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INTRODUCTION

Abstract

Background: The purpose of this study was to explore the reason for guanine nucleo-
tide binding-protein gamma subunit-4 (GNG4) overexpression and the relationship
between GNG4 overexpression and the poor prognosis of lung adenocarcinoma
(LUAD) patients.

Methods: The genes and phenotypes related to GNG4 expression in patients with lung
adenocarcinoma were analyzed by bioinformatics. The phenotype indicated by bioin-
formatic analysis was confirmed by experiments.

Results: GNG4 expression is elevated in lung adenocarcinoma, and overexpressed
GNG4 is related to the poor prognosis of patients with lung adenocarcinoma. The
hypoxic microenvironment of lung adenocarcinoma can promote GNG4 expression
and GNG4 promotes the migration and proliferation of lung adenocarcinoma cells.
Conclusions: GNG4 expression in lung adenocarcinoma was significantly higher than
in paired adjacent tissues. GNG4 overexpression is associated with a variety of malig-
nant phenotypes of lung adenocarcinoma. Increased GNG4 expression is related to
the hypoxic microenvironment in lung adenocarcinoma.
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especially targeted therapy.” However, LUAD has a strong
ability to proliferate and metastasize.” ® Once it develops to

Lung adenocarcinoma (LUAD) is the most common cause
of death from cancer, accounting for more than 40%." In the
past decade, advances in diagnosis and treatment technology
have greatly improved the prognosis of lung cancer patients,
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an advanced stage, the effect of drug treatment is very poor.
Behind this is the synergy of multiple genes and the mecha-
nism has not yet been clearly explained.” Identification and
discovery of corresponding genes for targeted therapy is an
important strategy to improve LUAD patient outcome.”
Guanine nucleotide binding-protein gamma subunit-4
(GNG4) is a member of the guanine nucleotide-binding
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protein complex.® Previous studies have found that GNG4
expression is elevated in a variety of tumors and is related to
the poor prognosis of these patients, including bladder, liver,
breast and non-small-cell lung cancers.”*~'* Most studies con-
firmed the significance of high GNG4 expression by analyzing
the correlation of sequencing data and clinical data and their
related mechanisms. Maina et al. confirmed that GNG4 is the
target gene of VHL and is related to the response pathways.
The hypoxic microenvironment is one of the important micro-
environmental characteristics of lung cancer, which is closely
related to the poor prognosis of lung cancer patients. In-depth
analysis of the mechanism of the hypoxic microenvironment
and targeted measures are of great significance in predicting
the prognosis of lung cancer patients and improving the cur-
rent status of patients’ treatment.'?

The study by Zhao et al. considered GNG4 was essential
for the tumor immune microenvironment in colorectal cancer
(CRC).!® The immune microenvironment of LUAD also has
an important role in supporting the growth, invasion, and
metastasis of cancer cells.'* The hypoxic and immune micro-
environments are linked to each other to further promote
tumor progression. Therefore, we studied the role of GNG4 in
hypoxia and the immune microenvironment in LUAD.

METHODS

Cells and tissues

Human LUAD cell lines A549 and H1299 were purchased
from American Type Culture Collection (ATCC). Cells were
cultured in an incubator at 37°C and 5% CO, using RPMI1640
medium with 10% fetal bovine serum (FBS). The shRNA
sequence of GNG4 is 5- CCGGGCGGGAAGATCCTCT
CATCATCTCGAGATGATGA GAGGATCTTCCCGC
TTTTTG -3

Chromatin immunoprecipitation (ChIP)

We analyzed the binding site of HIF-1A (ab243860, Abcam)
in the promotor region of GNG4 by the JASPAR database
and designed primers of the region > Forward primer: 5'-
CCTTTGTGATCTCCGCGTTC-3/, reverse primer: 5'-
ATTTCGGGAAGATCTGGGCG-3'. We then performed
the ChIP experiment using a EZ ChIP kit (Merk 17-371)
according to the manufacturer’s instructions.

RT-qPCR

Cells and tissues were dissolved with TRIzol (Thermo
Fisher),and mRNAs were then extracted and reverse trans-
cripted to ¢cDNA by ¢DNA synthesis SuperMix (Trans,
AE301). Expression of GNG4 was detected by q-PCR using
Green qPCR SuperMix (Trans, AQ101) with CFX96 system
according to the manufacturer’s instructions. The forward

primer was 5-ACAGCACCACTAGCATCTCC-3' and
reverse was 5 -GGCACTGGAATGATGAGAGG-3'.

