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Background: Cisplatin is the first-line chemotherapy for cervical cancer. Cisplatin
resistance has always been one of the most significant barriers to acquiring better
outcomes. However, the complex molecular mechanisms accounting for the
phenomenon are not completely clear.

Methods: Construction of the cisplatin-resistant cell model of cervical cancer, then
performing RNA sequencing and bioinformatic analysis of the differential expression
genes. Then Adhesion G protein-coupled receptor G1 (ADGRG1) was screened out as
our target gene. Gene Expression Profiling Interactive Analysis (GEPIA) was searched to
show the expression level of ADGRG1 in cervical cancer and normal tissue. Kaplan-Meier
Plotter (Kmplot) was used to explore the relationship of its expression with survival data.
Tissue specimens were used to verify the relationship between the clinicopathological
characteristics and ADGRG1 expression. Then we explored the roles of ADGRG1 in
tumorigenesis through in vitro and in vivo assays.

Results: We found the ADGRG1 was significantly overexpressed in cervical cancer
tissues compared to corresponding normal tissues. Higher ADGRG1 expression was
correlated with poor progress-free survival. Knockdown of ADGRG1 markedly
suppressed cell proliferation, migration, and invasion and increased cell sensitivity to
cisplatin in vitro. Similarly, the role of ADGRG1 knockdown on tumorigenicity and
sensitivity to cisplatin treatment was verified in vivo. The underlying mechanism was
explored by western blotting that ADGRG1 knockdown inhibited tumorigenesis by PI3K/
Akt/mTOR signaling pathway.

Conclusion: ADGRG1 acts as an oncogene to maintain tumorigenicity, migration, and
invasion, and its depressed expression prompts sensitivity to cisplatin. Thus, ADGRG1may
represent a potential prognostic marker and possible therapeutic target for cervical cancer.
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INTRODUCTION

Cervical cancer is the fourth most cancer in women with an age-
standardized incidence of 13.1 per 100,000 women globally (1).
Although preventive and screening measures for cervical cancer
have greatly developed, the prognosis of advanced cases is far
from satisfactory (2). For early-stage cases, surgery is generally
preferred and curative. However, the overall response rate
among radiotherapy and chemotherapy is not high in patients
(3), which may be related to resistance to chemoradiation.
Cisplatin has been considered the primary chemotherapy for
metastatic or recurrent cases, even in combination with
radiotherapy as a radiosensitizer for locally advanced cervical
cancer (4–6). A phase III randomized trial by Yoichi Aoki
concluded that there was an approximate 30% overall response
rate to cisplatin in patients with stage IVB, recurrent, or
persistent cervical cancer (7). Therefore, overcoming cisplatin
resistance is of great importance to achieve a higher response rate
and better prognosis (8).

G Protein-Coupled Receptors (GPCRs) are proteins encoded
by more than 800 genes in the human genome, and they are
further classified into five subfamilies including Glutamate,
Rhodopsin, Adhesion, Frizzled, and Secretin (9). In recent
years, multiple adhesion GPCRs (aGPCRs) have been involved
in a variety of progression of physiological functions, genetic
disorders, and tumorigenesis (10).

ADGRG1, also called G-protein-coupled receptor 56
(GPR56), is an important member of the aGPCR family. There
has been a lot of evidence that ADGRG1 participates in a variety
of biological processes, including brain development (11, 12),
hematopoietic stem cell generation (13), male fertility (14),
myoblast fusion (15), muscle hypertrophy (16), tumorigenesis
(17–22). However, the clinical significance and potential possible
mechanism of ADGRG1 in regulating tumorigenesis of cervical
cancer remain unclear. Therefore, we designed experiments to
explore the expression level and biological function of ADGRG1
in cervical squamous cancer.
MATERIAL AND METHODS

Cell Culture and Construction of Stable
Cisplatin−Resistant Cell Line
Siha, which was a human cervical squamous carcinoma cell line,
was purchased from Procell Life Science & Technology Co and
cultured in a-MEM medium (BI; Biological Industries)
supplemented with 10% fetal bovine serum (FBS; BI) and 1%
penicillin-streptomycin (Solarbio). And Siha cells grow at 37°C
with 5% carbon dioxide in a humidified environment.
The resistant cell line was developed by dose-escalation
continuous exposure to cisplatin (Selleck) from the parental
cell line (Siha-N). Siha was cultured in a-MEM medium
supplemented with cisplatin started with a concentration at
0.125 mg/ml. When the concentration of cisplatin reached
3 mg/ml and the cells can grow stably at this concentration, a
stable cisplatin-resistant Siha called Siha-DDP was established.
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The viability rates and IC50 values in cisplatin were detected by
Cell Counting Kit‐8 (CCK8) assay.

