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Purpose: Orphan GPCRs (GPRs) play important roles in the malignant progression of cancer and have the potential to develop into
anti-tumor drug targets. However, the biological processes and molecular mechanisms of GPR27 have not been properly assessed in
cancer. Our objective was to reveal the effect of GPR27 on the progression of hepatocellular carcinoma (HCC).
Methods: GPR27 levels were detected in HCC cell lines using quantitative reverse transcriptase-polymerase chain reaction and
Western blot analysis. Next, the changes of phenotypes after GPR27 knockdown or overexpression were evaluated using in vitro
methods. Finally, the mechanism of GPR27 in HCC was tested using RNA-seq and in vivo mouse xenograft model.
Results: In the present study, we reported that suppression of GPR27 expression inhibited proliferation, colony formation, cell
viability, and induced cell S phase arrest of HCC cells, whereas GPR27 overexpression led to the opposite outcomes. Moreover,
suppression of GPR27 expression resulted in blocking MAPK/ERK signal pathway which indicated the inhibition of HCC cells
proliferation. Further study in vivo confirmed that GPR27 can affect the proliferation of HCC cells through the MAPK/ERK pathway.
Conclusion: Taken together, the findings of the present study uncover biological functions of GPR27 in HCC cells, and delineate
preliminary molecular mechanisms of GPR27 in modulating HCC development and progression.
Keywords: GPR27, hepatocellular carcinoma, proliferation, MAPK/ERK pathway

Introduction
Primary hepatic carcinoma is the fourth leading cause of cancer-related death, accounting for 8.2% of global cancer
deaths.1 Among them, the vast majority (>80%) are hepatocellular carcinoma (HCC), and about 85% of HCC patients are
in East Asia and sub-Saharan Africa.2,3 According to the statistics of China Cancer Annual Report in 2015, there are
about 370,000 new cases of liver cancer in China each year and 326,000 patients lose their lives. Globally, 782,000 liver
cancer patients died in 2018 alone. It can be seen that the situation of HCC prevention and control in China and even in
the world is extremely severe.4 For far, there are primarily two targeted small-molecule tyrosine kinase inhibitors (TKIs),
sorafenib and lenvatinib,5,6 are approved by FDA as the first-line choice for HCC treatment, they are far from meeting
the needs of HCC patients yet.7

G-protein-coupled receptors (GPCRs) are composed of more conservative seven-transmembrane structural proteins
which are divided into an extracellular domain, a transmembrane domain, and an intracellular domain.8 The extracellular
region is responsible for receiving extracellular signals, such as ions, amines, peptides, lipids, nucleotides, organic
odorants, and so on,9 and the transmembrane region binds ligands and transduces signals to the intracellular region, then
the intracellular region activates intracellular signal transduction by combining Gs, Gq/11, Gi, G12/13 and other different
forms of G proteins,10 thus participates in the regulation of immune system activities, autonomic nervous system
transmission, nutrient metabolism and water balance.11–14 At present, there are more than 830 types of GPCRs have
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been identified. The classic classification method divides them into A-F types. Among them, type A GPCRs account for
nearly 85%,15 and more than one-third to one-half of the marketed drugs work through GPCRs.16 Therefore, the research
on GPCRs has always been a hot spot in the field of medicine.

Orphan GPCRs (GPRs), as a class of GPCR receptors whose endogenous ligands are not yet known, currently have
more than 140, accounting for 15% of GPCRs.17 Among them, GPR87, GPR81, GPR124, etc. have been reported to
affect the growth of tumor cells and have the potential to develop into anti-tumor drug targets,18–20 but most of the
remaining GPRs have not been extensively studied. GPR27 is a highly conserved orphan G protein-coupled receptor,
belonging to the super conserved receptor in brain family. GPR27 is expressed in a variety of tissues, with high
distribution in the brain, endocrine tissues, bone marrow, and lymphatic tissues according to the database of THE
HUMAN PROTEIN ATLAS (https://www.proteinatlas.org/). Previous study reveals that GPR27 is related to the
methylation of the 3p11-p14 promoter region, which may promote the occurrence of cancers such as epithelial cancer
and cervical cancer.21 In addition, knocking down GPR27 in vitro can downregulate the activity of the insulin promoter
and the secretion of glucose-stimulated insulin, thereby affecting the occurrence and progression of type 2 diabetes.22