Western blot

Cells were lysed by RIPA lysis buffer with cocktail and the pro-
tein concentration was quantified with Pierce protein assay kit
(Pierce). Then, 20 pg protein lysates were added to each lane
of SDS PAGE. The antibodies used in this study were GNG4
polyclonal antibody(PA5-103877; Thermo Fisher Scientific) at
a dilution with 1:800 and B-tubulin (MG7) mouse monoclonal
antibody(RM2003,Ray Antibody Biotech) 1:5000.

Wound healing assay

Wound healing assay was performed according to the previ-
ously published protocol."® Cells were cultured by 1640
without FBS and the experiments were repeated indepen-
dently at least three times.

Transwell assay

Transwell assay was performed as described by Zhao et al.'®
Inserts with 8.0 pM pore size were used in the study. Then,
1.0 x 10° cells in 200 pl medium were added to the upper
chambers and cultured with RPMI 1640 medium without FBS
and 500 pl RPMI 1640 with 10% FBS was added to each lower
chamber. Cells were strained by three-step-strain set (Thermo
Scientific).

Bioinformatic analysis

The String database (Version 11) was used in the study.17 The
packages used in this study were Consensus Cluster Plus,"® sur-
vival package (version 3.2-10), ggplot2 package, DEaeq2
package,"”” ComplexHeatmap,” GSVA package.”’ Immune
infiltration analysis was performed using CIBERSORT.** GSEA
analysis was performed as previously described.****

Statistical analysis

Mean values of paired data were compared by Student’s t-test
and the Chi-square method was used to analyze categorical data.
All experiments were conducted independently at least three
times. Analyses were performed using SPSS (version 19.0).

RESULTS

Group lung adenocarcinoma samples from TCGA database
according to hypoxia gene expression status and identify dif-
ferences between groups



ZHOU ET AL

WILEYL ™

We analyzed the RNA-seq data and the corresponding
clinical prognosis information in the TCGA-LUAD data set.
The clinicopathological information of the patients are
shown in Table 1. The hypoxia-related gene list is from the
GSEA HALLMARK-hypoxia gene set. We used the STRING
online database and Cytoscape software to analyze the
protein—protein interactions between the genes in the gene
set and further constructed a protein interaction network
(PPI) (Figure la) and screened out the 50 most adjacent
nodes in the network. These genes are referred to as hub
genes (Figure 1b). The TCGA-LUAD samples were analyzed
by cluster analysis according to the expression patterns of
hub-gene in each sample, and the corresponding cumulative
distribution function curves (Figure Sla) when divided into
2-9 groups were calculated, and the area under the curve
increased value (Figure S1b) and the consistency matrix
were also shown (Figure 1C, Figure Slc). Based on the above
results, we chose to divide all samples into two clusters, and
combined the clinical information in order to calculate the
overall survival period of the two groups. Among them, the
OS of cluster 2 was shorter and statistically significant
(Figure 1d), suggesting that cluster 2 and cluster 1 may be in
a state of high and low hypoxia.

We further analyzed the expression changes of the genes
contained in the KEGG HIF-1 signaling pathway in cluster
2 relative to clusterl. Among the 15 genes contained in the
“increase oxygen delivery” gene set, nine were highly
expressed in cluster 2, and 11 of the 13 genes contained in
“reduce oxygen consumption” were more expressed in clus-
ter 2 than in cluster 1 (Figure 2a). At the same time, single-
and multifactor COX analysis was carried out on the influ-
ence of 50 hub-genes on OS in TCGA-LUAD samples
(Figure 2b, c), and heat maps were drawn for genes with sta-
tistically significant results (Figure 2d). The genes with HR
value greater than 1 were highly expressed in cluster 2 and
the HR values of genes highly expressed in cluster 1 were all
less than 1. Based on these results, cluster2 was defined as
the hypoxia-high group, and cluster] was defined as the
hypoxia-low group. On this basis, we identified the differen-
tially expressed genes of cluster 2 relative to cluster 1, of
which 1288 genes were highly expressed in the hypoxia-high
group, with low expression in 1079 genes in the hypoxia-
high group (Figure 2e).

