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ABSTRACT

Hepatocellular carcinoma (HCC) is the most common subtype, accounting for about 90% of all primary liver
cancers. The liver is rich in a large number of immune cells, thus forming a special immune microenvironment,
which plays a key role in the occurrence and development of hepatocellular carcinoma. Nowadays, tumor
immunotherapy has become one of the most promising cancer treatment methods. Immune checkpoint
inhibitors (ICls) combined with VEGF inhibitors are listed as first-line treatment options for advanced HCC.
Therefore, the search for a potential biomarker to predict the response to immunotherapy in HCC patients is
urgently needed. The G protein-coupled receptor 55 (GPR55), a lysophosphatidylinositol (LPI) receptor, has
recently emerged as a potential new target for anti-tumor therapy. Previous studies have found that GPR55 is
highly expressed in breast cancer, pancreatic cancer, skin cancer and cholangiocarcinoma, and is involved in
tumor proliferation and migration. However, the role and mechanism of GPR55 in HCC has not been elucidated.
Therefore, this article discusses the clinical significance of GPR55 in HCC and its correlation with the immune
response of HCC patients, to provide theoretical basis for improving the prognosis of HCC.

INTRODUCTION common malignant neoplasm in the United States [1].

Most HCC patients are diagnosed when already in an
Liver cancer, including hepatocellular carcinoma (HCC) advanced stage due to the potential difficulties in their
and intrahepatic cholangiocarcinoma, is the fifth most early detection [2]. As advanced HCC is highly
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malignant with rapid progression, treatment for these
patients is difficult and the therapeutic effect is generally
unsatisfactory, leading to undesirable survival outcomes.
Due to the promising efficacy in patients with advanced
tumor-stage melanoma or lung cancer, immunotherapy
represented by immune checkpoint inhibitors has quickly
entered clinical trials for the treatment of patients with
advanced HCC [3, 4]. Regulation of the expression of
checkpoint-related genes to improve the tumor micro-
environment in HCC may restore immune recognition
and immunogenicity, and strengthen the response to
immunotherapy [5]. Therefore, the identification of a
promising biomarker for the prediction of immuno-
therapy response and prognosis in patients with HCC and
the elucidating its potential role in the immune
microenvironment of HCC is quite significant.

G-protein-coupled receptors (GPCRs) are one of the
largest families of membrane receptors and exert
various cellular pathways through the activation of G-
proteins [6]. The GPCR 55 (GPR55), which belongs to
the GPCR family, is a seven transmembrane receptor
with wide expression in the brain and peripheral tissues
[7]. A recent study highlighted that GPR55 plays a pro-
inflammatory role in the immune response, indicating
that GPR55 could be a new immune therapeutic target
[8]. The regulatory role of GPR55 in HCC is mainly
located in immune cells, because the liver is rich in a
large number of immune active cells, including Kupffer
cells, dendritic cells, liver endothelial cells, etc. The
tumor microenvironment of HCC also contains complex
immune cell population, tumor cells and cytokine
environment [9]. However, no studies have evaluated
the clinical impact of GPR55 expression in HCC. In this
present study, our objective was to provide more
information on the clinical importance of GPR55 and its
correlation with the immune response in patients with
HCC.

METHODS
Comprehensive bioinformatics analysis

We downloaded original sequencing data from the HCC
datasets from the GEO database. The UCSC Xena
database (http://xena.ucsc.edu/) was used to retrieved
the original gene expression and methylation data from
the LIHC dataset. The survival importance of GPR55
in HCC was evaluated using the Kaplan-Meier Plotter
database (http://kmplot.com/analysis/index.php?p=
background). ImmuCellAl (http://bicinfo.life.hust.edu.
cn/ImmuCellAl#!/) and TIMER (https://cistrome.
shinyapps.io/timer/) databases were searched to define
the correlation between GPR55 expression and
infiltration of immune cell types in HCC specimens. T-
cell inflammation (TIS), defined by ImmuCellAl, is an

objective indicator to predict the response to
immunotherapy in HCC. The single-sample gene set
enrichment analysis (SSGSEA, GSE22058, GSE46444,
GSE63898, GSE76427, GSE25097) was conducted
using the R package R ‘GSVA’ to investigate the
relationship between GPR55 expression and 28 types of
immune cells in HCC. We also used the ‘GSVA’
package to determine the relationship between GPR55
expression and immune status represented by 25 sets of
immune-related genes.