Moreover, knockdown of GPR27 in the zebrafish model can increase the level of medium-chain acylcarnitines and
reduce the sensitivity to insulin, thereby enhancing the increase in glucose levels caused by pharmacological or
nutritional interference.23 However, the biological processes and molecular mechanisms of GPR27 in hepatocellular
carcinoma remain unexplored. A better understanding of whether GPR27 functions in HCC is essential.

Here, we used a series of techniques such as gene overexpression, RNAi knockdown, RNA-seq for in vitro and in
vivo studies to illustrate the promotive role of GPR27 in HCC. It was found that inhibiting the expression of GPR27
could lead to the S phase arrest and down-regulate the MAPK/ERK pathway, thus inhibiting the proliferation of HCC
cells. Our research revealed the important role of GPR27 in the proliferation of HCC cells and will provide a new train of
thought for the diagnosis and treatment of HCC.

Materials and Methods
Cell Culture
Human liver cancer cell lines SMMC-7721 and BEL-7402 were obtained from BeNa Culture Collection (Beijing,
China); and human liver cancer cell lines Huh-7, SNU387, HCCLM3, HepG2, SK-Hep-1, and human embryonic kidney
cell line HEK293Twere obtained from National Infrastructure of Cell Line Resource (Shanghai, China). These cells were
cultured according to the supplier’s instructions. All cell lines were cultured in a humidified incubator at 37°C with
5% CO2.

siRNA and Plasmids
GPR27 siRNAs and non-targeting siRNA (siNC) were purchased from Shanghai GenePharma Co., Ltd (Shanghai,
China). The sequences of siGPR27#1 and siGPR27#2 are 5′-UCCUCGUGCUGGAAGAAUUTT-3′ and 5′-
GCUGUGCAAGAUGUUCUACTT-3′. The sequence of siNC is 5′-UUCUCCGAACGUGUCACGUTT-3′. After being
treated with GPR27 siRNAs or siNC, the samples were collected to detect the mRNA expression of GPR27 after 48
hours and detect the protein expression of GPR27 after 72 hours. The plasmids of pLenti-CMV-SREB1-GFP-Puro
(PPL01344-4b) and pLenti-CMV-GFP-Puro (PE064) were purchased from Public Protein/Plasmid Library.

Western Blot Analysis
Cells were lysed using RIPA lysis buffer (Beyotime Biotech, Shanghai, China). Protein samples mixed with loading
buffer and were separated using 10% gradient SDS-PAGE, and then transferred onto a polyvinylidene fluoride
membrane. The membrane was incubated with a primary antibody at 4°C overnight followed by the secondary antibody
for 2 hours at room temperature. Enhanced chemiluminescence (ECL) reagents were used to visualize the targeted
protein brands. The following primary antibodies were used: Anti-GPR27 (PA5-110977) was purchased from Invitrogen
(Cambridge, MA, USA), Anti-Ras (#6704), anti-c-Raf (#9665), anti-phospho-c-Raf (#2933), anti-ERK1/2 (#4585), anti-
phospho-ERK (#4370), anti-MEK (#2774), anti-phospho-MEK (#4661), anti-β-actin (#2146) were obtained from Cell
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Signaling Technology (Danvers, MA, USA). Anti-CDK2 (10993-1-AP) was purchased from Proteintech. Anti-Cyclin E
(AC026) and anti-Cyclin A2 (AC001) were obtained from Abclonal Technology (Shanghai, China).