Immune scoring analysis of lung
adenocarcinoma samples from TCGA database

The immune score of TCGA-LUAD samples was calculated
using the ESTIMATE method to evaluate the degree of
immune infiltration in each sample. In all samples, the
immune score was distributed in the range of —1355.85 to
3286.67. On the basis of integrating the survival information of
each sample, the best cutoff value of immune score was deter-
mined to be 1246.27 through the method of maximally selected
rank statistics, and all samples were divided into immune-high
and immune-low groups (Figure 3a). Further survival analysis

TABLE 1 The clinicopathological information of TCGA-LUAD
patients

Characteristic Levels Overall

n 513

T stage, n (%) T1 168 (32.9%)
T2 276 (54.1%)
T3 47 (9.2%)
T4 19 (3.7%)

N stage, n (%) NO 330 (65.9%)
N1 95 (19%)
N2 74 (14.8%)
N3 2 (0.4%)

M stage, n (%) MO 344 (93.2%)
M1 25 (6.8%)

Pathological stage, n (%) Stage I 274 (54.3%)
Stage 1I 121 (24%)
Stage III 84 (16.6%)
Stage IV 26 (5.1%)

Gender, n (%) Female 276 (53.8%)
Male 237 (46.2%)

Age, n (%) <=65 238 (48.2%)
>65 256 (51.8%)

Age, median (IQR) 66 (59, 72.75)

showed that the survival of the immune-high group was better
than that of the immune-low group (Figure 3b). A total of
684 genes were highly expressed in the immune-high group,
with low expression of 921 genes in the hypoxia-high group
(Figure 3C).

At the same time, we used the CIBERSORT algorithm to
calculate the proportion of various types of immune cell infil-
tration in each TCGA-LUAD sample (Figure S2a) and evalu-
ated the proportion of different immune cells and their
relationship with ESTIMATE matrix score and ESTIMATE
immune score. The ESTIMATE immune score was positively
correlated with memory B cells, CD4+ T cells, CD8+ T cells,
M1 macrophages, and Trag cells; it had a positive correlation
with initial B and plasma cells, and activated dendritic cells etc.
had a strong negative correlation (Figure S2b). In group com-
parison, CD8+ T cells, CD4+ T cells, monocytes and Ml
macrophages were increased in the immune-high group while
B cells naive, plasma and Th cells were decreased (Figure S2c).
It is therefore suggested that the better prognosis of the
immune-high group may be related to the more active
immune response mediated by T cells and macrophages.

Hypoxia-immune related grouping and
identification of differential genes

According to the above classification results of hypoxia and
immune status, we further combined these two indicators
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FIGURE 1

Classification based on expression patterns of hypoxic genes. (a) Protein—protein interaction analysis of genes contained in the

HALLMARK_HYPOXIA pathway in the GSEA hallmark gene set (version v7.4) in the STRING database. (b) Screen the top 50 genes with the largest
number of adjacent nodes in the network. (c) The LUAD samples in TCGA database were analyzed by cluster analysis and OS survival analysis (d)

and divided all cases into three groups, namely hypoxia-
low & immune-high (80 cases), hypoxia-high & immune-
low (142 cases) and others (224 cases) of the three groups.
Survival analysis showed that the difference in overall sur-
vival was statistically significant. The overall survival of the
hypoxia-high & immune-low group was significantly shorter
than that of hypoxia-low & immune-high group (Figure 3d),
suggesting hypoxia and immunity status may have the
opposite effect on the prognosis of patients.

In order to identify hypoxia-immune-related differentially
expressed genes, we performed differential analysis of the

gene expression of hypoxia-high & immune-low relative to
hypoxia-low & immune-high samples (Figure 3e), and com-
bined hypoxia-related differential genes and immune-related
differential genes to extract intersection, 189 upregulated
intersection genes (Figure 3f) and 29 downregulated inter-
section genes (Figure 3g) were obtained. The results of single-
factor COX regression analysis of the above genes showed
that the analysis results of 30 genes out of 189 upregulated
genes were statistically significant. Among them, 28 genes
had HR values greater than 1, and their high expression are
risk factors that affects the prognosis of patients. (Figure S3a);
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FIGURE 2 Different gene expression patterns in two clusters. (a) Fold change of 28 genes in the HIF1A signaling pathway between different clusters.
(b) and (c) COX analysis of the hub-gene combined with the clinical data of TCGA-LUAD. (d) Heat map of the expression of statistically significant genes in
cluster1 and cluster2 in univariate COX analysis. (e) Heat map of all genes upregulated in cluster2 relative to clusterl