Enrichment analysis

Patients in The Cancer Genome Atlas (TCGA)-LIHC data
set were divided into subgroups with high GPR55
expression and low GPR55 expression according to the
median GPR55 gene transcription.  Differentially
expressed genes (DEG) of the two subgroups were
determined by the R package ‘limma’. The Gene Ontology
Database (GO), Molecular Function (MF), Cellular
Component (CC), and Kyoto Encyclopedia of Genes and
Genomes (KEGG) functional analyses were used to
annotate the Gene set with the R package ‘clusterProfiler’.

Cell culture and treatment

The HCC HepG2 and 97H cell lines used in this study
were obtained from the Chinese Academy of Sciences
Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China) and were maintained in
Dulbecco’s modified Eagle’s medium (Gibco, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum
(FBS; Gibco) and 0.1% penicillin-streptomycin solution
(Gibco). Cells were incubated at 37°C in a humidified
atmosphere with 5% CO..

and stable cell line

Plasmids, adenovirus,

construction

GPR55 shRNA and overexpression plasmids were
constructed with the indicated vectors. GPR55 shRNA
and overexpressed lentiviruses were packaged in
HEK?293 cells using a double-packing plasmid system.
Lentiviruses were collected and added to HepG2 and
97H cells to obtain stable cell lines.

Cell-Counting Kit-8 assay

Cell viability was examined using a Cell-Counting
Kit-8 (CCK-8) following the manufacturer’s protocols
(C0037, Beyotime). HepG2 cells and 97H cells were
inoculated in 96-well plates (AB3396, Thermo Fisher
Scientific). After cells had adhered to the plate, they
were further cultured for 0, 24, 48, 72, and 96 h,
respectively. CCK8 reagents (10 uL) were added and
the absorbance at 450 nm was measured.
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Cell migration assay

Healthy HepG2 cells and 97H cells were resuspended in
DMEM. Then they were seeded at 3 x 10* cells/well in the
upper compartment of a Transwell™ chamber (72401,
NEST). Meanwhile, DMEM containing 600 uL. of 2%
FBS or 600puL of 10% FBS was added to the lower
chamber, respectively. Cells were cultured for 6 h or 24 h
(HepG2) or 6h or 48h (97H) with phosphate buffered
saline. Then, 600 uL of 4% paraformaldehyde solution
was used to fix cells for 15 min at room temperature and
600 pL of 0.1% crystal violet (C0121, Beyotime) was used
to stain cells for 1h at 37°C. The images were obtained
under a positive microscope. The number of positively
stained cells reflected the cell-migration ability.

Immunofluorescence

GPR55 (DF2752, Affinity), PD19 (#86163, CST), PD-L1
(#13684, CST) antibody immunofluorescence staining was
used to detect the expression of liver cancer tissue. After
primary antibody was incubated at 4°C overnight, liver
cancer sections were incubated with secondary antibody.
The nuclei are labeled with DAPI. Immunofluorescence
images were captured and analyzed using Image-Pro Plus
(version 6.0). HCC tissue samples were collected from
Renmin Hospital of Wuhan University (Wuhan, P. R.
China). This study obtained the informed consent of all
patients and the approval of Ethics Review Board of
Renmin Hospital of Wuhan University.

Western blotting

Proteins were extracted from hepatoma cell lines
(HepG2 and 97H) using standard procedures. Protein
concentrations were measured using a BCA protein
assay kit (Thermo Fisher Scientific, 23227). A 10%
SDS-PAGE gel was prepared and protein samples of the
same mass were added to the loading buffer for
separation. After sealing membranes in 5% skim milk
powder at room temperature for 60 min, the primary
antibody was added and incubated at 4°C overnight.
Secondary antibodies of the respective species were
added, incubated at room temperature for 60 min, rinsed
3 times with TBS-T buffer, and signals were developed
using an enhanced chemiluminescent substrate (Thermo
Fisher Scientific, A38556), and captured using a gel
imaging system (ChemiDoc XRS +). ImageJ software
was used to quantify protein expression levels.