Quantitative Reverse Transcriptase-Polymerase Chain Reaction (qRT-PCR)
RNAwas extracted from tumor cells or tumor specimens using Trizol reagent (Vazyme Biotech, Nanjing, China). RNase free
materials and reagents were used to avoid RNase contamination and all processes were conducted on the ice to avoid RNA
degradation. The quality and quantity for the RNA extracted from cells and tumor specimens were detected by Nanodrop
(Thermo scientificTM, US), and the ratio of A260/A280 is generally between 1.8–2.0, and the ratio of A260/A230 is generally
between 1.8–2.2. The cDNAwas synthesized using PrimeScript™ RT reagent Kit (Vazyme Biotech, Nanjing, China). qRT-
PCR was performed with the AceQ® qPCR SYBR Green Master Mix (High ROX Premixed) kit (Vazyme Biotech, Nanjing,
China). Conditions for qRT-PCR were as follows: 95°C for 5mins, 40 cycles of 95°C for 10s, 60°C for 30s, and a melting
curve of 15s mins at 95°C, the 60s at 60°C and 15s at 95°C. The primers for amplification were as follows: GPR27-Forward:
5ʹ-GCCTCCGTGTGGCTGACCTTC-3ʹ, GPR27-Reverse: 5ʹ- ACCAATGCCTTTCAGGTCGCAG-3ʹ, 18s rRNA-Forward:
5ʹ- ACCCGTTGAACCCCATTCGTGA-3ʹ, 18s rRNA -Reverse: 5ʹ-GCCTCACTAAACCATCCAATCGG-3ʹ.

Establishment of GPR27 Overexpressed HCC Cell Lines
Lentiviruses were generated with either pLVX or pLVX-GFP co-transfecting the 293T cells, together with the packaging
plasmids pMD2.G and psPAX2. After 48 hours, the supernatant containing the viral particles was collected, filtered, and
then used to infect targeted cells for 72 hours. The infected cells were cultured in fresh growth medium containing 10 μg/
mL puromycin (Beyotime, Shanghai, China) as described previously.24

In vitro Functional Assays
The real-time cell analyzer (xCelligence RTCA SP; Roche Diagnostics GmbH, Penzberg, Germany) was used to assess
cell proliferation. Briefly, 5 × 103 cells were seeded onto the E plate-16 plates. After 30 mins, the plate was transport to
analyzer and electrode resistance was recorded. 16 hours later, cells were treated with control siRNA or GPR27 siRNAs
and cultured for 8 hours. After that, the media were changed and cell growth was monitored continuously up to another
144 hours. Growth curve and colony formation assays were performed as previously described.25 Apoptosis, cell cycle
and cell viability assay were measured using Annexin V-FITC apoptosis detection kit (Vazyme Biotech, Nanjing, China),
Cell cycle analysis kit (Beyotime Biotech, Shanghai, China) and Cell Counting-Lite® 2.0 Luminescent Cell Viability
Assay kit (Vazyme Biotech, Nanjing, China) according to the manufacturer’s instructions.

Nude Mice Xenograft Model
4 to 6-week-old male Balb/c nude mice (Hangzhou ZiYuan Laboratory Animal Technology Co., Ltd., China) were
housed under specific pathogen-free conditions and cared for in accordance with protocols approved by the Experimental
Animal Care Commission in China Pharmaceutical University. SMMC-7721 cells (2.0 × 106) were injected subcuta-
neously into the right flank of mice. When tumor volume reached about 100 mm3, mice were randomly allocated (six
mice per group) and treated with an intratumoral injection of control siRNA or GPR27 siRNA (10 μg per tumor)
complexed with EntransterTM-in vivo transfection reagent (10 μL per tumor) (Engreen Biosystem, Beijing, China) every
other day.26 After siRNAs and in vivo transfection reagent were solved and diluted in 5% glucose solution individually,
they were mixed gently and placed at room temperature for 30 minutes. Then, the mixture were injected slowly for twice
or three times into the tumor xenografts per mouse. Tumor volumes and body weight of mice were monitored throughout
the experiment. Nude mice were sacrificed after 2 weeks of treatment, xenograft tumors were harvested, photographed,
and processed for hematoxylin-eosin (H&E), immunohistochemical (IHC), qRT-PCR and Western blot analysis.

