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Abstract

The tumour microenvironment (TME) and immunosuppression play an important role
in colon cancer (CC) metastasis, which seriously affects the prognosis of CC. G pro-
tein subunit gamma 4 (GNG4) has been shown to participate in tumour progression
and the tumour mutation burden (TMB) in colorectal cancer. However, the effect of
GNG4 on the CC TME and immunology remains elusive. Weighted gene coexpression
network analysis (WGCNA) was employed for screening aberrantly expressed genes
associated with the immune score, and GNG4 was then selected through prognos-
tic and immune correlation analysis. Based on RNA sequencing data obtained from
the TCGA and GEO databases, the expression pattern and immune characteristics
of GNG4 were comprehensively examined using a pan-cancer analysis. Upregulation
of GNG4 was linked to an adverse prognosis and immune inhibitory phenotype in
CC. Pan-cancer analysis demonstrated higher GNG4 expression in tumours than in
paired normal tissue in human cancers. GNG4 expression was closely related to prog-
nosis, TMB, immune checkpoints (ICPs), microsatellite instability (MSI) and neoanti-
gens. GNG4 promoted CC cell proliferation, migration and invasion and participated
in immune regulation in the TME. Significantly, GNG4 expression was found to nega-
tively correlate with tumour-infiltrating immune cells, ICP, TMB and MSI in CC. GNG4
expression predicted the immunotherapy response in the IMvigor210 cohort, sug-
gesting that GNG4 could be used as a potential biomarker in CC for prognostication
and immunology. Moreover, the expression of GNG4 predicted the immunotherapy

response of ICB in CC.
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1 | INTRODUCTION

Colorectal cancer (CRC), with the third highest morbidity and mor-
tality rates, is one of the most common malignant tumours in the
world.! Twenty percent of patients have metastatic CRC when first
diagnosed with CRC, and another 25% of patients with local tumours
will eventually develop metastasis. Fewer than 20% of patients with
metastatic CRC survive for more than 5years.2

Cancer immunotherapy has shown promise in the treatment of
recurrent or metastatic cancer.® ICB has demonstrated durable re-
sponses and long-lasting clinical benefits for a wide range of solid
tumour types. Pembrolizumab and nivolumab are efficient for treat-
ment of metastatic CRC with deficient mismatch repair (MMR) or
high microsatellite instability (MSI-H), for which accelerated FDA ap-
proval have been granted for two promising programmed cell death
1 (PD1)-blocking antibodies* in CRC. However, the limited response
of treatment in patients suggests the importance of effective mark-
ers for immunotherapy.’

Currently, multiple potential factors have been identified, includ-
ing the tumour mutation burden (TMB),® MSI status,” neoepitope
Ioad,8 PD-L1 IeveI,9 CD8 * T-cell density,10 interferon-y gene signa-
ture,"* and MHC and T-cell receptor repertoire.’? However, those
biomarkers lack extensive validation and adequate data support.
Given the severe side effects and substantial economic burden of
cancer treatments, novel and versatile biomarkers that can predict
the ICB response are urgent.13

Herein, a comprehensive analysis using public databases of
colon cancer (CC) was conducted, in which GNG4 was identified as
an immunotherapy marker associated with prognosis. GNG4, one
of the 14 y subunits of human G proteins, is crucial in guanosine
triphosphatase (GTPase) activity, G protein-effector interactions
and guanosine diphosphate (GDP) synthesis. Notably, hypermeth-
ylated GNG4 was found in bladder cancer and inobIastoma.14’15
Furthermore, high expression of GNG4 has also been associated
with the progression of CRC' and a variety of malignant pheno-
types of lung adenocarcinoma.” GNG4 was demonstrated to be the
key element of the CRC TMB, which is essential for immune check-
point inhibitor (ICI) therapy of CRC.® However, the carcinogenesis
and immunoregulatory role of GNG4 in the CC microenvironment

requires further investigation.

2 | METHODS

21 |
inCC

Differentially expressed gene (DEG) analysis

RNA expression profiles (RNA-Seq2 level 3 data) were obtained
on an lllumina HiSeq 2000 from the TCGA database (https://por-
tal. gdc.cancer.gov/), and contained 480 CC samples and 41 normal

colon tissue samples. From the GEO database (https://www.ncbi.

nlm.nih.gov/gds), the GSE39582 data set containing 566 CC samples
and 19 normal colon tissue samples was downloaded. The ‘edgeR’
and ‘limma’ packages were used to screen DEGs from the TCGA and
GEO databases, based on |log FC| (>1) and adjusted p (<0.01) value,
respectively.

2.2 | Immune score evaluation, WGCNA
construction and gene set enrichment analysis (GSEA)

The tumour purity and immune score for 566 CC samples in the
GSE39582 data set were calculated using the ‘estimate’ package
in R based on their gene expression matrix. Then, the DEG matrix
was further analysed by WGCNA. A correlation between the gene
modules and an immune score greater than 0.3 was used to iden-
tify immune-related gene sets. Finally, GNG4 as a potential predic-
tor of prognosis correlating with immune infiltrates was determined
through the GEPIA and Timer databases.