Statistical analysis

The continuous data was expressed as Mean + SD and
categorical variables were presented as counts and
percentages. All statistical analysis of the above data was
completed with SPSS version 20.0 and with R version 3.0.

The correlation between the expression of GPR55 mRNA
and clinical characteristics in individuals with HCC was
measured using the Chi-square test. The survival
significance associated with GPR55 mRNA expression
was determined by Kaplan-Meier curves and statistically
evaluated by the logarithmic rank test. The correlation
between GPR55 and immune cells, and expression of
immune checkpoints was shown by correlation curves and
statistically evaluated by Spearman’s correlation analysis.
A P-value of <0.05 was considered statistically significant.

RESULTS
GPR55 expression patterns in HCC

The pattern of GPR55 expression was explored in different
HCC datasets. We downloaded the original sequencing
data of HCC from five GEO datasets (Figure 1A-1F), and
the comparison graphs revealed that GPR55 mRNA
expression was downregulated in HCC tissues compared
to its expression in correspondingly normal liver tissues. In
addition, we also validated this in the TCGA-LIHC dataset
(Supplementary Figure 1A). Subsequently, we investigated
whether the expression of GPR55 could serve as a
diagnostic index to differentiate HCC from normal liver
tissues. The ROC curves demonstrated that GPR55 mRNA
displayed good diagnostic value for differentiating HCC
from liver tissues (Figure 1G-1L). However, its ROC
value was only 0.533 in the TCGA-LIHC database
(Supplementary Figure 1B). Hence, we could observe that
the expression of GPR55 was downregulated in HCC
tissues (N = 1011) compared with normal liver tissues (N =
725), and it could act as a diagnostic marker for HCC.

Clinical significance of GPR55 expression in HCC

To clarify the clinical importance of GPR55 expression
in HCC, we specifically analyzed the correlation
between GPR55 expression and clinical parameters
based on TCGA-LIHC data set. We analyzed its
correlation with age, sex, histological grade, TNM
stage, and tumor status (Figure 2A-2F), and the dot
plots showed that the expression of GPR55 mRNA was
higher in HCC individuals with TNM /Il stage, and in
tumor-free individuals (Figure 2G, 2H). In summary,
GPR55 mRNA expression was associated with better
clinical features of HCC.

Kaplan-Meier curves of GPR55 in individuals with
HCC

To gain a better understanding of the effects of
abnormal GPR55 expression on survival outcomes, we
performed a pancancer analysis using Kaplan-Meier
plotter. As shown in Supplementary Table 1, the
survival analysis revealed that GPR55 was associated
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with different prognostic significance for different
malignant neoplasms. Pancancer analysis revealed that
overexpression of GPR55 is a protective factor for
much better overall survival and better disease-free
survival in HCC, breast cancer, and Uterine Corpus
Endometrioid Carcinoma. However, overexpression of
GPR55 was a protective biomarker for better overall
survival and a risk factor for disease-free survival in
HNSC. The survival curves of GPR55 in individuals
with HCC are presented in Figure 3, which confirmed
our observation that upregulation of GPR55 was not
only correlated with better overall survival (Figure 3A),
but also associated with better disease-free survival
(Figure 3B). We also performed subgroup analyzes
based on clinical metrics among individuals with HCC;
detailed results are shown in Table 1.

Due to the close relationship between GPR55 expres-
sion and prognosis in HCC, we further explored
whether GPR55 expression influenced HCC survival
outcomes due to immune infiltration. We conducted a
prognostic analyzes based on GPR55 expression in
HCC in different subgroups of immune cells. As listed
in Figure 4, there was a statistically significant
relationship between GPR55 expression and overall
survival of HCC in patients with enriched infiltration of
CD4+ cells, CD8+ cells, NK cells, and macrophages,

while there was no association in patients with
decreased infiltration of immune cells. Regarding
relapse-free survival, the prognostic significance was
more significant in patients with HCC having enriched
immune cell infiltration than in those with decreased
immune cell infiltration (Figure 5).