Tumor volume (TV) = ab2/2(a, the longest diameter of tumor; b, the shortest diameter of tumor).

Statistical Analysis
Statistical analyses were performed using SPSS 19.0 (SPSS, Chicago, IL, USA) and Prism 5.0 (GraphPad Software,
La Jolla, CA, USA) software. Data are presented as the mean ± SD of at least three independent experiments.
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Quantitative data were evaluated by the Student’s t-test. The p-values < 0.05 were considered statistically significant
for all tests.

Results
Knockdown of GPR27 Inhibits the Proliferation of HCC Cells in vitro
To investigate the potential roles of GPR27 in HCC, we first determined the expression levels of GPR27 in seven well-
characterized HCC cells. As shown in Figure 1A, SMMC-7721 and SK-Hep-1 cells expressed relatively high mRNA and
protein levels of GPR27 as compared with other HCC cells. Besides, these two cells are convenient for us to conduct
knockdown experiments, and are easier to form xenografts to assess the biological function of GPR27 in vivo. Therefore,
SMMC-7721 and SK-Hep-1 cells were selected to explore the impact of GPR27 on malignant phenotypes of HCC cells
after GPR27 knockdown. Both short interference RNA fragments of GPR27 (siGRP27#1 and siGPR27#2) showed a
marked reduction in mRNA and protein expression of GPR27 compared with negative control in SMMC-7721 and SK-
Hep-1 cell lines (about 70% decrease; Figure 1B and C). Colony formation assay revealed that knockdown of GPR27
significantly decreased cell clonogenicity in SMMC-7721 and SK-Hep-1 cells (Figure 1D). To further confirm the effect
of GPR27 on the proliferation of HCC cells, cell viability of SMMC-7721 and SK-Hep-1 cells after GPR27 knockdown
was examined by measuring the intracellular ATP content.27 Results showed that ATP levels were significantly reduced
compared with the negative control (Figure 1E). Besides, the Real Time Cellular Analysis showed that the cell
proliferation in the siGPR27#1 and siGPR27#2 groups was significant slower compared with negative control
(Figure 1F). Taken together, the above results indicate that knockdown of GPR27 inhibits the proliferation of HCC
cells in vitro.

Overexpression of GPR27 Promotes the Proliferation of HCC Cells in vitro
To further examine the effect of GPR27 on the proliferation of HCC cells, we stably expressed GPR27 in SMMC-7721
and SK-Hep-1 cells through lentiviral infection. As shown in Figure 2A, GPR27 mRNA levels significantly increased
over 200–400 folds in GPR27-overexpressed (GPR27-OE) SMMC-7721 and SK-Hep-1 cells compared with the vector
control cells (P<0.001; Figure 2A). Meantime, GPR27 protein levels also increased significantly in GPR27-OE SMMC-
7721 and SK-Hep-1 cells (Figure 2A). Colony formation assay showed that overexpression of GPR27 significantly
increased cell clonogenicity in GPR27-OE SMMC-7721 and SK-Hep-1 cells (Figure 2B). Growth curve analysis
revealed that overexpression of GPR27 significantly promoted the proliferation of GPR27-OE SMMC-7721 and SK-
Hep-1 cells (Figure 2C). In summary, these results indicate that GPR27 significantly promotes HCC cells proliferation in
vitro.