To investigate the potential mechanism, the RNA expression pro-
files were divided into two groups according to the GNG4 median
value. GSEA was applied using the R package ‘clusterProfiler’ based
on the DEGs between the two GNG4 expression groups. The gene
sets of ¢5.go.bp.v7.4.symbols.gmt were obtained from GSEA (http://
www.gsea-msigdb.org/gsea/index.jsp).

2.3 | Pan-cancer analysis

The TIMER2 database (http://timer.comp-genomics.org/) was
used to compare GNG4 expression in human cancers with that
in paired normal tissue.’” The GEPIA 2 database (http://gepia2.
cancer-pku.cn/#index) was employed for analysing the prognos-
tic value of GNG4 and the tumour node metastasis (TNM) stage
in human cancers. Associations between GNG4 expression and
various immune signatures (immunoinhibitor, immunostimulator,
MHC molecule, chemokine and receptor) were obtained from the
TISIDB database (http://cis.hku.hk/TISIDB/index.php).2° ICP data
were downloaded from the TCGA database. The differences in the
tumour-infiltrating fractions of 28 human immune cell phenotypes
were evaluated by the single-sample ssGSEA based on the ‘gsva’
package (v1.40.1) in R. The relationship between GNG4 expression
and TMB, mutant-allele tumour heterogeneity (MASH), as well as
MSI were studied using the SangerBox website (http:// sangerbox.

com/Tool).

2.4 | GNG4 methylation analysis

The methylation data for the GNG4 promoter were downloaded
from the TCGA database. CpG island methylation data were visual-
ized by the MEXPRESS database (https://mexpress.be/).?!
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2.5 | GNG4 expression and copy number variation
(CNV) and drug sensitivity exploration

CNV data of CC patients were also obtained from the SangerBox
website. The CellMiner (https://discover.nci.nih.gov/cellminer/) web
tool was used to assess the relationship between GNG4 expression

and pharmacological data in the NCI-60 cell line set.??

2.6 | Cellculture

Human CC cells SW480, HCT116, DLD1 and RKO and the human
colon epithelial cells NCM460 and HCoEpiC were obtained from the
Shanghai Cell Bank of the Chinese Academy of Science and cultured
in DMEM medium with 10% foetal bovine serum (FBS). All of the
cell types were incubated in a humidified atmosphere with 5% CO,
at 37°C. The cell medium was changed every 2days based on this
culture environment.

2.7 | Quantitative real-time PCR (RT-qPCR)

Total RNA from cells was extracted using an EZ-10 DNAaway RNA
Mini-prep kit (Sangon Biotech Co., Ltd.). After the concentration
and quality of RNA at 260/280nm absorbance was determined, re-
verse transcription was performed by using PrimerScript RT Master
mix (Takara Biotechnology Co., Ltd.). All of the PCR primers were
obtained from Sangon Biotechnology. An ABI 7300 PCR system
(Applied Biosystem) was used to perform the quantitative PCR reac-
tion with SYBR Green Master Mix (Thermo Fisher Scientific). The
primer sequences were as follows: GNG4 (forward primer, 5-GCATC
TCCCAAGCCAGGAAAGC-3’ and reverse primer, 5- GCAGGCAC
TGGAATGATGAGAGG-3'). Relative expression was normalized to

GAPDH as an internal control and calculated using 27AACT,

2.8 | Cell viability testing

A cell counting kit-8 (CCK-8) was used to evaluate the cell survival.
Cells were seeded in 96-well plates for different times (24h, 48h
and 72h). Then, 90puL of DMEM and 10pL of CCK-8 working so-
lution were added to each well. The cells were incubated at 37°C
for 1h and detected at 450nm on a SpectraMax spectrophotometer

(Molecular Devices) to calculate the optical density (OD) values.

2.9 | Transwell assay

For the Transwell assay, 5x10% cells/well were resuspended in
200pL of serum-free medium in the upper chamber and 600 uL of
medium supplemented with 10% FBS were filled in the lower cham-
ber (8-um pore size, Coster, Corning, USA). After incubation for 48h
(migration assay) or 72h (invasion assay) in a humidified atmosphere

(5% CO, at 37°C), the cells in the parietal chamber were removed.
Then the cells on the submucosal surface were immobilized in 4%
paraformaldehyde for 30 min and stained with a crystal violet solu-
tion. The number of migrated cells in the four random regions of
each membrane layer was counted under the microscope.