CCK8 Assay
The parental cell line (Siha-N) and cisplatin-resistant cell line
(Siha-DDP) were respectively seeded in 96-well plates at an
initial density of 1×104 cells/well in 100 ml a-MEM medium
per well. Cisplatin at gradient concentration (0, 2, 4, 8, 16, 32,
and 48 mg/ml) was added later after cell attachment. After 48 h of
exposure to cisplatin, cell viability was assessed by Cell Counting
Kit‐8 (CCK‐8; Dojindo Laboratories). Ten ml CCK‐8 reagent and
90 ml medium were added to each well and incubated for another
1 h in the cell incubator. The absorbance was measured at 450
nm wavelength. Six wells were used for repetition at each
concentration. Cell viability rate curves were generated, and
50% inhibiting concentration (IC50) was obtained.

Similarly, Siha-N and Siha-DDP were respectively seeded in
96-well plates at a density of 1×103 cells/well following the steps
above to obtain the OD value. The values were measured every
24 h for continuous 6 days to plot the cell proliferation curve.

Cell Apoptosis Detected by
Flow Cytometry
Siha-NC (negative control) and Siha-KD (knockdown) were
plated in six-well plates, respectively. Medium with and
without cisplatin was added to the wells for another 24 h after
cell attachment. Then cells were collected for flow cytometry to
detect apoptosis. Cell apoptosis was determined by Annexin
V-APC/7AAD apoptosis detection kit (BD Biosciences)
following the manufacturer’s product instruction manual.

RNA-Sequencing and Identification of
Differentially Expressed Genes
The cisplatin-resistant cell lines (Siha-DDP1, Siha-DDP2, Siha-
DDP3, Siha-DDP4, Siha-DDP5) were used as the test group, and
the parental cell lines (Siha-N1, Siha-N2, Siha-N3) were regarded
as the control group. Afterwards, the eight samples were sent to
Annoroad Gene Technology performing RNA sequencing.
Genes meeting the criterion of |log2Foldchange| ≥ 1 and
p-value < 0.05 were identified as differentially expressed genes
(DEGs). GEO datasets (https://www.ncbi.nlm.nih.gov/gds/) were
searched for cisplatin-resistant cervical cancer. Finally, the
overlap of the gene sets was obtained by Funrich software.

GEPIA Analysis
We obtained the expression profile of ADGRG1 in cervical
cancer and normal tissues by the GEPIA website (http://gepia.
cancer-pku.cn/). The result was presented in the form of
box plots.

Survival Analysis of ADGRG1
The Kaplan-Meier plotter (http://kmplot.com/analysis/) was
used to assess the survival of 174 cervical squamous cancer
samples. Firstly, enter the gene “ADGRG1” and select the option
“Auto select best cutoff.” After automatic calculation, the best
performing threshold was used as a cutoff value between the
lower and upper quartiles. The cervical cancer patients with
July 2021 | Volume 11 | Article 671895
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FIGO stage I-IV were divided into high- and low-expression
groups, followed by evaluating the Relapse-Free Survival using a
Kaplan-Meier plot. The hazard ratio (HR) and log-rank P value
were obtained from the webpage.

Human Tissue Specimens
A total of 58 pairs of fresh cervical squamous carcinoma tissues
and corresponding para-carcinoma normal tissues were obtained
from patients with cervical carcinoma who underwent a radical
hysterectomy at the Department of Obstetrics and Gynecology,
Qilu Hospital, from 2018 to 2019. Proteins extracted from these
fresh tissues were used for Western blotting.

Tissue slices derived from 132 cervical squamous cancer
patients who underwent radical hysterectomy from January
2009 to December 2013 in Qilu Hospital were collected from
the department of pathology.

All patients included in our study were histopathologically
diagnosed with cervical squamous cell carcinoma, clinically
staged FIGO I-II. None of these patients had a history of prior
radiation or chemotherapy. Patients with other malignancies
were excluded. Agreements for the following studies were
approved by the Ethics Committee of Qilu Hospital of
Shandong University. The patients and their families were
informed of specimen collection, and the informed consent
forms were signed.