Knockdown of GPR27 Induces S-Phase Arrest in HCC Cells
Abnormal activity of the cell-cycle engine is present in essentially all tumor types including HCC and functions as a
driving force of tumorigenesis.28 To further investigate the mechanisms for GPR27 boosting the proliferation of
HCC cells, cell cycle distribution in HCC cell lines SMMC-7721 and SK-Hep-1 was analyzed by flow cytometry
after GPR27 knockdown. As shown in Figure 3A, siGPR27#1 and siGPR27#2 triggered an increased percentage in
S phase in SMMC-7721 and SK-Hep-1 cells compared with the negative control group. Accumulating evidence
suggests that cyclin A and E were responsible for G1/S transition and S phase progression, respectively. They
combined with CDK2 and activated CDK2 to facilitate S phase entry and progression.29–31 In our studies, the
expression of cyclin A-CDK2 complex was significantly downregulated in SMMC-7721 and SK-Hep-1 cells after
GPR27 knockdown and the expression of cyclin E was slightly increased but had no significant change (Figure 3B).
Moreover, deregulation of apoptosis is one of the important characteristics of cancer and is closely related to tumor
cell proliferation.32 Hence, we analyzed cell apoptosis by Annexin V-FITC and propidium iodide (PI) staining after
GPR27 knockdown. However, knockdown of GPR27 could not significantly affect cell apoptosis in SMMC-7721
and SK-Hep-1 cells (Figure S1). Together, above results suggest that GPR27 knockdown induced S phase arrest in
HCC cells.
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GPR27 Accelerates the Proliferation of HCC Cells Through the MAPK/ERK Pathway
Above results reveal that knockdown of GPR27 induces S phase arrest and inhibits the proliferation of HCC cells. To
further explore the mechanism of action of GPR27 in HCC cells, we performed RNA-seq to characterize the gene

Figure 1 Knockdown of GPR27 inhibits HCC cells proliferation in vitro. (A) The mRNA and protein expression of GPR27 were examined in HCC cell lines. (B and C)
GPR27 knockdown efficiency of siRNAs was determined by qRT-PCR and Western blot analysis. (D) Colony formation assays were performed to determine the cell
clonogenicity of SMMC-7721 and SK-Hep-1 cells treated with control or GPR27 siRNAs. (E) The effects of GPR27 on cell proliferation of SMMC-7721 and SK-Hep-1 cells
were detected by measuring the intracellular ATP content treated with control or GPR27 siRNAs. (F) Real Time Cellular Analysis (RTCA) assays were performed to
evaluate the effect of GPR27 on HCC cell proliferation treated with control or GPR27 siRNAs. Data are represented as the mean ± SD of three independent experiments.
The p-values < 0.05 were considered statistically significant for all tests.
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expression profile in SMMC-7721 cell treated with control or siGPR27s. As shown in Figure 4A, a total of 519
differentially expressed genes (|fold change|>2 and p<0.05) were detected in the GPR27 knockdown group compared
with control group, of which 257 genes were upregulated and 262 genes were downregulated. By Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis, the most enriched top 30 pathways were displayed in Figure 4B,
including cancer-related pathways and the MAPK signaling pathway (Figure 4B). Moreover, a previous study found that
knockdown of GPR27 inhibits phosphorylation of ERK caused by plasmalogens.33 Therefore, we hypothesized that
abnormalities in the MAPK signaling pathway are associated with the impact of GPR27 on malignant phenotypes of
HCC cells. To test this, we detected the expression of key proteins and their phosphorylation state in this signaling
pathway in GPR27 knockdown group and control group. As shown in Figure 4C, both the phosphorylation levels of
ERK1/2 and MEK were significantly downregulated in SMMC-7721 and SK-Hep-1 cells after GPR27 siRNAs treatment.
Ras protein functions as an essential upstream regulatory signaling molecule of the ERK1/2 signaling pathway.34 The
protein expression level of Ras in SMMC-7721 and SK-Hep-1 cells was significantly downregulated following GPR27
knockdown by siRNAs. Besides, the phosphorylation level of c-Raf was also significantly downregulated. In contrast, the
protein levels of Ras, p-c-Raf, p-ERK1/2 and p-MEK were significantly upregulated in GPR27-OE SMMC-7721 and
SK-Hep-1 cells (Figure 4D). Based on these results, we reasoned that GPR27 may promote the proliferation of HCC cells
through MAPK/ERK pathway.