The analysis results of 11 genes out of 29 downregulated  the prognosis of patients (Figure S3b). Based on the above
genes are statistically significant, with HR values less than  results, we defined the differential genes whose expression
1, and their low expression is a risk factor that affects = was upregulated as the “risk differential gene set” and the
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TABLE 2 The baseline data of the GNG4 high expression and low expression groups from TCGA-LUAD

Characteristic Levels Low expression of GNG4 High expression of GNG4 p-value

n 256 257

T stage, n (%) T1 88 (17.3%) 80 (15.7%) 0.249
T2 131 (25.7%) 145 (28.4%)
T3 28 (5.5%) 19 (3.7%)
T4 7 (1.4%) 12 (2.4%)

N stage, n (%) NO 185 (36.9%) 145 (28.9%) < 0.001
N1 37 (7.4%) 58 (11.6%)
N2 27 (5.4%) 47 (9.4%)
N3 0 (0%) 2 (0.4%)

M stage, n (%) MO 179 (48.5%) 165 (44.7%) 0.084
M1 8 (2.2%) 17 (4.6%)

Pathological stage, n (%) Stage I 155 (30.7%) 119 (23.6%) 0.004
Stage IT 57 (11.3%) 64 (12.7%)
Stage III 31 (6.1%) 53 (10.5%)
Stage IV 9 (1.8%) 17 (3.4%)

Gender, n (%) Female 139 (27.1%) 137 (26.7%) 0.892
Male 117 (22.8%) 120 (23.4%)

Age, n (%) <=65 103 (20.9%) 135 (27.3%) 0.005
>65 144 (29.1%) 112 (22.7%)

Age, median (IQR) 68 (60.5, 74) 64 (57.5, 71.5) <0.001

differential genes whose expression was downregulated as the
“protective gene set”.

In order to further study the key genes that may exist in
the “risk gene set”, we analyzed the protein-protein interac-
tion between each gene and constructed a protein interac-
tion network (Figure 4a) and counted the genes that
constitute the network. The number of adjacent nodes
(Figure 4b) shows that the GNG4 gene is at the core of the
network.

Expression and main functional phenotype of
GNG4 gene in LUAD

We first analyzed the influence of the GNG4 gene in the
TCGA database on the prognosis of LUAD patients. The base-
line data of the GNG4 high expression and low expression
groups are shown in Table 2. Overall survival, disease specific
survival and progression-free survival of the GNG4 high
expression group were all shorter (Figure 4c—e), suggesting that
high GNG4 expression may be a risk factor affecting the prog-
nosis. The analysis performed in the unpaired samples of can-
cer and adjacent cancers in the TCGA combined with GTEx
database (Figure 4f) and the matched samples in the TCGA
database (Figure 4g) showed that the expression level of GNG4
in cancerous tissues was significantly higher than that in adja-
cent tissues. The results have statistical significance. Our
research group conducted Western blot (Figure 4h) and qPCR
(Figure 4i) experiments on the cancer and paracancerous

surgical specimens collected from 10 LUAD patients and con-
firmed that the mRNA and protein expression levels of the
GNG4 gene in the cancer tissues were higher than those nor-
mal tissues adjacent to the cancer of most patients.

We further conducted bioinformatic analysis on the
relationship between GNG4 gene expression and various
signaling pathways. Among them, the results of GSEA anal-
ysis showed that high expression of GNG4 is associated with
EMT, G2M checkpoint, mitosis, hypoxia and other HALL-
MARK signaling pathways (Figure 5a), and cell cycle, DNA
replication, P53 signaling pathway and mismatch repair and
other KEGG pathways (Figure 5b) related to enrichment.
ssGSEA analysis showed that GNG4 was positively corre-
lated with the infiltration of Th2 T cells, Tgd cells, and
CD56dim NK cells, and negatively correlated with the infil-
tration of DC cells, mast cells, and eosinophils (Figure S4a).

Based on the above results, we first analyzed the regulation
effect of the hypoxia-inducible factor HIF-1A on GNG4 under
hypoxia and performed ChIP experiments (Figure 5D) for the
DNA binding site of HIF-1A (Figure 5c). The results show that
HIF-1A has a transcriptional regulatory effect on GNG4.