Western Blotting
Total protein of tissues and cells were lysed in a mixture of RIPA,
protease inhibitor, and phosphatase inhibitors (100:1:1,
Beyotime Institute of Biotechnology). BCA Protein Assay Kit
(Beyotime Institute of Biotechnology) was used to detect protein
concentrations. Thirty mg of protein samples were separated by
10% SDS-PAGE and then transferred to PVDF membranes
(EMD Millipore). After being blocked with 5% fat-free milk
for 1 h, the membranes were incubated with primary antibodies
against ADGRG1 (1:1,000; Santa Cruz), mTOR (1:1,000; CST,
Cell Signaling Technology), p-mTOR (1:1,000; CST), PI3K
(1:1,000; CST), AKT (1:1,000; CST), p-AKT (1:2,000; CST),
GAPDH (1:3,000; Servicebio) at 4°C overnight. After
incubation with primary antibodies, the membranes were
incubated in anti-rabbit or anti-mouse secondary antibodies
(Cell Signaling Technology) for 1 h. Protein signals were
visualized by the ECL detection system (Amersham Imager
600; GE).

Immunohistochemistry
After baking for 1 h at 65°C, the paraffin‐embedded sections were
deparaffinized in xylene and rehydrated in fractionated ethanol
solutions. The slices were heated in citrate buffer (0.01 M, pH
6.0) for antigen retrieval. Then, 3% hydrogen peroxide was added
to slices to block peroxidase. Sections were incubated with
primary antibody (anti‐ADGRG1; 1:400; Affinity) at 4°C
overnight. After washing with phosphate‐buffered saline (PBS),
the sections were incubated with reagents 2 and 3 (PV‐9001;
Zhong Shan Biotech Co Ltd) in sequence. Diaminobenzidine
(DAB) was added to show the positive area. The total score of
each slice was calculated by the method based on the percentage
Frontiers in Oncology | www.frontiersin.org 3
of positive cells and staining intensity (immunoreactive score =
staining intensity × percentage of positive cells). Staining
intensity was graded as 0 (negative), 1 (weak), 2 (moderate), 3
(strong). The percentage of positive cells was scored as 0 (<10%),
1 (10–30%), 2 (30–50%), 3 (50–70%), 4 (>70%). Cases with
immunoreactive score ≤6 were defined as low-expression group,
and those with score >6 were defined as high-expression group.

Real-Time PCR
Total RNA from cells was extracted by Trizol reagent (Thermo
Fisher Scientific) according to the manufacturer’s instructions.
After detecting the concentration of mRNA, 10 ml of each sample
was reverse-transcribed to cDNA using ReverTra Ace qPCR RT
Master Mix with genomic DNA Remover (Toyobo Co).
Quantitative real‐time polymerase chain reaction (qRT‐PCR)
was performed using the SYBR Green (Toyobo Co). The relative
mRNA expression was normalized to GAPDH and calculated
using 2−DDCt calculation method.

Si-RNA and Lentivirus Transfection
ADGRG1−targeting small interfering RNAs (si-RNAs) and
negative control siRNAs (si−NC) were designed and synthesized
by GenePharmaCorp. The ADGRG−siRNA sequences were as
follows: siRNA-1428, 5’−GCAACCACUUGACCUACUUTT−3’;
siRNA-1900, 5’−GGUGGAUGUGGACAACUAUTT−3’; siRNA-
2178, 5’−CCUUUGCUUCUGGCACCU UTT−3’. The si−NC
sequence was as follows: 5’−UUCUCCGAACGUGUCACGUTT
−3’ (sense) and 5’−ACGUGACACGUUCGGAGA ATT−3’
(antisense). The si−RNAs and si−NC were transfected into Siha
by INTERFERin (Polyplus Transfection) according to the
manufacturer’s protocols. After 48 h, knockdown efficiency was
evaluated by PCR and Western blotting. Lentiviruses carrying
short hairpin RNA (shRNA: 5′‐GCAACCACTTGACCTACTT-
3′) targeting ADGRG1 and negative control (shNC: 5′‐
TTCTCCGAACGTGTCACGT-3′) were also synthesized
by GenePharmaCorp.

Immunofluorescence Assay
Cells cultured on sterile coverslips were fixed with 4%
paraformaldehyde for 30 min. Following permeabilization with
0.4% Triton X-100 for 15 min, goat serum was used for blocking
at room temperature for 30 min. The cells were incubated with
primary anti-ADGRG1 antibody (1:400; Affinity) overnight at
4°C. After washing with PBS, the cells were stained with
DyLight594 conjugate goat antirabbit immunoglobulin G
(1:100; Abbkine Scientific) in the dark for 1 h. Subsequently,
nuclei were stained with 4′,6‐diamidino‐2‐phenylindole (DAPI;
Boster Biological Technology). Images were captured with a
fluorescence microscope.