GPR55 was associated with immune infiltration in
HCC

As mentioned above, the abundance of immune cells
could affect the survival outcomes of patients with
HCC; thus, we calculated the relationship of GPR55
expression with a panel of immune cells infiltrating
HCC tissues using the TIMER algorithm. Figure 6A—6F
shows that GPR55 levels exhibited an obviously
positive association with B cells (r = 0.555, Pw3.07e7%9),
CD8+ T cells (r = 0.553, P = 9.78¢ %), CD4+ T cells
(r = 0.401, P = 1.06e %), macrophages (r = 0.471, P =
3.47e¢20), neutrophils (r = 0.447, P = 2.34e %), and
dendritic cells (r = 0.63, P = 5.21e%9). Meanwhile, the
expression of GPR55 is closely related to the infiltration
of common immune cells and immune checkpoint
proteins (PD-1, PD-L1, and CTLA4) in HCC (Figure
6G—61). Critically, high levels of GPR55 imply a better
response rate to HCC immunotherapy, suggesting that
GPR55 is a good indicator for assessing the tumor
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Figure 1. (A—F) Comparison of GPR55 expression in normal and tumor tissues in different HCC data sets (GSE22058, GSE46444, GSE63898,
GSE76427, GSE25097, IGGC-LIHC) (*P < 0.05). (G-L) ROC diagnostic curve of GPR55 in different data sets.
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Table 1. Subgroup analysis of clinical indicators of HCC individuals.

Clinical Feature HR 95% ClI P value HR 95% CI P value
Gend Female 0.35 0.2-0.65 0.00018 0.46 0.27-0.76 0.0022
ender
Male 0.73 0.44-1.22 0.23 0.49 0.32-0.75 T*e-4
R White 0.55 0.35-0.87 0.0089 0.62 0.4-0.96 0.031
ace
Asian 0.77 0.42-1.38 0.37 0.46 0.26-0.81 0.0059
. Yes 1.71 0.77-3.84 0.19 0.58 0.34-0.97 0.036
Alcohol consumption
No 0.6 0.38-0.94 0.025 0.36 0.22-0.61 6*e-5
L Yes 0.68 0.34-1.34 0.26 0.33 0.19-0.58 5*e-5
Hepatitis virus
No 0.59 0.37-0.92 0.019 0.6 0.37-0.98 0.041
. None 0.58 0.35-0.97 0.037 0.45 0.27-0.74 0.0013
Vascular invasion ]
Micro 1.63 0.65-4.06 0.29 0.52 0.27-1.0 0.048
1 0.57 0.22-1.45 0.23 0.55 0.21-1.47 0.23
Grade 2 0.59 0.35-1 0.047 0.46 0.28-0.76 0.002
3 0.64 0.34-1.18 0.15 0.42 0.25-0.71 0.00053
T1 0.59 0.32-1.07 0.078 0.57 0.35-0.94 0.024
T stage T2 0.51 0.23-1.1 0.082 0.29 0.13-0.62 0.00088
T3 1.59 0.86-2.95 0.14 0.62 0.34-1.12 0.11
I 0.61 0.32-1.15 0.12 0.57 0.33-0.98 0.0389
TNM stage I 0.6 0.27-1.35 0.21 0.3 0.14-0.65 0.0015
Il 157 0.84-2.92 0.16 0.57 0.31-1.02 0.055
Sorafenib Treated 0.43 0.12-1.54 0.18 0.49 0.21-1.12 0.085
immune microenvironment and predicting HCC algorithm. It should be noted that the enrichment scores
immunotherapy response. To further explore the of most TIICs differed between the high and low

potential role of GPR55 in immune cell infiltration in
HCC, we used the TIMER database to perform a
correlation analysis between GPR55 and the sets of
immune markers of several immunocytes, such as
neutrophils, monocytes, NK, T cells, B cells, macro-
phages, and dendritic cells. As listed in Supplementary
Table 2, GPR55 levels were strongly related to the
infiltration of most immune cells in HCC. Furthermore,
we used single cell-sequencing analysis to determine
which immune cells specifically expressed GPR55
mRNA in HCC samples. As shown in Figure 7A, we
found that GPR55 is expressed mainly by immune cells
in HCC. In addition, we estimated the relationship
between GPR55 expression and infiltration of 28
immune cell types in primary HCC samples using the
sSGSEA algorithm. From the heatmap (Figure 7A, 7B),
we observed that GPR55 expression was significantly
correlated with most types of immune cells, especially
activated B cells, immature B cells, effector CD8+ T
cells, follicular helper T cells, central memory CD4 T
cells, and regulatory T cells. Given that GPR55 is
expressed mainly in immune cells in HCC, we also
quantified the abundance of tumor-infiltrating immune
cells (THC) in HCC samples using the ImmuCellAl