In support of this notion, we used a well-characterized MEK pharmacological inhibitor PD98059 to block the MAPK
pathway. As shown in Figure 4E, PD98059 (10 μM) or siGPR27 alone could effectively inhibit the cell proliferation with

Figure 2 Overexpression of GPR27 promotes HCC cells proliferation in vitro. (A) GPR27 overexpression efficiency was determined by qRT-PCR and Western blot analysis
after lentiviral infection in SMMC-7721 and SK-Hep-1 cells. (B) Colony formation assays were performed to determine the cell clonogenicity of GPR27-OE SMMC-7721 and
SK-Hep-1 cells. (C) Growth curve analysis was conducted to examine the cell proliferation in GPR27-OE SMMC-7721 and SK-Hep-1 cells. Data are represented as the
mean ± SD of three independent experiments. The p-values < 0.05 were considered statistically significant for all tests.
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a similar inhibitory effect, and PD98059 alone may not inhibit GPR27 expression in both mRNA and protein levels in
SMMC-7721 and SK-Hep-1 cell lines (Figure S4). Nevertheless, there was no significant difference in the inhibitory
activity between GPR27 siRNAs combined treatment with PD98059 and PD98059 alone. These results suggest that
GPR27 accelerates the proliferation of HCC cells, at least in part, through the MAPK/ERK pathway.

Knockdown of GPR27 Inhibits HCC Tumor Growth in vivo
To investigate whether GPR27 could promote tumorigenic capacity of HCC cells in vivo, SMMC-7721 cells were
subcutaneously inoculated into the right flank of BALB/c nude mice. After the tumor volume reached ~100 mm3, control
or GPR27 siRNAs were injected into the HCC tumor xenografts. Consistent with in vitro results, xenograft tumors after
GPR27 knockdown grew slower than the control group (Figure 5A, B and D) without any significant change in body
weight (Figure 5C). Nude mice were sacrificed on day 21, the H&E pictures showed that the size and morphology of
cancer cells are different, and the nucleo-plasmic ratio of cancer cells is significantly higher than that of normal cells, and
megakaryon, dikaryon or multikaryon may be present, these are the characteristics of tumor tissue (Figure 5F). And, the

Figure 3 Knockdown of GPR27 induces S phase arrest in HCC cells. (A) Cell cycle distribution was measured by flow cytometry using PI staining in SMMC-7721 and SK-
Hep-1 cells treated with control or GPR27 siRNAs. (B) The cell cycle related proteins were analyzed through Western blot analysis after GPR27 knockdown. Data are
represented as the mean ± SD of three independent experiments. The p-values < 0.05 were considered statistically significant for all tests (*P < 0.05, **P < 0.01, ***P < 0.001
vs SiNC).
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Figure 4 GPR27 accelerates the proliferation of HCC cells through the MAPK/ERK signaling pathway. (A) Volcano map of differential genes in SMMC-7721 cells treated
with control or GPR27 siRNAs. (B) Annotated map of KEGG pathway of differential genes in SMMC-7721 cells treated with control or GPR27 siRNAs. (C and D) The
protein expression levels of Ras, c-Raf, p-c-Raf, ERK1/2, P-ERK1/2, MEK and p-MEK in SMMC-7721 and SK-Hep-1 cells treated with control or GPR27 siRNAs (C) or stably
overexpressed GPR27 (D). (E) Cell viability was determined by measuring the intracellular ATP content in the absence and presence of MEK inhibitor PD98059 (10μM) after
GPR27 knockdown. Data are represented as the mean ± SD of three independent experiments. The p-values < 0.05 were considered statistically significant for all tests (*P <
0.05, **P < 0.01, vs SiNC).
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size and weight of the tumors were significantly smaller compared with the control group (Figure 5E). Besides, the
GPR27 knockdown efficiency in tumors were confirmed by qRT-PCR (about 45% decrease, P<0.010) (Figure 5G) and
Western blot analysis (Figure 5H, Figure S5). Consistent with retarded tumor growth, Ki67 immunohistochemical
staining showed there is 75–80% nuclear positivity in siNC group, while about 20% nuclear positivity in siGPR27
group (Figure 5F).