2.10 | GNG4 expression and immune subtypes,
molecular subtypes and ICB

The TISIDB database was used to explore the correlations between
GNG4 expression and immune subtypes or molecular subtypes of
other cancers, in which a p value <0.05 was set as the satisfying cri-
teria. The ‘IMvigor210CoreBiologies’ (version 1.0.0) package in the
R software containing clinical data of anti-PD1 therapy in patients
with advanced uroepithelial carcinoma was used to evaluate the pre-
dictive effect of GNG4 on immunotherapy.®

2.11 | Lentivirus packaging and infection

The GNG4 shRNA sequence was cloned into the pLKO-puro vector
to generate the lentiviral shRNA constructs against human GNG4.
pLKO.1, pVSVG, pREV and pGAG were cotransfected into HEK293T
cells for 24 h, and cell culture media were collected. The viruses were
used to infect HCT116 CC cells in the presence of polybrene. Forty-
eight hours later, HCT116 cells were cultured in medium containing
puromycin for the selection of stable cells. The cells stably knocking
down were identified and verified by Western blotting.

2.12 | Human tumour xenograft models

BALB/c nude mice (6-week old, 18.0+2.0g) were purchased from
Beijing Vital River Laboratory and were randomly divided into indi-
cated groups. The mice in the groups were subcutaneously injected
with the indicated cells stably expressing the indicated shRNA or
control. Tumour size was measured every 3days by Vernier cal-
liper and converted to TV according to the following formula: TV
(mm3)=(axb2)/2, where a and b are the largest and smallest diame-
ters, respectively. All animals were killed 22 days after measurement,
and the transplanted tumours were removed, weighed and fixed for
further study. The animal experimental protocols were approved by

the Animal Care and Use Committee.

2.13 | Statistical analysis

All of the statistical analyses were performed using SPSS software
(version 25.0) or R software (version 4.0.3). Spearman's coefficients
was used to evaluate the correlation between GNG4 expression and
variables. Statistical significance was determined as: NS, not signifi-
cant; *p<0.05; **p<0.01; **p<0.001.
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3 | RESULTS

3.1 | GNG4is an immunogenic-related gene
affecting the prognosis of CC patients as screened by
WGCNA

As shown in the volcano plots in Figure 1A, dysregulated genes

between normal and tumour groups were identified based on
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the criteria of |logFC|<1 and an adjusted p value <0.01. Then,
5253 DEGs (2821 upregulated genes and 2432 downregulated
genes) were found in the TCGA-COAD data set and 1673 DEGs
(743 upregulated genes and 915 downregulated genes) from the
GSE39582 data set. The consistently dysregulated genes were
further selected by the intersection of the data sets (Figure 1B),
and the final 1126 DEGs were used for subsequent WGCNA

analysis.
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FIGURE 1 WGCNA analysis revealed GNG4 was associated with immune infiltration in colon cancer. (A) Common DEGs between the
normal and tumour groups in the TCGA-COAD and the GSE39582 data set based on the criteria of |[logFC| <1 and adjust p value <0.01.

(B) Intersection of DEGs in the TCGA-COAD and GSE39582 data sets. (C) Identification of immune-related modules by WGCNA analysis.

(D) Heat map of the prognostic analysis of upregulated and negative immune-associated DEGs in the GEPIA2 database (genes in red boxes
represent high expression with a poor prognosis). (E) Heat map of the prognostic analysis of downregulation and positive immune-associated
DEGs in the GEPIA2 database (blue boxes represent high expression with better prognosis). (F) Immune cell correlation analysis of 11
candidate genes in the Timer database (upregulation in red and downregulation in blue). (G) Correlation analysis between GNG4 and immune

cells was performed in the Timer database.
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FIGURE 2 GSEA enrichment analysis of GNG4-related signalling pathways. (A) Scatter plot of the top 10 pathways most associated with
GNG4. (B) MYC targets; (C) E2F targets; (D) interferon a response; (E) inflammatory response; (F) and DNA repair (Figure 2B-F).
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We hypothesized that gene modules with high expression and
a negative correlation with the immune score or gene modules
with low expression and a positive correlation with the immune
score in tumours could serve as potential therapeutic targets.
Ultimately, we identified 87 genes negatively associated with the
immune score and 163 genes positively associated with the im-
mune score (Figure 1C). We identified three oncogenic genes that
were positively correlated with prognosis, highly expressed and
negatively correlated with immune invasion (Figure 1D) from the
GEPIA2 database. Similarly, as shown in Figure 1E, eight suppres-
sor oncogenes were screened, which were negatively correlated
with prognosis, with low expression in tumours and positively
correlated with immune invasion. GNG4 was further identified by

immune cell correlation analysis in the Timer database (Figure 1F).

GNG4 was highly expressed in CC. High GNG4 expression was det-
rimental to patients, including a poorer prognosis, lower immune

score and fewer immune cells (Figure 1F,G), especially CD8* T cells.