subgroups of GPR55, which was consistent with the
ssGSEA algorithm (Figure 7E). Therefore, together
with the results of the TIMER database, we inferred that
activation of GPR55 in combination with infiltration of
activated B and T cells led to remodeling of the immune
microenvironment in HCC.

Association with immunotherapy response

To gain insight into the possible association between
GPR55 expression in HCC and an active immune
phenotype, we used a panel of genes associated with
cancer immune responses to  explore the
immunophenotype in HCC. In Figure 7C, the immune
phenotype of HCC tended to be associated with the red
genes indicated in the heatmap with increasing
expression of GPR55. The results of the quantitative
analysis (Figure 7D) revealed a close relationship
between GPR55 expression and PDL1 signaling (r =
0.725, P = 0.001), antigen processing and presentation
(r = 0.721, P = 0.001), adaptive immune response (r =
0.717, P = 0.001), MHC class Il antigens (r = 0.706,
P = 0.001), CTLA4 signaling (r = 0.695, P = 0.001),
regulation of the T helpl immune response (r = 0.682, P
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=0.001), and tolerance induction (r = 0.676, P = 0.001).
The TIS is a reliable biomarker for the prediction of
immunotherapy response, and we used this index to
measure the ability of GPR55 to predict immunotherapy
response in patients with HCC. We found that patients
with HCC in high GPR55 expression subgroups reached
higher TIS scores (Figure 7F), indicating that they are
correlated with a better response to anti-PDL1 therapy.

Enrichment analysis

We wused the DESeq2 package to identify the
downregulated and upregulated genes between GPR55
high and low expression groups according to the fold-
change (FC) value. We subjected the most significant
genes (logFC > 2) to enrichment analysis using the
Goplot and clusterProfiler packages. The most
significant biological processes involving GPR55 in
HCC were T cell activation, leukocyte migration,
regulation of cell-cell adhesion, lymphocyte differen-
tiation, and regulation of T cell activation (Figure 8A).
The most significant CCs of GPR55 in HCC were the
collagen-containing extracellular matrix, the external
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side of the plasma membrane, and the cell-cell junction
(Figure 8B). The most significant MFs of GPR55 in
HCC were signaling receptor activator activity, receptor
ligand activity, and actin binding (Figure 8C). The most
significant KEGG pathways involving GPR55 in HCC
were cytokine-cytokine receptor interactions, cell
adhesion molecules, and the chemokine signaling
pathway (Figure 8D). It can be deduced that GPR55 is
involved mainly in the immune activation in HCC.

GPR55 regulated the malignant phenotype of HCC
cells

To investigate the regulatory role of GPR55 in the
proliferation, migration, and invasion of HCC cells, we
examined the expression levels of GPR55 in four HCC
cell lines (Supplementary Figure 2). Subsequently, we
stably upregulated the expression of GPR55 in HepG2
and 97H cells by lentiviral transfection. As shown in the
western blotting bands, compared to the control group,
HCC cells with overexpressed GPR55 showed
significantly higher expression of the GPR55 protein,
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significantly reduced the expression of GPR55
(Figure 9A, 9B). Subsequently, we used the CCK-8
assay to assess the effect of GPR55 on the
proliferation capacity of HCC cells. Cell viability in
the GPR55 overexpression group was markedly
decreased compared to the control group, and cell
viability in the low expression group of GPR55 was
markedly increased compared to the control group
(Figure 9C, 9D). Further, the Transwell assay showed
that the migration and invasion ability of HepG2 and
97H cells in the GPR55 overexpression group was
weaker than that of the control cells and the GPR55
low expression group showed the opposite effects
(Figure 9E, 9F). Immunofluorescence assay showed
that GPR55 was co-expressed with PD-1 and PD-L1,
reflecting the potential of GPR55 in immunotherapy
(Figure 9G, 9H).