Consistent with in vitro findings, the protein expression levels of p-c-Raf, p-ERK1/2 and p-MEK in the tumor tissues
of the GPR27 knockdown group were significantly downregulated compared with control group. Together, these results
suggest that knockdown of GPR27 could inhibit HCC tumor growth in vivo, partly through the MAPK/ERK signaling
pathway.

Figure 5 GPR27 knockdown inhibits HCC growth in vivo. (A–E). SMMC-7721 cells (2 × 106 cells per mouse) were injected into the axilla of 6-week-old male BALB/c nude
mice (n=6). When tumor volume reaches at 100 mm3, the control siRNA or GPR27 siRNA (10 μg per tumor) was injected into tumors every other day. The size (D) of the
tumors and body weight (C) of mice were measured every 2 or 3 days. Nude mice were sacrificed on day 25 after inoculation, xenograft tumors were harvested. Tumor
growth curves (D), photographs of mice (A) and harvested tumors (B), and tumor weight (E) are shown. (F) Representative images of H&E-stained sections of tumors and
Ki67 positive cells (F) are shown. Scale bar: 50μm. (G and H) GPR27 knockdown efficiency in vivo was validated by qRT-PCR (G) and Western blot analysis (H). And the
protein expression levels of c-Raf, p-c-Raf, ERK1/2, p-ERK1/2, MEK and p-MEK in tumor tissues were determined by Western blot. The p-values < 0.05 were considered
statistically significant.
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Discussion
Previous study shows that GPR27, an orphan GPCR that belongs to the super conserved receptors expressed in the brain
family and conserves highly among vertebrates. Currently, studies have shown that GPR27 affects fatty acid and glucose
metabolism. In particular, loss of GPR27 can lead to an increase in the expression of Carnitine O-palmitoyl transferase 1,
CPT1 in the liver and thus affect fatty acid metabolism.35 Also, the whole-body knockout of GPR27 in mouse can reduce
the expression of Insulin and Pdx1 mRNA by 30% at the pancreatic islets, thereby leading to a defect in insulin
secretion.36 Since aberrantly deregulated glucose metabolism and fatty acid metabolism are closely linked to HCC
progression,37 thus, whether GPR27 plays a promotive role in HCC progression were examined. In this paper, we
uncovered an important role of GPR27 in the progression of HCC. We demonstrated that the expression of GPR27 was
significantly upregulated in HCC cells. However, GPR27 mRNA expression in human HCC tumor tissues was not
significantly higher than in human normal liver tissues, according to the RNA sequencing data from The Cancer Genome
Atlas (TCGA) database which analyzed through UALCAN online website (http://ualcan.path.uab.edu/index.html).38

Meanwhile, the GPR27 mRNA expression had no significant correlation with the survival time of HCC patients through
the survival curve of patients with HCC. One possible reason for this discrepancy is that GPR27 mRNA expression is
relatively low and cannot better reflect the correlation with the progression of HCC, and the data on its protein expression
should be considered. Besides, a tissue microarray containing liver cancer tissues and adjacent liver tissues, or clinical
samples obtained from pathologically confirmed HCC patients should be conducted to identify the role of GPR27 in
HCC further.

GPR27 knockdown significantly inhibited HCC cells proliferation in vitro and retarded HCC tumor growth in vivo. In
contrast, GPR27 overexpression accelerates HCC cell proliferation in vitro. Whether GPR27 contributes to glucose and
fatty acid homeostasis in HCC cells deserves further exploration, although expression levels of several key enzymes and
transporters were significantly changed (our unpublished data).