3.2 | GSEA of GNG4

To explore the possible mechanism of GNG4, RNA-seq data were
grouped according to the GNG4 median value in the TCGA da-
tabase, and the DEGs further underwent GSEA (Figure 2A). The
results of KEGG enrichment analysis revealed immune-related sig-
nalling pathways, including MYC targets (Figure 2B,C), E2F targets
(Figure 2D), inflammatory response (Figure 2E) and DNA repair
(Figure 2F).
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expression level and overall survival.
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3.3 | GNG4 is abnormally expressed in human
cancers and associated with a poor clinical prognosis

A pan-cancer analysis of GNG4 using the Timer database was per-
formed. Of the 17 cancers with normal matched tissue, GNG4 mRNA
expression was upregulated in human cancers such as CHOL, COAD,
LIHC, LUAD, LUSC and READ, and downregulated in cancers such as
KICH, KIRC, KIRP, STAD, THCA and UCEC. As shown in Figure 3A,
GNG4 expression presented no significant difference in BLCA, BRCA,
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ESCA, HNSC or PRAD. As shown in Figure 3B, GNG4 expression in-
creased in patients with a high TNM stage in LUAD, PAAD, COAD,
KIRP, BLCA and LIHC. The prognostic value of GNG4 expression
was further analysed. High GNG4 expression was associated with a
poorer prognosis and lower overall survival (OS) in patients with ACC
(p=0.020), COAD (p=0.027), KIRC (p=0.012), KIRP (p=0.007), LUAD
(p=0.015) and MESO (p<0.001). However, KIRP patients with high
GNG4 expression had a better prognosis (Figure 3C). The above data
indicated that GNG4 is an oncogene that plays a role in most cancers.
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FIGURE 4 Pan-cancer immunological correlation of GNG4. (A) Correlation between GNG4 expression and pan-cancer
immunomodulators, including MHC molecules, receptors, chemokines and immunostimulators. (B) Correlation between GNG4 expression
and immune cells across cancer types. (C) GNG4 expression was negatively correlated with the majority of immune cells in CC.
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3.4 | Pan-cancer immunological
correlation of GNG4

microenvironment (TME) that were observed by using the ‘ssGSEA’
algorithm (Figure 4B). Among them, the immune cells negatively corre-
lated with GNG4 included activated CD4* T cells, CD8* T cells, MDSC,
Pan-cancer analyses aim to depict the immunological role of GNG4 effector memory CD8" T cells, central memory CD4" T cells and type
comprehensively and thus to determine cancer types that may benefit 2T helper cells (Figure 4C). Furthermore, we evaluated the correlation
from anti-GNG4 immunotherapy. Just as GNG4 was expressed incon- between GNG4 expression and immune checkpoints in multiple cancers
sistently in tumours, the relationship between GNG4 and immunomodu- and demonstrated that GNG4 was negatively associated with immune
checkpoints, including CD274 (PDL1), LGA3, CTLA-4 and PDCD1 (PD1)
in the COAD data set (Figure 5A,B). The TMB and MSiI status were found

to be potential determinants of response and resistance to ICBs. Thus,

lators (Figure 4A) or immunoregulatory cells was diverse (Figure 4B).
Of note, GNG4 expression was negatively correlated with a majority of
immunomodulators, including MHC molecules, receptors, chemokines
and immunostimulators in CC. Similarly, there was a significant nega- we analysed the relevance between GNG4 expression and TMB, MSI and

tive correlation between GNG4 expression and TIICs in the tumour MASH. We noted that there was a strong negative correlation with TMB
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Spearman correlation analysis of GNG4 and immune checkpoint
from the The Cancer Genome Atlas database
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and MSI in CC and a significant positive correlation with MASH. This re- In summary, pan-cancer analysis suggested that GNG4 is an on-
sult implied the potential mechanisms of how GNG4 functions in tumour cogene. Patients with high GNG4 expression have a higher tumour
progression and ICB therapy (Figure 5C, Figure S2). stage and poorer prognosis. The immune relationships of GNG4
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expression in the TME were diverse, indicating that the potential
regulation mechanisms by GNG4 differ. In CC, GNG4 had an obvious
immunosuppressive effect, suggesting the potency of CC for anti-

GNG4 immunotherapy.

3.5 | Expression, DNA methylation and mutational
analyses of GNG4 in CC

The extent of malignancy associated with GNG4 in CC was further
assessed in the TCGA, GSE39582 and GSE21510 data sets. GNG4
was stably and highly expressed in cancer tissues compared with
normal adjacent tissues in the TCGA and GSE39582 data sets, as dis-
cussed previously (Figure 6A,B). A similar result was obtained from
GSE21510, which had 123 tumour and 25 normal tissues (Figure 6C).
As is well known, DNA methylation is crucial in tumorigenesis. In
addition, we found that GNG4 expression was lower in poorly dif-
ferentiated colon cancer tissues compared with moderately/well dif-
ferentiated colon cancer tissues (Figure S1A).