Cell Migration and Invasion Assay
Wound scratch assay was conducted to evaluate cell migration.
First, 80×104 cells were planted on a six-well plate. After cell
attachment at about 80–90% density, wounds were scratched by
200 ml pipette tips. Then replace the medium with the serum-free
a-MEM medium. Take photos at 0, 24, 48, 72 h. Cell invasion
ability was assessed by the transwell assay. Following coating the
July 2021 | Volume 11 | Article 671895
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upper-side membrane of the transwell chamber (Corning
Incorporate) with 60 ml Matrigel (1:7; Corning Incorporate),
the upper side of the inserts were filled with 200 ul serum-free
medium containing 10 × 104 cells, and the lower chamber was
filled with 600 ml medium containing 10% FBS. After being
cultured for 24 h, invading cells were fixed with methanol for
15 min and stained with 0.1% crystal violet for 30 min.
The number of invasive cells was counted in five random
views (200×).

Colony Formation Assay
One thousand cells per well were cultured in a six-well plate.
Replace the medium with a cisplatin concentration of 2 ug/ml.
After a total of 10 days of culture, the colonies were fixed with
100% methanol for 15 min and stained with 0.1% crystal violet
for 30 min, then the number of colonies was counted.

ADGRG1 Regulates Xenograft Growth and
Sensitivity to Cisplatin Treatment In Vivo
The BALB/c nude mice (female, aged 5 weeks, 16.2 ± 2.6 g) were
purchased from Gempharmatech Co and fed in SPF breeding
units. Each mouse received subcutaneous inoculating of 8 × 106

cell suspension bilaterally. The details were as follows: Siha-NC
was injected into the right axilla, and Siha-KD was injected into
the left axilla. After 10 days of inoculation, the mice were
randomly divided into two groups (non-cisplatin treatment
group, cisplatin treatment group, n = 6 per group). Cisplatin
(2 mg/kg) and equal volume NS were injected intraperitoneally
Frontiers in Oncology | www.frontiersin.org 4
into nude mice every 5 days. Simultaneously, tumor volume
(volume = width2 × length/2) was determined by vernier caliper
and recorded. All mice were euthanized on day 25, and the
tumors were completely excised and stored at −80°C.

Statistics Analysis
The data were presented as means ± SD, and significant
differences were determined using GraphPad 8.0. Student’s
t-test and one-way ANOVA were used to determine statistical
differences between groups. The chi-square test was used to
analyze relationships between ADGRG1 expression and
clinicopathological characteristics. P values < 0.05 were
regarded as statistically significant.
RESULTS

Construction of Cisplatin-Resistant Cell
Line and Identification of Differentially
Expressed Genes
We developed a stable, resistant cervical cancer cell line to
cisplatin called Siha-DDP following gradient concentration
induction procedure. Having experienced long-term
stimulation of cisplatin, Siha became polymorphic, especially
much slender with increased intercellular space (Figure 1A). The
cellular viability of Siha-DDP was significantly higher than the
parental cell line Siha-N determined by CCK8 assay (Figure 1B).
A B