GPR55 regulated the proliferation and migration of
HCC cells through MAPK signaling

The mitogen-activated protein kinase (MAPK) pathway
is involved in different cellular activities in cancer
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development, including the transmission of extracellular
signals to intracellular signals that mainly regulate cell
proliferation, differentiation, migration, invasion,
apoptosis, inflammation, and immunity. Abnormal
activation of the MAPK pathway can lead to the
occurrence of cancer. JINK, ERK, and p38 are the main
subgroups of kinase-activated signaling involved in
carcinogenesis, and the expression of these subgroups is
often upregulated in human tumors and cancer cell
lines. The MAPK pathway has been reported to be
involved in the regulation of the occurrence and
development of HCC. As a negative tumor regulator,
we investigated the effects of GPR55 on the stimulation
of the MAPK signaling pathway. A lentivirus designed
to stably overexpress GPR55 was constructed and
transfected into hepatoma cell lines (HepG2-OE and
97H-OE) and its overexpression was confirmed by
western blotting. The results showed that, compared
with the negative control group, after GPR55
overexpression, both cell lines significantly inhibited
the phosphorylation of key molecules in the MAPK
signaling pathway (Figure 10A, 10B). We also
constructed a GPR55-shRNA lentivirus for reverse
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verification. The results showed that, compared with the
negative control group, the phosphorylation of ERK,
JNK, and p38 in the MAPK signaling pathway was
significantly enhanced after GPR55 knockdown,
indicating that GPR55 knockdown enhanced the
activation of the MAPK signaling pathway and
promoted tumorigenesis (Figure 10C, 10D).

DISCUSSION

This study evaluated the role of GPR55 in HCC, for
which there is currently limited information. The
expression of GPR55 was remarkably downregulated in
HCC tissues compared to corresponding normal
samples based on multiple GEO datasets. Furthermore,
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survival analysis revealed that high expression of
GPR55 was a protective factor for favorable overall
survival and relapse-free survival in individuals with
HCC. Subsequently, there was a strong relationship

between GPR55 expression and infiltration of common

immune cells and

immune check point proteins

(CTLA4, PD-1, and PD-L1) in HCC. Importantly, high
levels of GPR55 signify better response rates to
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immunotherapy in HCC. In a word, our analysis
demonstrated that GPR55 is a good indicator for
assessing the tumor immune microenvironment and
predicting the immunotherapy responses of HCC.

GPR55 is part of the endocannabinoid system and its
biological function is still under investigation. GPR55
is overexpressed in colon cancerous cells, and
may influence ERK1/2 phosphorylation and cell
proliferation [10, 11]. Carina et al. reported that
GPR55 is an oncogene in colon cancer, which could
contribute to the migration and metastasis of colon
cancer cells [12]. An experimental investigation
revealed that GPR55 promotes the proliferation and
growth of pancreatic cancer tumors through MAPK
signaling, and inhibition of GPR55 increases the
therapeutic effects of gemcitabine [13]. Furthermore, a
review summarized that GPR55 may serve as a very
promising candidate for the design of new anticancer
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therapeutic agents [14]. However, the role of GPR55
in HCC is still unknown. Unlike the above malignant
tumors, we found that GPR55 is downregulated in
HCC tissues, and upregulation of GPR55 is associated
with a much favorable prognosis in HCC patients.
More importantly, overexpression of GPR55 by
transfection in HepG2 and 97H cells significantly
inhibits the growth and migration ability of HCC cells.
Therefore, considering the above evidence, we may
infer that GPR55 is a tumor suppressor gene in HCC,
which is in complete contrast to its role in other
malignant tumors.