The GNG4 methylation level was significantly lower in cancer
tissues compared with normal tissues (Figure S1B). As demon-
strated, the GNG4 methylation level was significantly nega-
tively correlated to expression levels in the TCGA database
(COR=-0.708, p<0.001, Figure 6D). Further analysis of the
MEXPRESS database revealed a strong negative correlation be-
tween GNG4 expression and CpG island methylation (Figure 6E).
In addition, the abundance of CD8" T cells in the TME was nega-
tively correlated with GNG4 expression (Figure 6F), and positively
correlated with GNG4 methylation (Figure 6G), suggesting that
the immunosuppressive role of GNG4 overexpression may be reg-
ulated by methylation. The molecular subtype can also be used
for selecting neoadjuvant chemotherapy, radiotherapy and several
targeted therapies by predicting the clinical response. The posi-
tion of the GNG4 CNV on the chromosomes was plotted by the
TCGA database (Figure 6H). As shown in Figure 6F, the 15 most
commonly mutated genes in CC had higher mutation rates in the
low-expression GNG4 group (Figure 6l). In addition, the level of
CD8 * T cells varied with changes of the GNG4 CNV (Figure 6J).
In the TISIDB database, the GNG4 CNV also showed a negative
correlation with CD8* T cells (Figure 6K).

GNG4 expression also varied with different immune subtypes
and molecular subtypes in CC. Immune subtype C6é (TGF-p domi-

nant) patients had the lowest GNG4 expression, while immune

subtype C1 (wound healing) patients had the highest GNG4 expres-
sion (Figure 6L). Patients with molecular subtypes CIN were more
likely to have the lowest GNG4 expression, while immune subtype C1
(wound healing) patients had the highest GNG4 expression. Patients
with molecular subtypes CIN were more likely to have relatively high
levels of GNG4, while molecular subtypes HM-indel patients had the
lowest GNG4 expression levels (Figure 6M).

3.6 | GNG4 promotes the proliferation,
migration and invasion of CC cells

The relative expression of GNG4 on the mRNA level (Figure 7A) in
human CC cells SW480, HCT116, DLD1 and RKO, and human colon
epithelial cells NCM460 and HCoEpiC was evaluated.

The level of GNG4 was high in SW480 and HCT116 cells, moder-
ate in DLD1 and RKO cells and lower in NCM460 and HCoEpiC cells.
Next, we established GNG4 knockdown SW480 cells (Figure 7B).
The successful modulation of the GNG4 expression level in SW480
cells was confirmed via gqPCR. Then the GNG4 knockdown SW480
cells and HCT116 cells were incubated for 0, 24, 48, 72 and 96h
(5% CO, at 37°C, Figure 7C,D). The outcome of the CCK-8 and
RTCA assays demonstrated that GNG4 accelerated the growth
of CC cells. In addition, in vitro analysis of migration and invasion
was employed using the SW480 and HCT116 cells, which illus-
trated that GNG4 knockdown promoted migration and invasion of
SW480 and HCT116 cells (Figure 7E). To further investigate the role
of GNG4 in CC, we knocked down endogenous GNG4 in HCT116
cells (Figure 7F). To further verify the effects in vivo, 12 nude mice
bearing HCT116 tumours were randomly assigned into two groups:
control and shGNG4. Tumour volume and weight were dramatically
decreased in shGNG4 groups (Figure 7G-I). There was no significant
difference in average body weight between the control and shGNG4
groups (Figure 7J). Collectively, these findings suggested that GNG4
was an agonist of CC cell proliferation, migration and invasion.

3.7 | GNG4 expression and the immune score and
immune cells in CC

We explored the association of GNG4 with the immune score of
CCs in the TCGA database and GSE38582 and GSE21510 data sets.

The results indicated that there were negative correlations between

FIGURE 7 The target cell line was established and GNG4 induced proliferation, migration and invasion. (A) Quantitative PCR (qPCR)
analysis of GNG4 basal mRNA expression in six CC cell lines. GNG4 mRNA expression levels were normalized according to the GAPDH
expression level. (B) gPCR analysis of the efficiency of knocking down GNG4 in SW480 cells. (C) Viability curves of GNG4 knockdown

in SW480 cells and HCT116 and SW480 cells for 0, 24 h, 48h, 72h and 96 h. (D) Knockdown of GNG4 in SW480 and HCT116 cells were
assessed for viability using RTCA. (E) Comparison of the migration and invasion of SW480 and HCT116 cells using Transwell compartments.
(F) GNG4 was knocked down in CC cell lines HCT116 using shRNA. The protein levels of GNG4 were analysed by Western blotting. (G)
Photographic images of xenograft tumours from control and shGNG4 groups. Tumour-bearing mice were randomly assigned to different
groups (Randomized block design). (H) Pictures showed tumour weight both in control and shGNG4 groups. (I) Tumour volume were
measured every 3days for up to 22 days. (J) Mouse body weight were recorded every 3days for up to 22 days. The bars represent the

mean +SD from three independent experiments. *p <0.05; **p<0.01; ***p <0.001.
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GNG4 expression and the immune score, but not the stromal score
or estimate score in the TCGA (Figure 8A), GSE39582 (Figure 8B) or
GSE21510 (Figure 8C) data sets, further illustrating the specificity of
GNG4. Next, we explored whether GNG4 also affected the expres-
sion levels of other cells in the TME. The activity of immune cells
in the high GNG4 expression group decreased, including activated
CD4" T cells and CD8" T cells, macrophages, Th1 cells, NK cells,
DCsl and Th17 cells, leading to reduced TME infiltration, which pro-
moted the growth of the tumour (Figure 8D-F). Furthermore, GNG4
expression was negatively correlated with a variety of immune cells