C

FIGURE 1 | Construction of cisplatin-resistant Siha cell line. (A) Morphology of Siha-N and Siha-DDP. (Magnifications, 200×). (B) Cell viability under the increasing
concentration of cisplatin detected by CCK8 assay. IC50, 50% inhibiting concentration. The data are presented as mean ± SD. Error bars indicate SD. (C) Cell
apoptosis rate under various concentrations of cisplatin. The apoptosis rate = early apoptosis rate + late apoptosis rate. The data are presented as means ± SD of
three independent experiments. Error bars indicate SD (**P < 0.01, ***P < 0.001, ****P < 0.0001).
July 2021 | Volume 11 | Article 671895
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The IC50 of Siha-DDP and Siha-N were 39.02 and 3.669 mg/ml,
respectively. So the resistance index (RI) was 10.635. Meanwhile,
flow cytometry showed the apoptosis rate of Siha-DDP in
cisplatin was significantly lower than Siha-N (Figure 1C).
RNA sequencing was performed on cisplatin-resistant cell lines
and cisplatin-sensitive cell lines (Figure 2A). A total of 2,337
DEGs were filtered out according to the criteria of |log2 Fold
change|≥1 and padj < 0.05 (Figure 2B). The DEGs are composed
of 1,629 upregulated genes and 708 downregulated genes. We
searched GEO datasets (https://www.ncbi.nlm.nih.gov/gds/)
using “cervical cancer” as the keyword. GSE56363 included 21
patients with locally advanced squamous cell carcinoma who
were treated by chemoradiotherapy sensitized with cisplatin. A
microarray experiment was performed to measure differences in
gene expression between cervical cancer samples at a 6-month
complete response (12 patients) and non-complete response (9
patients). In the datasets of GSE70035, all patients with locally
advanced squamous cervical cancer received neoadjuvant
chemotherapy using platinum and irinotecan followed by
radical hysterectomy. Similarly, the GSE70035 showed gene
expression profiles on six samples of neoadjuvant (NAC)
responder and six samples of non-responder in cervical cancer.
Then the two databases were analyzed respectively to obtain
DEGs in the method of GEO2R. To find DEGs related to
cisplatin resistance with the same expression trend in tissue
microarray and cell RNA-sequencing, we used FunRich3.1.3
software to obtain the intersection of these three groups of
Frontiers in Oncology | www.frontiersin.org 5
DEGs (Figure 2C). As a result, ADGRG1 (GPR56) was
screened out.
ADGRG1 Was Overexpressed in Cervical
Cancer, and Its Expression Level Was
Negatively Correlated With a Poor
Prognosis
We investigated the available dataset of ADGRG1 expression
profile in human cervical cancer from GEPIA. We found that
ADGRG1 was overexpressed in cervical carcinoma compared to
normal cervix uteri (Figure 3A). To further evaluate the
relationship between ADGRG1 expression levels and the
prognosis of cervical cancer, survival statistics were generated
from the Kaplan-Meier plotter. As shown in Figure 3B, survival
data of 174 cervical cancer patients were followed up, and hazard
ratios (HR) and p-values for statistical significance were
determined. Poor replase-free survival probability was
dramatically associated with a high expression of ADGRG1
(P = 0.014) (Figure 3B). So, high expression of ADGRG1
predicts poor prognosis in cervical cancer. To validate the
expression of ADGRG1, we evaluated its protein levels of 58
paired primary tissues by western blotting. Among them, 84.5%
(49 of 58) of cervical cancer specimens showed significant
overexpression of ADGRG1 protein (Figure 3C). Overall, the
results confirmed that ADGRG1 contributes to tumorigenesis
and progression in cervical cancer.
A B

C

FIGURE 2 | RNA-sequencing and bioinformatics analysis of differentially expressed genes (DEGs). (A) Volcano plots of the 32,808 expressed genes. The X-axis
represents “log2 (Foldchange),” and the y-axis represents “-log10 (p-value).” Yellow color represented upregulated genes, and blue color represented downregulated
genes in cisplatin-resistant Siha cells (Siha-DDP) compared with the parental cells (Siha-N). (B) Clustering heatmap of the 2,337 differential expressed genes (DEGs).
The criteria for DEGs are |Log2Foldchange|>1 and adjp-value<0.05. (C) Overlapped genes of three datasets.
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Correlation Between ADGRG1 Expression
and Clinicopathological Factors
We analyzed 132 paraffin‐embedded cervical squamous
carcinoma tissues by immunohistochemistry. As shown in
Figure 4, ADGRG1 was mainly located in the cytoplasm.
Figures 4A–D respectively showed negative, weakly positive,
moderately positive, and strongly positive expression intensity of
cervical cancer slices. According to the scores of all samples, the
132 cases were divided into two groups (high expression, n = 68;
low expression, n = 64). The correlation between ADGRG1 and
clinicopathological parameters is summarized in Table 1. As a
result, the expression level of ADGRG1 was significantly
associated with FIGO stage (P = 0.0455), lymph node
metastasis (P = 0.0426), depth of interstitial infiltration (P =
0.0140). Other parameters including age (P = 0.3595) and
histological type (P = 0.1558) showed no statistical significance.

ADGRG1 Expression in Cervical Cell Lines
and Establishment of ADGRG1
Knockdown Cell Line
We examined ADGRG1 expression levels in cervical cancer cell
lines by western blotting, including Hela, Caski, Siha, C33A. The
expressions of ADGRG1 in cervical cancer cell lines Siha and Hela
Frontiers in Oncology | www.frontiersin.org 6
were significantly higher than those in Caski and C33A at the
protein level (Figure 5A). Then, we silenced ADGRG1 by
transfecting Siha with specific siRNA (si−RNA1, si−RNA2,
si−RNA3). The knockdown efficiency was detected by PCR
(Figure 5B) and western blotting (Figure 5C). Immuno-
fluorescence assay showed similar results (Figure 5D). Since the
interference efficiency of si−RNA1 was significantly higher than
those of si−RNA2 and si−RNA3, the si−RNA1 sequence was
packaged into lentiviral vectors to construct the stable knockdown
cell (Siha-KD) to perform the subsequent experiments.

