, but the spe-
cific mechanisms remain unexplored. This could be a direc-
tion for future experiments. Furthermore, there was report
on the correlation between PLCG2 and Bruton tyrosine ki-
nase resistance in chronic lymphocytic leukemia [25]. On
the other hand, in patients with ankylosing spondylitis (AS),
there is a significant differential expression of PLCG2, with
notably high levels of PLCG2 in peripheral blood. A fur-
ther study has found that high PLCG2 expression may be
associated with a significant increase in CD4-positive T
cells and monocytes in AS patients [26]. Study on soft tis-
sue sarcoma (STS) has also demonstrated that PLCG2 is
a key gene associated with STS immunity. High expres-
sion of PLCG2 is positively correlated with CD8™ T cells,
M1 macrophages, and monocytes, indicating that PLCG2
may be a potential prognostic marker for STS patients [27].
Renal cancer patients also exhibit significant immune in-
filtration. Immunotherapy for RCC is diverse and includes
cytokine therapy, cell therapy, and vaccine therapy. Among
these, the use of immune checkpoint inhibitors has been a
recent focus and has shown promising results. Therefore,
immunotherapy for RCC holds great potential for the fu-
ture [28]. PLCG2 exhibits strong immune relevance, and
immunotherapy for ccRCC has proven to be highly effec-
tive. Discovering the regulatory role of PLCG2 in ccRCC
immunity could potentially have a significant impact on the
treatment of ccRCC. Unfortunately, such studies are rare,
which may become one of our key focus areas in future re-
search., thereby providing a novel target for ccRCC treat-
ment. Moreover, PLCG2 has a significant impact on lipid
levels in ccRCC. While there are many reports on the as-
sociation between lipids and VEGFA, in-depth mechanis-
tic studies remain scarce. Research indicates that VEGFA
might elevate lipid levels by inhibiting LPL activity [29].
In mouse models, VEGFA overexpression can lead to the
accumulation of TG in large very-low-density lipoprotein
(VLDL) particles [30]. Furthermore, VEGFA serves as a
biomarker for obesity, but clinical trials have not demon-
strated that a reduction in blood lipids in obese individuals
necessarily correlates with a significant decrease in VEGFA
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Fig. 5. PLCG2 played an important role in tumor angiogenesis. (A) The tube formation assays were used to evaluate the ability of
pro-angiogenic ability of A498 and CAKI-1 transfected PLCG2 overexpression compared with the vector group (n = 3), scale bar = 50
um. (B) The tube formation assays were used to evaluate the ability to inhibit the angiogenic ability of A498 and CAKI-1 transfected
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VEGFA protein down-regulated and up-regulated in PLCG2 overexpression and knockdown group (n = 3) and the statistical graph of
gray value. (D) Cell proliferation curves of CCK-8 assays for HUVEC cells culturing with the conditioned medium from A498 and
CAKI-1 transfected PLCG2 overexpression compared with the vector group (z = 3). (E) Cell proliferation curves of CCK-8 assays for
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[29]. Therefore, the relationship between VEGFA and
lipids requires further investigation to determine whether
it is a contributing factor to lipid abnormalities in ccRCC.

Angiogenesis is the process of neovascularization
from capillaries, ultimately forming a comprehensive net-
work of blood vessels [31]. Similar to other physiologi-
cal processes, it can be distinguished between physiolog-
ical and pathological angiogenesis. However, most blood
vessels remain quiescent in adulthood [32]. Angiogenesis
serves as a hallmark of cancer, not causing malignancy but
promoting its metastatic potential [33]. It contributes to the
progression of RCC [34], non-small cell lung carcinoma,
colorectal cancer, breast cancer, and various other can-
cers [31]. Under normal circumstances, pro-angiogenic and
anti-angiogenic factors maintain a delicate balance. When
local oxygen demands surpass supply (commonly occurring
when tumor diameter reaches 1-2 mm), hypoxia triggers
the activation of angiogenesis. Sunitinib, a renowned tyro-
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sine kinase inhibitor targeting pro-angiogenic growth fac-
tor receptors, aids in improving overall survival for ccRCC
patients. Nevertheless, drug tolerance issues continue to
pose threats to patients’ well-being. The disease progresses
in over 70% of patients following administration of first-
line treatment [35]. Therefore, addressing drug tolerance
or identifying novel targets for inhibiting angiogenesis be-
comes particularly crucial. Combining with other drugs
may be a good option. Study has shown that combin-
ing with Decitabine can enhance Sorafenib sensitivity [36].
Additionally, why anti-VEGF drugs fail to exhibit effi-
cacy as monotherapy remains an unanswered question [32].
However, they do demonstrate effectiveness in rodent mod-
els.