(A) (D)

E High GNG4 expression

in the TCGA database (Figure 8G, Figure S3), GSE39582 (Figure 8H)
and GSE21510 (Figure 8l).

3.8 |
inCC

GNG4 expression and immune checkpointing

Given that chemokines and chemokine receptors can recruit immune
cells, including CD8" T cells into the TME, we evaluated the associa-
tion of GNG4 with these factors in the TCGA database and validated

E Low GNG4 expression

1.00
4000
[}
a 075 ﬁ
o] )
2000 A " g
a
} == ESTIMATEScore < 050
o
i —-— | S 8
o | mmuneS core g
ra === StromalScore z
5 025
3
—2000
0.00

NS

1050 51050 51050 5

(G)

High GNG4 expression Low GNG4 expression
O

Type 2 T helper cell
| I Natwral killer T cell
T follicular helper cell
| Type 1 T helper cell
Macrophage
MDSC
| Activated CDS T cell
Activated B cell
Immature B cell

o

K-
-

Plasmacytoid dendritc cell
Gamma delta T cell
Immature dendiic cell
Mast cell
Activated dendritc cell
Natwral killer cell
Regulatory T cell
CD36 bright natural Killer cell
Type 17T helper cell
CDS6 dim natural killer cell
Il Monoeyte

GNG4
ES High GNG4 expression B3 Low GNG4 expression
S000 B
GNG4 W% = %%
Activated B.cell [l * @ % =
o1y Adtivated CD4. T.cell @ % «
H Activated CDS Tecll @ * = =
= o075 . Activated dendeiiccll B %)% /6
d g . CDS6brightnatural killerccll B * %% %
2500 = # . . CDS6cim natural killrcot M |+ ]« [T [
H L‘E . 3 Eosinophil .E [ ] (1080 ] o
= . G delta. T cell
- : ! . .
El . L} Immature.denditic.cell
=&~ ImmuneScore g 3 MDSC - o
. . Macrophage
0 & oy
=== StromalScore 025 o
Natural killer. T.cell
Natural killrcell "
] Neutrophil *
n ps Plasmacytoid dendritic.cell 0o
-2500 0.00 cgulatory T ell « b
] Tfollicular.helper.cell a
T T T NI Y Y R N NSNS Type.1 T-helper.cell * o8
45678 45678 45678 FPEP P P IPL LT T ISP SIS e 17 Theipercen 8
GNG4 ST T ¢ S T ST ST ST S Type2 Thelpercell B I,
FEOTFF TP FF ¥ O F I
FPIFTS S &8 SICERCIE SR
TP & IFE JCICIIRE &
ST ¢ 7§ < & Ry s
S & & $
& &
&S
ES High GNG4 expression B3 Low GNG4 expression
NS NS * * NS NS NS NS NS NS ** NS NS NS NS NS NS NS NS NS N§ * =
20004 © 1.00
- Activated CDS T.cell %) %
e Activated dendritic.cell Bl 1%
. AL = + ? ¢ ol B
h 5 CDS6dim natual killrcell M1 HEEOORE *
oo { o fa s £ o ! l!,l g . Sy 0 B R o
== ESTIMATEScore E . Gamma.delta. T.ell [ % % 1% %
2 . Tmmature Boctl 8% % x 02
~4~  ImmuneScore = . 3 ¢ . Immature dendritic.cell [l % 8 %
- .
0
2 050
~#= StromalScore g .
g y * % %[ [® 02
g . o 4 o Naturalkilee Tecll 1% B
= . Natural killercell B ® 04
025 Neutrophil -
Plasmacytoid.dendritic.cell =l
Regulatory.T.cell
T follicular helper.cell L
000 . Type. 1 Thelper.cell .* 03
. Type.17.Thelper.cell
SIS IIIII LG IS DIIDI DD Tope 2 Thelpercet ) B 1
FEEF PP REL ST TP PRSP ¢
I STy o T T T T o8¢
FIIFFTFCTEF ¥ TIFFISESTES
FFEFES TGS ¥ SIS E S
FFFFS F& SIS SN F
FSEFSS &I & L ETEEE
FTEE S & SRS
v & &
S &
(9 [ <