Survival analysis revealed that GPR55 overexpression
predicted much better survival outcomes in HCC
patients, and we think that the better prognosis of
GPR55 in HCC could be partly attributed to the
immune microenvironment in HCC tissues. Single-cell
analysis showed that GPR55 is expressed primarily in
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T cells. Next, we observed the very close relationship
between GPR55 and CD8+ T cells in HCC (r = 0.553,
P=9.78 x 10%°). CD8 +T cells are an important
contributor to tumor-infiltrating lymphocytes, which
play a significant role in antitumor immunity in HCC
[15]. Furthermore, two recent studies have revealed
that a high density of CD8+ T cells in HCC tissues
correlate with fewer tumor recurrence and relatively
favorable OS [16, 17]. A meta-analysis also confirmed
that the presence of CD8+ T cell infiltration in HCC
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tissues contributes to significantly improved survival
outcomes [18]. Our subsequent survival analysis
grouped by CD8+ T cells demonstrated that the
association between GPR55 overexpression and better
overall survival was present in the CD8 + T cell
enriched group, but disappeared in the group with
low CD8 + T infiltration. Therefore, our work
indicates that GPR55 influences the survival outcomes
of patients with HCC in part through the regulation
of T cells.
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GPR55 is widely expressed in various types of
leukocytes, such as lymphocytes [7], macrophages
[19], and neutrophils [20]. Previous studies have
revealed that GPR55 promotes intestinal inflammation
via the infiltration of leukocytes [21]. Furthermore,
flow cytometry revealed that notable levels of GPR55
are measured in NK cells and monocytes, and modest
levels can be detected in dendritic cells [8]. Our
analysis through the TIMER database also
demonstrated a very close relationship between
GPR55 expression and NK cells. Further, GPR55-
mediated overstimulation of NK cells has been
reported cancer, which is highly crucial in cancer
immunosurveillance [21]. Our correlation analysis
determined that the expression of GPR55 was strongly
related to levels of dendritic cells (r = 0.63, P = 5.21 x
107%%), CD8+ T cells (r = 0.553, P = 9.78 x 10°%),
macrophages (r = 0.471, P = 3.47 x 10%), and
neutrophils (r = 0.447, P = 2.34 x 10°%), which
indicates that GPR55 could be involved in the
regulation of the innate immune response. Further
immunotherapy analysis demonstrated that high levels
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of GPR55 were not only correlated with higher TIS,
which is an objective indicator of immune response,
but were also associated with better response rates to
immunotherapy in HCC. Overall, GPR55 may play a
central role in the regulation of innate immune
responses in HCC, representing a promising target for
the immunotherapy of HCC.

Although we provided novel information on the
correlation between GPR55 and HCC, three inevitable
limitations still existed in our analysis. First, we were
unable to use another HCC-related data set to validate
the predictive value of GPR55 for response to
immunotherapy due to technical reasons. Nonetheless,
we extensively explored the association between
GPR55 expression and several immune cells in HCC
based on bioinformatics, and confirmed the correlation
between protein levels of GPR55 with PD-L1 and PD-
L1, but were unable to verify an association between the
GPR55 protein and immune cells. Therefore, this study
still requires further confirmation through in vitro
experiments.
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Figure 10. (A) The expression of MAPK pathway related proteins in GPR55 overexpression group and control group were detected by
western-blotting in HepG2 cells, respectively. (B) The expression of MAPK pathway related proteins in GPR55 overexpression group and
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CONCLUSIONS

Our work illustrates the prognostic importance and
immune correlation of GPR55 at multiple levels via
multiomic bioinformatic analysis and is supported by
clinical validation. GPR55 may influence the survival
outcomes of individuals with HCC in part by regulating
immune infiltration, which in turn may be vital to the
regulation of immune cell infiltration and the immune
response in patients with HCC.
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SUPPLEMENTARY MATERIALS
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Supplementary Figure 1. (A) Comparison of GPR55 expression in normal and tumor tissues in TCGA-LIHC dataset (*P < 0.05). (B) ROC
diagnostic curve of GPR55 in TCGA-LIHC dataset.
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Supplementary Figure 2. Protein levels of GPR55 were detected by western-blotting in different hepatocellular carcinoma
cell lines.
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Supplementary Tables

Supplementary Table 1. Survival analysis of GPR55 in different malignant tumors.