The Role of ADGRG1 in Cell Proliferation,
Migration, Invasion, and Sensitivity to
Cisplatin In Vitro and Relevant Mechanism
We performed Cell Counting Kit−8 (CCK−8) assays to detect the
function of ADGRG1 in proliferation. In comparison to Siha-
NC, Siha-KD exhibited decreased proliferation (Figure 6A). The
wound scratch assay revealed that the silencing of ADGRG1
significantly suppressed cell migration (Figure 6B). The cell-
invasive ability was seen decreased in Siha-KD by transwell
matrigel-invasion assays (Figure 6C). Collectively, these results
provided evidence that ADGRG1 plays vital roles in maintaining
tumorigenicity in vitro. We tested the sensitivity of Siha-NC and
A B

C

FIGURE 3 | ADGRG1 expression in tissue and its correlation with survival. (A) ADGRG1 is overexpressed in cervical carcinoma tissues in the dataset from GEPIA
(*p < 0.01). (B) Kaplan-Meier survival curves demonstrate that high expression of ADGRG1 was negatively correlated to relapse-free survival (RFS). (C) ADGRG1
protein expression in 58 pairs of cervical cancer tissues and adjacent normal cervix were detected by western blotting. Using GAPDH as an internal reference,
ADGRG1 relative expression level was presented as log2(foldchange Ca/N). Red color represents overexpression in cancer tissue, and blue represents
underexpression in cancer tissue.
July 2021 | Volume 11 | Article 671895
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Siha-KD towards cisplatin at gradient concentration by CCK-8
assay (Figure 6D) and cell apoptosis assay (Figure 6E).
Figure 6F showed that Siha-KD formed fewer colonies in
cisplatin of 2 ug/ml compared with Siha-NC. In a word, these
three assays showed that the viability of Siha-KD was reduced
compared with that of Siha-NC upon exposure to cisplatin.

We searched GEO with the keyword “ADGRG1.” GSE104653
was a microarray analysis of ADGRG1-knockout versus parental
cells to identify gene expression changes upon ADGRG1
knockout in glioblastoma.

By performing GEO2R and DAVID analysis of GSE104653,
we got the results of KEGG pathway enrichment. The pathways
significantly enriched are shown as a bar chart in Figure 7E:
Focal adhesion, PI3K-Akt signaling pathway, ECM-receptor
interaction, MAPK signaling pathway, Pathways in cancer,
Frontiers in Oncology | www.frontiersin.org 7
Hematopoietic cell lineage, Protein digestion and absorption,
Proteoglycans in cancer, Leukocyte transendothelial migration.

Additionally, western blot analysis assay showed that
downregulation of ADGRG1 remarkably decreased the protein
levels of PI3K, p-Akt, p-mTOR but not that of non−
phosphorylated Akt and mTOR compared with the negative
control Siha (Figure 7F). To summarize, knockdown of
ADGRG1 decreases tumorigenesis via blockade of the P13K/Akt/
mTOR axis in cervical cancer.

Knockdown of ADGRG1 Suppresses
Tumor Growth and Increases Sensitivity to
Cisplatin In Vivo
To determine whether the silencing of ADGRG1 in cervical
cancer could reduce tumor growth in vivo, SiHa cells transfected
A B

DC

FIGURE 4 | Immunohistochemical analysis of ADGRG1 expression in human cervical cancer specimens. (A–D) respectively represents negative, weak, moderate,
strong intensity (magnifications, 400×).
TABLE 1 | Correlations between ADGRG1 expression and clinicopathologic characteristics in cervical cancer.

Characteristic Cases ADGRG1 expression P

Low expression High expression

Age
≤50 87 (65.91) 45 (51.72) 42 (48.28) 0.3595
>50 45 (34.09) 19 (42.22) 26 (57.78)

FIGO stage

I 85 (64.39) 47 (55.29) 38 (44.71) 0.0455
II 47 (35.61) 17 (36.17) 30 (63.83)

Histological grade

Well/moderate 52 (39.39) 21 (40.38) 31 (59.62) 0.1558
Poorly 80 (60.61) 43 (53.75) 37 (46.25)

Invasive interstatial depth

<1/2 32 (24.24) 22 (68.75) 10 (31.25) 0.0140
≥1/2 100 (75.76) 42 (42.00) 58 (58.00)