We studied the function of the gene by constructing a sta-
ble GNG4 downexpression line. The results showed that in the
plate cloning experiment using A549 and PC-9 cells, the prolif-
eration ability of the GNG4-reduced expression group was sig-
nificantly reduced (Figure 5e). Analysis of GNG4 expression in
patients with different T, N, and M stages showed that there
was no significant difference in GNG4 expression in different
T stages (Figure 6a), and N2, N3, and N4 stages were relative
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PC9.
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Influencing factors that regulate GNG4. (a) and (b) GSEA analysis of different GNG4 expression group in TCGA-LUAD. (c) Predicted

binding motif of HIF-1 in the promoter region of GNG4 by JASPAR database. (d) Chromatin immunoprecipitation analysis showed HIF-1 binding to GNG4
promoter in A549 cells. (e) Clone formation experiment showed reduced proliferation capacity in A549-shGNG4 and PC-9-shGNG4 cells

to N1 stages (Figure 6b) and the expression of GNG4 in M1
relative to MO staging (Figure 6c) increased. Based on the
above results and GSEA analysis conclusions, we used A549
and PC-9 cells to perform scratch (Figure 6d, e) and cell migra-
tion experiments (Figure 6f, g). The results showed that the
motility of cells and other cells was significantly weakened after
GNG4 expression was reduced.

DISCUSSION

In recent years, more studies have focused on the interaction
mechanism and influence between cancer cells and the
tumor microenvironment, especially immune cells, and
related experimental techniques and bioinformatic algo-
rithms have gradually matured. Our research shows that
CD4 T cells, CD8 T cells and M1 Macrophages in Imm-high
group increased significantly compared to Imm-low group

in the calculation results, suggesting that the formation of
high immune status may relate to the killing effect of
immune cells to cancer cells, and so on. Therefore, the eval-
uation of tumor immune status may help patients receive
more targeted immune therapy or targeted therapy.

It has been reported that GNG4 is overexpressed in mul-
tiple kinds of tumors as demonstrated here and that over-
expressed GNG4 is associated with poor patient prognosis.
In those studies and our results, GNG4 might therefore be
an oncogene. However, according to the study by Maina
et al., GNG4 might be a tumor suppressor gene. GNG4 has
been approved to be a target gene of VHL. VHL inhibits
GNG4 expression and renal cell carcinoma cell growth was
suppressed when GNG4 and MLC2 were re-expressed.”” But
in multiple other tumors, the role of GNG4 is different. In
gall bladder cancer, PSMC2 promoted gall bladder cancer
through the regulation of GNG4 and predicted poor patient
prognosis. Growth of gall bladder cancer cells was inhibited



ZHOU kT AL.

.
i
(@)
.

The expression of GNG4
Log, (TPM+1)

a 14 A e b
F 8-
12 4 T TE—
3 "ns 3
z 104 ns ' z
L= —ns ' O~ 61
T SF
= °1 . ' 53
2c o1 . : 25 4-
o] : : . 25
58 i g0
3= 4 o 5
[0} <] T
£ . ’ £
0 0 1
T T T T
T T2 T3 T4
T stage
A549
Oh 24h
0.8-
O} :
= | 2 06
©
=
- S 0.4
=
~ k=
Ol S 0.2
(ZD ?
o [ # 0.0-
7]
PC-9
e 24h
O
Z £
<!
O
Z
Ol
o o
D |

NC shGNG4

T
N1&N2&N3

NO Mo M1
N stage M stage
f
A549 A549
O -
o > o 15
1 = ok ok
£ .
O 1.0+
z
2
<
©) S 0.5-
Z ®
Q k=
< | =
n 0.0-
NC shGNG4 NC shGNG4
g
PC-9
oy PC-9
— ol
Z ¢t

Migration Fold Change

shGNG4

NC shGNG4
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when expression of GNG4 was downregulated, and was
inhibited further when PSMC2 was knocked down at the
same time.”

In colorectal cancer, GNG4 overexpression is associated
with poor prognosis and can be a biomarker. The overall
survival rate of the igh GNG4 expression group was signifi-
cantly lower than low GNG4 expression group. A similar
result has been shown in liver cancer'? and also other
cancers.'"*°

As for lung cancer, GNG4 expression had also been
demonstrated to be overexpressed in NSCLC.*” However,

why GNG4 is overexpressed in LUAD and the reason for
this is still unclear. Our results have discussed the signifi-
cance of GNG4 overexpression in LUAD. The increase in
GNG4 expression may enhance the proliferation ability of
cancer cells and may change the invasion and migration
ability of cancer cells by affecting their epithelial mesenchy-
mal transformation status, thus promoting tumor metasta-
sis. These phenotypic changes may be part of the reason for
the poor prognosis of patients with high GNG4 expression.
However, the mechanism of GNG4 promoting tumor pro-
gression needs to be further explored.
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