FIGURE 8 GNG4 expression and immune cells and genetic heterogeneity in CC. (A-C) The relationship between GNG4 expression and
stromal score, immune score and estimate score in the TCGA database (A), GSE39582 (B) and GSE21510 (C). (D-F) Expression of immune
cells in the high expression GNG4 group and low expression GNG4 group in the TCGA database (D), GSE39582 (E) and GSE21510 (F). (G-1)
GNG4 expression was negatively correlated with a variety of immune cells in the TCGA database (G), and GSE39582 (H) and GSE21510 (l)

data sets.
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the factors in the GSE39582 and GSE1510 data sets. The result
showed that GNG4 expression was highly negatively correlated with
chemokines such as GZMA, CCL5, IFNG and CD8A (Figure 9A-C) and
the chemokine receptors CD274, CD200, CD80 and TIGIT (Figure 9D-
F). These results revealed that GNG4 could be a potential immu-
nomarker and therapeutic target by regulating T cells in the TME of CC.

3.9 | GNG4 predicts clinical benefit of ICB

The correlation between GNG4 expression and drug responses were
revealed by the CellMiner (https://discover.nci.nih.gov/cellminer/)
web tool. Patients with high expression of GNG4 benefited from tar-
geted drugs such as pentostatin, streptozocin and dacarbazine, while
they had poor responses to a geldanamycin analog and alvespimycin
(Figure 10A and Figure S4). We then investigated whether GNG4
expression could predict an immunotherapy benefit using the
GSE142693 data set and validating with the IMvigor210 data set.
There was no statistically significant difference in GNG4 expres-
sion to immunotherapy in GSE142693, possibly due to the small
sample size (Figure 10B). However, in the IMvigor210 data set, the
results showed that patients with low GNG4 expression subtypes
responded better to PD1 anti-PD-L1 therapy, whereas patients with
high GNG4 subtypes had CR or PR (Figure 10C). These results sug-
gested that GNG4 can predict the effects of ICB treatment.

4 | DISCUSSION

Immune infiltration is closely associated with the pathogenesis and
progression of CC. TIICs, affecting angiogenesis and metastasis of
colon cancer (mCC), are appealing therapeutic targets.24 Recently,
the ICBs for CC, including ICls and CAR-T cells, have been less effec-
tive for patients, which was caused by the low immune cell infiltra-
tion level into the TME and by effector T cell exhaustion.?®> The mCC
patients with dMMR or MSI-H receive a clear clinical responses,
while those with proficient MMR or microsatellite stable tumours
did not benefit from immunotherapy.” Hence, defining the molecular
mechanisms and development of predictive biomarkers for immuno-
therapy strategies are urgently required.

For mechanism studies of CC progression and the response to
immunotherapy interventions, aberrantly expressed genes associ-
ated with an immune score were screened by WGCNA, and GNG4
was subsequently selected through prognostic and immune correla-
tion analysis. Our study revealed the potential value of GNG4 as pre-
dictor of prognosis and clinical response to ICB.

Findings from preclinical research?® showed that GNG4 could
be used as a potential biomarker to predict the response of im-
munotherapy in bladder cancer, implying that GNG4 may be a
broad-spectrum therapeutic target. Hence, we conducted a com-
prehensive pan-cancer evaluation. GNG4 mRNA levels were highly

expressed and positively correlated with various tumour stages,
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FIGURE 9 GNG4 expression and immune checkpointing in CC. (A-C) The association of GNG4 with chemokines was evaluated in the
TCGA database (A) and validated in the GSE39582 (B) and GSE1510 data sets (C). (D-F) The association of GNG4 with chemokine receptors
was evaluated in the TCGA database (D) and validated in the GSE39582 (E) and GSE1510 data sets (F).


https://discover.nci.nih.gov/cellminer/

2530 WANG ET AL.
WILEY
GSE142693
(A) (B)
NS
—
Gefitinib T entostatin Geldanamycin analog 8 [ | :
BEN 1 o -
Alvespimycin Fjr
Carfilzomib Streptozocin Z
P o 74
Lificguat Dacarbazine —— |
6
Lapachone Tanespimycin
D P
AT-13387 Tyrothricin ©)
IMvigor210 dataset
5 * %
Bafetinib Asparaginase )
4 4
Fludarabine Ibrutinib :
<t 34
Q
Parthenolide Cladribine 4
O 2 :
Wortmannin Paclitaxel
Nilotinib By-Product Clofarabine 14
0

SD/PD

FIGURE 10 GNG4 predicts the clinical benefit of ICB in CC (A) Twenty-four antitumor drugs were associated with GNG4 expression
in the CellMiner web tool. (B, C) The diagnostic value of GNG4 expression for immunotherapy in GSE142693 (B) and validated in the

IMvigor210 data set (C).