Lymphatic matastasis

No 101 (76.52) 54 (53.47) 47 (46.53) 0.0426
Yes 31 (23.48) 10 (32.26) 21 (67.74)
July 2021 | Volume 11 | Article
 671895
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with negative control and ADGRG1-shRNA lentivirus were
injected subcutaneously into BALB/c nude mice. As seen in
Figures 7A, C, Siha-KD tumors grew at a slower rate compared
with Siha-NC tumors. In the cisplatin treatment group, Siha-KD,
whichhas ahigher tumor reduction rate, appearedmore sensitive to
cisplatin (Figures 7B, D). All these data suggested that the
inhibition of ADGRG1 in SiHa suppressed tumor growth, but
improved its sensitivity and reactivity to cisplatin in vivo.
DISCUSSION

Owing to highly effective primary (HPV vaccine) and secondary
(screening) prevention steps, incidence and mortality rates of
cervical cancer have declined in most areas of the world for
decades. Cervical cancer is still the fourth most frequently
diagnosed carcinoma and the fourth leading cause of cancer
death in women. Approximately 604,000 new cases and 342,000
deaths were expected in 2020 worldwide (23). The primary
treatment of early-stage cervical cancer is either surgery or
radiotherapy. Concurrent chemoradiation using platinum-
containing chemotherapy is generally the primary treatment
for IB3 to IVA disease, as well as for patients who are not
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suitable for hysterectomy. With single-agent cisplatin acting as a
radiosensitizing agent, concurrent chemoradiation is superior to
radiation alone (5, 24–27). Cisplatin-containing combination
chemotherapy regimens have been considered the most
effective agents for extrapelvic metastases and recurrent cases
(28). However, cisplatin resistance is an obstacle to getting a
satisfying outcome.

Cisplatin resistance is a multifactorial process referring to
various mechanisms. The mechanisms include reduced
intracellular accumulation of cisplatin, increased levels of
DNA-damage repair, complex signal transduction network,
cancer stem cell theory, metabolism, and energy (29–31). In
our research, we induced cisplatin-resistant cervical squamous
cancer cells by stimulation of gradient concentration cisplatin.
Maybe the high-dose cisplatin stimulating method coincides
highly with the mode of clinical chemotherapy, but the
gradient concentration of the cisplatin can obtain higher and
more stable resistance. To explore the molecular mechanisms of
acquired cisplatin resistance in cervical squamous cell
carcinoma, we obtained DEGs from RNA-sequencing of Siha-
DDP and Siha-N. Simultaneously, we got DEGs in tissues of
locally advanced squamous cervical cancer with poor responses
to chemoradiotherapy or chemotherapy containing cisplatin
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FIGURE 5 | ADGRG1 expression in cell lines and construction of ADGRG knockdown cell line. (A) ADGRG1 protein expression in Hela, Siha, Caski, C33A by western
blotting. (B, C) Expression of ADGRG1 was detected by qRT PCR and western blotting in Siha transfected with siRNA targeting GPR56 (si-1428, si-1900,si-2178) and
negative control (si NC) (**P < 0.01, ***P < 0.001, ****P < 0.0001). (D) ADGRG1 knockdown effect shown by immunofluorescent images (magnifications, 200×).
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from the GEO database. Because cisplatin treatment was the
intersection of these three databases, overlapped genes ANK3
and ADGRG1 were most likely to be associated with cisplatin
resistance. Based on the expression profile from GEPIA,
ADGRG1 was overexpressed in cervical carcinoma compared
with normal cervix uteri. However, there was no significant
difference in the expression level of ANK3 between cervical
cancer and adjacent normal tissues. Additionally, high
expression of ADGRG1 predicts poor survival. These results
suggest that ADGRG1 may play roles in tumorigenesis and
cisplatin resistance. Therefore, we chose ADGRG1 as the target
gene for further study.

ADGRG1 is a member of the ADGRG subfamily of aGPCRs
(32). It is involved in the development of normal tissues and
even in tumorigenesis (33). ADGRG1 is essential for the frontal
cortex development in which function-deficient mutations lead
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to a severe malformation called bilateral frontoparietal
polymicrogyria (BFPP) (34). It also participates in other
developmental processes of muscle differentiation and immune
regulation (15, 35). ADGRG1 even plays opposite roles in
different tumors; for example, it serves as a suppressor in
melanoma but possesses oncogenic property in glioblastoma,
ovarian cancer, colon cancer, pancreatic cancer, non-small-cell
lung cancer, and esophageal cancer (36). Nevertheless, the
biological function of ADGRG1 remains poorly understood in
cervical cancer.