Cancer type HR 9%(3,/\(')‘/%" ggf% eél P value HR glgg);vgl gg&% egl P value
BLCA 1.11 0.82 1.49 0.5 0.64 0.28 15 0.3
BRCA 0.58 0.4 0.83 0.025 0.65 0.42 1 0.046
CESC 0.56 0.33 0.95 0.031 0.4 0.18 0.86 0.016
ESCA 35 1.35 9.1 0.007 0.59 0.22 1.59 0.29
ESCA 0.64 0.34 1.21 0.17 2.73 0.28 26.42 0.37
HNSC 0.57 0.44 0.75 5.3%e-5 2.53 1.19 5.37 0.012
KIRC 0.83 0.6 1.14 0.24 2.35 0.84 6.57 0.093
KIRP 1.81 0.97 3.37 0.059 2.98 1.24 7.17 0.011
LIHC 0.66 0.47 0.93 0.018 0.51 0.36 0.71 7.2%e-5
LUAD 0.62 0.46 0.83 0.0013 0.69 0.45 1.05 0.083
LUSC 1.21 0.91 1.61 0.18 1.37 0.8 2.37 0.25
ov 1.14 0.87 1.49 0.35 0.61 0.42 0.89 0.0091
PAAD 0.68 0.45 1.03 0.07 0.68 0.29 1.58 0.37
PCPG 0.32 0.06 1.84 0.18 2.2 0.3 16.35 0.43
READ 1.72 0.76 3.86 0.19 0.33 0.07 1.64 0.15
SARC 0.57 0.37 0.87 0.0077 0.68 0.38 1.21 0.19
STAD 0.8 0.57 1.13 0.21 0.64 0.33 1.27 0.2
TGCT 5.6 0.51 61.79 0.11 0.25 0.06 1.07 0.044
THCA 0.17 0.02 1.29 0.052 0.73 0.33 1.6 0.42
UCEC 0.53 0.35 0.8 0.0024 0.45 0.27 0.75 0.0018

Supplementary Table 2. Analysis of the correlation between the level of GPR55 and the infiltration of immune
cells in HCC.

None Purity
Cell type Gene markers
Corr P value Corr P value
T cell CD2 0.712 1.26*e-58 0.648 1.96*e-42
CD3D 0.616 4.3*%e-40 0.537 3.35%e-27
CD3E 0.735 3.17*e-64 0.676 1.95%e-47
CD8+ T cell CD8A 0.646 3.39%e-45 0.577 5.26*e-32
CDs8B 0.58 1.09%e-34 0.501 2.41*e-23
B cell CD19 0.521 3.75%e-27 0.434 2.58%e-17
CD79A 0.637 1.39%e-43 0.548 1.99*e-28
TAM IL10 0.54 1.76*e-29 0.415 9.03*e-16
CD68 0.452 4.7*%¢-20 0.323 8.51%e-10
CCL2 0.518 7.16%e-27 0.379 3.34%e-13
M1 cell NOS2 0.064 0.222 0.028 0.6
IRF5 0.253 8.11%e-7 0.269 4.02%e-7
PTGS2 0.515 1.66*e-26 0.395 2.39%e-14
M2 cell MS4A4A 0.582 4.81*e-35 0.481 2.1%e-21
VSIG4 0.517 9.95%¢-27 0.399 1.38%e-4
CD163 0.581 8.26%e-35 0.475 7.3%e-21
Monocyte CSF1R 0.693 263*e-54 0.609 2.3*%e-36
CD86 0.694 1.19%e-54 0.622 2.93*e-38
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Dendritic cell CcDhi1C 0.693 1.96%e-54 0.641 2.29%e-41
NRP1 0.395 2.72%e-15 0.364 2.97*e-12
ITGAX 0.617 2.63*e-40 0.535 5.44%e-27
Neutrophil CCR7 0.652 2.77*e-46 0.559 1.09%e-29
ITGAM 0.438 7.55%-19 0.349 2.61%e-11
CEACAMS 0.095 0.00679 0.068 0.209

NK cell KIR3DL1 0.218 2.33%e-5 0.19 3.95%-4
KIR3DL2 0.35 3.95%e-12 0.296 2.08*e-8

KIR3DL3 0.171 9.54%e-4 0.16 2.8%e-3

KIR2DS4 0.267 1.88%e-7 0.284 8.32*e-8

KIR2DL1 0.159 0.00208 0.125 0.0205

KIR2DL3 0.306 1.75%e-9 0.266 5.44%e-7
KIR2DL4 0.392 4.52*%e-15 0.36 5.78%e-12
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