including LUAD, PAAD, COAD, KIRP, BLCA and LIHC, implying its
potential carcinogenic effect. GNG4 expression was positively cor-
related with TNM stages, suggesting that GNG4 may be involved in
tumour metastasis and progression. The high expression of GNG4
predicted shorter survival in COAD and LUAD, which was consis-
tent with previous studies.'®*”?” A pan-cancer immunological cor-
relation of GNG4 aimed to determine cancer types that may benefit
from anti-GNG4 immunotherapy. The results showed that the re-
lationship between GNG4 and immunomodulators or immunoreg-
ulatory cells was diverse (Figure 2A,B), indicating the heterogeneity
of GNG4 regulation. Of note, GNG4 expression was negatively cor-
related with a majority of immunomodaulators, including MHC mole-
cules, receptors, chemokines and immunostimulators in CC. Finally,
CC was shown to be an ideal cancer for anti-GNG4 immunotherapy.

Despite the clinical success of antibodies against immuno-
modulators such as PD-L1/PD-1 and CTLA4, only a small fraction
of individuals have a lasting benefit, suggesting the urgency of an
efficient cancer-immunity cycle to iteratively proceed and expand,
and thus generate anticancer immune responses.?®?? Our research
revealed that GNG4 may be involved in the initiation of several key
steps in the cancer immune cycle. Tumour-infiltrating lymphocytes
in the TME have been shown to be efficient in predicting prognosis
and immunotherapeutic efficacy for cancer.%® In the TCGA-COAD
cohorts, the infiltration levels of several effector TIICs, such as

activated CD8" T cells, activated CD4" T cells, activated B cells,
Type 1T helper cells, macrophages and natural killer cells, were sig-
nificantly downregulated in CC patients with high GNG4 expression,
which was verified in the validation group. Moreover, high GNG4
expression was also promoted in the C1 (wound healing) immune
subtypes and CIN molecular subtypes, which indicated that GNG4
may be involved in TME remodelling.

We found that the GNG4 methylation status was closely related
to its mRNA expression and positively correlated with CD8* T cells.
In addition, patients with a GNG4 gene copy number amplification
had lower CD8* T cells. These results show that the amplification and
methylation of GNG4 may be a genetic and epigenetic event in CC,
contributing to the remodelling of the immune microenvironment.

ICB targeting these ICPs, such as PD1-blocking antibodies, pem-
brolizumab and nivolumab, have shown efficacy in patients with
metastatic CRC that is AIMMR-MSI-H, and they have been granted
accelerated FDA approval.®> Our study showed a strong relationship
between GNG4 and ICPs, such as PD-L1, CD200, LAG-3, CTLA4
and IDO1, which provides a theoretical basis for the development
and application of certain drugs in the future.

TMB and MSI were shown to be clear biomarkers for a po-
tential response to immunotherapy in colorectal and other solid
tumours.”3! Zhao et al. demonstrated that GNG4 might play an im-
portant role in CRC TMB.*® GNG4 was negatively correlated with
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TMB and MSI in several cancers, with the strongest correlation de-
tected in CC. These results indicated the unique role of GNG4 in CC
immunogenicity.

GNG4 was shown to promote tumour progression in CRC*¢; how-
ever, its potential mechanisms remain unclear. As a result, increased
GNG4 induced the proliferation, migration and invasion of CC cells.
The GSEA analysis revealed a marked enrichment of MYC targets,
E2F targets, the inflammatory response and DNA repair in the high
GNG4 expression group. The MYC oncogene is a grand orchestrator
of cancer growth and immune evasion, and it can regulate the TME
by affecting both innate and adaptive immune effector cells and
immune regulatory cytokines.®>%® Relating to immune infiltration,
E2Fs are potential biomarkers for prognosis of many cancers, includ-
ing human gastric carcinoma, pancreatic adenocarcinoma and clear
cell renal cell carcinoma.?*=3¢ In addition, low expression of GNG4
was associated with enrichment in the TNF-y and INF-a signalling
pathways. INF-a belongs to Type | IFNs and has been reported to
be associated with immune-mediated and inflammatory disorders.%”
IFN-y is mainly produced by natural killer (NK) and T helper cells
and involved in inflammation and autoimmunity.®® In summary, the
invasion and metastasis of CC was promoted by GNG4 via multiple
mechanisms, which may also explain the tumour immune escape.

Furthermore, we found that patients with a low GNG4 expres-
sion subtype responded better to PD1 anti-PD-L1 therapy, suggest-
ing that GNG4 expression can predict ICB treatment efficacy, based
on the IMvigor210 data set. Although more studies are still needed
for further confirmation, the immune microenvironment and the im-
munotherapy response of CC may be related to GNG4.

To conclude, we comprehensively analysed correlations be-
tween immune infiltration and oncogenes in the TME of CC. GNG4
was screened and found to affect the invasion and migration of CC
cells and regulate the immune microenvironment remodelling in CC.
GNG4 has an obvious immunosuppressive effect that indicated the

crucial roles of CC for anti-GNG4 immunotherapy.
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