Our study found that ADGRG1 was upregulated in cervical
cancer tissues compared to the adjacent normal cervix. High
expression was correlated to FIGO stage, invasive interstitial
depth, and lymphatic metastasis, as well as poor progression-free
survival. Cytological results indicated that knockdown of
ADGRG1 gives rise to inhibition of cell proliferation,
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FIGURE 6 | Effects of ADGR1 expression on cell proliferation, migration, invasion, and sensitivity to cisplatin. (A) Siha-KD exhibited decreased proliferation by CCK8
assay (**P < 0.01, ****P < 0.0001). (B, C) Downregulation of ADGRG1 inhibited cell migration and invasion by wound healing and transwell assays (**P < 0.01,
***P < 0.001, ****P < 0.0001). (D) Cell viability of Siha-KD was lower than Siha-NC when exposed to cisplatin (*P < 0.05, ***P < 0.001, ****P < 0.0001). (E)
Knockdown of ADGRG1 enhanced cell apoptosis in cisplatin. (F) Siha-KD formed fewer colonies than Siha-NC in 2 mg/ml concentration of cisplatin. (**P < 0.01).
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migration, and invasion. Its downregulation also enhances cell
sensitivity to cisplatin. Subcutaneous xenograft assay also verified
its function in vivo.

To explore the mechanism of ADGRG1 downregulation on
tumorigenesis, we searched GEO with the keyword “ADGRG1.”
GSE104653 was a microarray analysis of ADGRG1-knockout
versus parental cells to identify gene expression changes upon
ADGRG1 knockout in glioblastoma. Using GEO2R and DAVID,
we got the results of KEGG pathway enrichment. The following
pathways were significantly enriched: Focal adhesion, PI3K-Akt
signaling pathway, ECM-receptor interaction, MAPK signaling
pathway, Pathways in cancer, Hematopoietic cell lineage, Protein
digestion and absorption, Proteoglycans in cancer, Leukocyte
transendothelial migration. So we evaluated the PI3K/Akt
signaling pathway expression in Siha-NC and Siha-KD by
Frontiers in Oncology | www.frontiersin.org 10
western blotting. The results demonstrated that PI3K, p-Akt, p-
mTOR were downregulated in ADGRG1 knockdown group
without inhibition of total Akt and mTOR. Thus, we inferred that
knockdown of ADGRG1 might suppress cell proliferation,
migration, and invasion and enhance sensitivity to cisplatin by
inhibiting PI3K/Akt/mTOR pathway. In conclusion, ADGRG1
mediates tumor-invasive growth and chemoresistance via PI3K/
Akt/mTOR signaling pathway.
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FIGURE 7 | In vivo effects of ADGRG1 expression on tumorigenesis and sensitivity to cisplatin treatment, as well as relevant mechanism. (A, B) Photographs of
xenograft tumors of Siha-NC and Siha-KD in non-cisplatin treatment group and cisplatin treatment group. (C, D) Growth curves of xenograft tumors in non-cisplatin
treatment group and cisplatin treatment group (**P < 0.01, ****P < 0.0001). (E) KEGG pathway enrichment analysis of the DEGs from GSE104653 datasets.
(F) Detection of PI3K/Akt signaling pathway-related genes at the protein level in Siha-KD and Siha-NC by western blotting (*p < 0.05, ***p < 0.001).
July 2021 | Volume 11 | Article 671895

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhang et al. ADGRG1 Mediates Tumorigenesis and Chemoresistance
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of Qilu Hospital of Shandong
University. The patients/participants provided their written
informed consent to participate in this study. The animal study
was reviewed and approved by Ethics Committee of Qilu
Hospital of Shandong University.
AUTHOR CONTRIBUTIONS

XY and SZ designed the research. SZ performed the
experiment. KG and KW collected data and performed
statistical analysis. SZ and YL wrote the draft. SL revised the
Frontiers in Oncology | www.frontiersin.org 11
manuscript. All authors contributed to the article and
approved the submitted version.
FUNDING

The research was financially supported by the National Natural
Science Foundation of China (No.81874105). National Natural
Science Foundation of Shandong Province (No.ZR2016HQ24).
ACKNOWLEDGMENTS

We would like to thank the patients and their relatives involved in
this study for allowing us to use their tissues for scientific research.
REFERENCES

1. Arbyn M, Weiderpass E, Bruni L, de Sanjosé S, Saraiya M, Ferlay J, et al.
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