Accumulating evidence shows that aberrant activity of the cell-cycle machinery is present in essentially all tumor
types including HCC and functions as a driving force of tumor progression.28 Indeed, GPR27 deficiency leads to S phase
arrest in HCC cells, and then testing the expression of cycle-related proteins, such as CDK2, Cyclin A2 and Cyclin E,
and found that inhibiting the expression of GPR27 can down-regulate the protein expression of CDK2 and Cyclin A2.39

Although tumor cells need continuous input of survival signals to suppress apoptosis and promote proliferation,40

significantly apoptotic effects were not observed after knocking down of GPR27. Therefore, it is concluded that
GPR27 deficiency induces S phase arrest and GPR27 overexpression plays an important role in the proliferation of
HCC cells.

By using RNA-seq transcriptomics and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis,
cancer-related pathways and the MAPK signaling pathway were enriched among those related pathways. Previous
evidence suggests that knockdown of GPR27 inhibits phosphorylation of ERK caused by plasmalogens.33 Moreover, the
activation of the MAPK pathway initiates from a conformational change of GDP-bound RAS (inactive) switches to GTP-
bound RAS (active), thereby triggering the recruitment and activation of RAF. Activated RAF further phosphorylates and
actives MEK, thus directly leads to the phosphorylation of ERK.41 In addition, the MAPK/ERK signaling pathway is
activated in more than 50% of human HCC cases.34

Here, we found that GPR27 knockdown downregulates Ras, p-c-Raf, p-MEK and p-ERK significantly in HCC cells
and xenograft tumors, whereas GPR27 overexpression exerts the opposite effects. To further verify the MAPK/ERK
pathway functions in the promotive effect of HCC progression, we used a MEK pharmacological inhibitor, PD98059, to
block the MAPK pathway. Results showed that there was no significant difference in the suppressive effect of GPR27
siRNAs combined treatment with PD98059 compared with PD98059 alone in HCC cells. The p38 MAPK, the Jun
N-terminal kinases (JNK) and the ERK are the main MAPK signaling pathways that affect the proliferation, differentia-
tion and survival of various tumors.42 In addition to MAPK/ERK signaling pathway, we have also evaluated the P38 and
JNKs pathway after GPR27 knockdown, and found that P38 expression did not change significantly. Besides, the
expression levels of p-JNK in the two cell lines were inconsistent, p-JNK expression was down-regulated after GPR27
knockdown in SK-Hep-1 cells while not changed in SMMC-7721 cells (Figure S2). In addition, signal transducer and
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activator of transcription 3 (STAT3) has recently become a potential therapeutic target for HCC due to its key role in
tumorigenesis,43 and STAT3 supports Ras-induced malignant transformation of tumor cell.44 Therefore, we wondered
whether the phosphorylation level of STAT3 was regulated by GPR27, and it was an interesting founding that pSTAT3
expression was significantly downregulated after GPR27 disruption in both SK-Hep-1 and SMMC-7721 cells
(Figure S3). The underlying mechanism of GPR27 regulating STAT3 is still under research. Taken together, GPR27
may accelerate the proliferation of HCC cells partly through the MAPK/ERK pathway.

Conclusion
We carried out a relatively comprehensive study on GPR27 in HCC development and progression in vitro and in vivo (Figure 6).
The findings demonstrate that GPR27 exerts a promotive effect on the proliferation of HCC cells through regulation of S phase of
cell cycle and MAPK/ERK signaling pathway. This study provides valuable insights into the underlying mechanisms of GPR27
in modulating proliferation of HCC, and points GPR27 as a promising target for HCC treatment.

Animal Ethics Statement
The procedures for care and use of animals were performed in accordance with the regulations of the principles of the
3Rs (Replacement, Reduction and Refinement), and all animal experiments were approved by the Ethics Committee of
the China Pharmaceutical University and the animal trial registration number is 2021-08-001.
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Figure 6 Schematic representation of GPR27 inhibits HCC cells proliferation based on this study. GPR27 regulates proliferation of HCC cells via modulation of S phase
entry and the MAPK/ERK signaling pathway .
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