The main factors promoting tumor angiogenesis
include VEGFA, platelet-derived growth factor B, an-
giotensin, and axon-guidance molecules [37]. The VEGF
family consists of 7 members [38] with VEGFA being an
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indispensable component in angiogenesis. The deletion of
a single VEGFA allele leads to embryonic lethality, high-
lighting the crucial role played by VEGFA in angiogene-
sis. As a cytokine, VEGFA not only affects angiogene-
sis but also influences coagulation function, macrophage
recruitment, cell homeostasis maintenance, hematopoietic
stem cell survival support, and tumor cell survival promo-
tion [31]. VEGFR is a tyrosine kinase receptor. While
VEGFR-1 (FLT1) acts as a negative regulator by control-
ling the levels of VEGFA in the blood, it can also act as a
pro-tumor factor in certain cancers. Current drug therapies
targeting angiogenesis primarily focus on endothelial cells,
parietal cells, stromal cells as well as hematopoietic cells
and tumor cells [32]. Among them, monoclonal antibodies
targeting the VEGF pathway are extensively employed for
this purpose [31].

The enrichment analysis results suggest that PLCG2
may exert its function through the mitogen-activated pro-
tein kinase (MAPK) signaling pathway, which predom-
inantly encompasses extracellular signal-regulated kinase
(ERK)/MAPK, Jun N-terminal kinase (JNK)/MAPK, and
p38/MAPK. The INK/MAPK pathway targets the tran-
scription factor AP1, which plays a role in carcinogenic
affection [39]. Interestingly, JNK1 and JNK2 exhibit dis-
tinct roles in tumor proliferation. While Jun expression can
be stabilized and phosphorylated by JNKI, it undergoes
degradation by JNK2. Transcription factors regulated by
the p38/MAPK signaling pathway include p53 and Activat-
ing Transcription Factor 2 (ATF2) among others. Although
p38a is widely regarded as a tumor suppressor, it may also
possess carcinogenic properties. The ERK/MAPK path-
way is extensively studied and considered one of the most
important pathways involved in cell proliferation [40]. It
is activated by rat sarcoma (RAS) and protein kinase C
(PKC) and associated with transcriptional activation, stim-
ulation of cell proliferation, and regulation of the cell cy-
cle through cyclin D1 modulation. PLCG2/IP3/Ca%*/PKC
pathway was studied in chromophobe renal cell carcinoma
(chRCC) [41]. The study elucidated the association be-
tween chRCC and PLCG2, while also identifying PKC as a
downstream effector. However, the expression of PLCG2
differs between ccRCC and chRCC, and there are signifi-
cant differences in the sets of differentially expressed genes
between these two cancers. Therefore, it remains unclear
whether PLCG2 activates MAPK pathways by activating
PKC in ccRCC. Meanwhile, experimental verification is
still required to determine the potential interaction between
the PLCG2 and MAPK pathways.

Our study has certain limitations. If RNA-seq is
employed to compare the vector with the overexpressed
PLCG2 group, it will provide additional insights into the
function of PLCG2 and enhance the correlation between the
VEGF signaling pathway and PLCG2. Although Western
blot, tube formation assays, and ELISA are utilized for ex-
ploring the potential impact of PLCG2, in vivo verification
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is not conducted. While our conclusions are supported by
both cell culture and animal model experiments, the under-
lying mechanism through which PLCG2 influences ccRCC
proliferation remains unexplored. These unresolved issues
can serve as key focal points for future research.

5. Conclusions

The results from the integration of bioinformatic anal-
ysis and experimental research demonstrate that PLCG2 ex-
hibits low expression in ccRCC and is associated with pa-
tient prognosis. As a tumor suppressor gene, PLCG2 in-
hibits tumor proliferation, metastasis, and potentially an-
giogenesis by modulating the expression of VEGFA. More-
over, PLCG2 may influence the proliferative capacity of re-
nal cancer itself through MAPK signaling pathways. Tar-
geting PLCG2 can be a promising strategy for inhibiting
both angiogenesis and the progression of renal cancer.
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