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Neurotransmitters are reported to be involved in tumor initiation and progression. This study aimed to elucidate the
prognostic value of γ-aminobutyric acid type A receptor δ subunit (GABRD) in colon adenocarcinoma (COAD) using
the data from The Cancer Genome Atlas (TCGA) database. The GABRDmRNA expression levels in the COAD and nor-
mal tissues were compared using the Wilcoxon rank-sum test. The correlation between clinicopathologic characteris-
tics and GABRD expression was analyzed byWilcoxon rank-sum test or Kruskal-Wallis test and logistic regression. The
prognostic value of GABRD mRNA expression in patients with COAD was determined using the Kaplan-Meier curve
and Cox regression analysis. Finally, themolecular mechanisms of GABRD in COADwere predicted by gene set enrich-
ment analysis (GSEA). The COAD tissues exhibited higher GABRD mRNA expression levels than the normal tissues.
The logistic regression analysis revealed that GABRD mRNA expression was correlated with TNM stage, N stage, M
stage, and microsatellite instability (MSI) status. The Kaplan-Meier survival curve and log-rank test revealed that pa-
tients with COAD exhibiting high GABRDmRNA expression were associated with poor overall survival (OS). Themul-
tivariate analysis indicated that increased GABRD mRNA expression was an independent prognostic factor and was
correlatedwith a poorOS. TheGSEA revealed that GABRDwas involved in signaling pathways, including cell adhesion
molecules, gap junction, melanogenesis, and mTOR signaling pathway, as well as the signaling pathways associated
with basal cell carcinoma or bladder cancer development. In summary, enhanced GABRD mRNA expression may be
a potential independent prognostic biomarker for COAD.
Introduction

Globally, colon cancer is one of the most commonmalignancies and the
most frequent cause of cancer-related death. An estimated 1.1 million new
cases of colon cancer were diagnosed and 551,000 deaths were recorded in
2018 [1]. The most common pathological type of colon cancer is colon ad-
enocarcinoma (COAD), which accounts for more than 90% of colon cancer
cases [2]. Patients with COAD exhibit varied responses to therapy due to
the heterogeneity of COAD [3]. It is important to identify reliable prognos-
tic biomarkers as they can potentially distinguish high-risk patients who
must be considered for further therapy. Additionally, reliable prognostic
biomarkers can identify low-risk patients for whom observation is a pru-
dent approach and can aid in avoiding potentially toxic cancer treatment
[4]. Currently, the prognosis of COAD is mainly determined based on
TNM staging and other clinicopathologic characteristics. However, there
ool of Medicine, Wonkwang Universit

on behalf of Neoplasia Press
).
is a marked variation in the survival outcomes of patients with the same
stage tumor who are subjected to anti-cancer therapy based on these tradi-
tional prognostic biomarkers. Hence, these traditional biomarkers have
limited prognostic value [5]. In the past few decades, several studies have
identified various predictive biomarkers, such as RAS mutation status,
BRAF mutation status, and microsatellite instability (MSI) status, which
can aid in identifying patients at high risk of tumor progression or recur-
rence [6,7]. Recently a set of novel prognostic biomarkers, such as
immunoscore and tumor budding have been identified. Tumors can be clas-
sified as low, intermediate and high immunoscore, of which low
immunoscore cancer patients have been non-infiltrated by CD3+ and
CD8+ lymphocytes and placed at risk [8]. Tumor budding is an important
negative prognostic feature, which is strongly associated with lymph node
metastasis, recurrence and cancer-related death in colorectal cancer [9]. Al-
though existing biomarkers are commonly used for predicting long-term
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outcome, some patients are still misdiagnosed [10]. Therefore, it is neces-
sary to identify novel biomarkers that can be used to predict prognosis for
COAD.

The tumor microenvironment is reported to play a critical role in
tumor progression [11,12]. Similar to the processes of angiogenesis
and lymphangiogenesis, some studies have reported that tumors are as-
sociated with neoneurogenesis, a process that involves the infiltration of
new growing nerve endings into the tumor [13,14]. Recent studies have
suggested that nerves infiltrate the tumor microenvironment and stimu-
late cancer cell growth and metastasis through the neurotransmitter-
initiated signaling pathway [15,16]. Additionally, the neurotransmit-
ters in the tumor microenvironment can affect the immune cells, endo-
thelial cells, and stromal cells to promote tumor progression by
binding to the corresponding neurotransmitter receptors [17].
γ-aminobutyric acid (GABA) is the primary inhibitory neurotransmitter
in the adult mammalian central nervous system. GABA receptors, which
are expressed in various tumor tissues, exert regulatory effects on tumor
cell proliferation and migration [18–21]. There are two main classes of
GABA receptors: ionotropic (GABAA and GABAC receptor) and metabo-
tropic (GABAB) receptors [22]. Generally, GABA stimulates tumor cell
proliferation and migration through the GABAA receptor whose expres-
sion is enhanced in breast cancer, pancreatic cancer, prostate cancer,
and liver cancer [23–26]. Furthermore, the overexpression of the
GABAA receptor is reported to promote the proliferation of gastric can-
cer cell line (KATO III) by activating the ERK-1/2/cyclin D1 pathway
[27]. The neoplastic tissues of colorectal cancer are reported to exhibit
enhanced GABA contents and upregulated GABAA receptor expression
[28]. However, the mechanisms underlying the role of GABAA receptors
in colorectal cancer are not elucidated. GABAA receptors are ligand-
gated chloride channels, which comprise 19 different subunits (α1–6,
β1–3, γ1–3, δ, ε, θ, π, and ρ1–3) [20]. GABRD, the δ subunit of the
GABAA receptor, is encoded in the human chromosome 1p36 region,
whose involvement in cancers is not fully elucidated. Recent studies
have demonstrated that GABRD expression may serve as an indepen-
dent prognostic marker for one subtype of glioma [29]. Additionally,
the GABRD gene is reported to be a stage-specific differentially
expressed gene in hepatocellular carcinoma [30]. In a recent study,
Yan et al. [31], described the diagnostic and prognostic value of
GABAA receptors in patients with COAD. However, to the best of our
knowledge, the potential roles of GABRD in the prognostic evaluation
of patients with COAD have not yet been thoroughly and systematically
determined.

This is the first study to thoroughly evaluate the correlation between
GABRDmRNA expression and clinicopathological characteristics and to an-
alyze the prognostic value of GABRD mRNA expression in COAD based on
the data obtained from The Cancer Genome Atlas (TCGA) database. Fur-
thermore, the GABRD-related biological pathways involved in COAD
were determined by gene set enrichment analysis (GSEA), which may
offer further insights into the molecular mechanisms underlying COAD.
The results of this study indicated that GABRD mRNA can be a promising
prognostic biomarker and a molecular therapeutic target for COAD.

Materials and methods

Bioinformatics analysis based on TCGA database

TheGABRDmRNA expression data (WorkflowType: HTSeq-FPKM) and
the corresponding clinical information of patients with COAD were ob-
tained from TCGA official website (https://portal.gdc.cancer.gov/). When
the mRNA had duplicate data, the average mRNA expression was used. In
total, the data of 452 COAD tissues and 41 adjacent normal tissue data
were obtained. For further analysis, 447 COAD cases were selected. The
cases that did not include the clinical prognostic information and those
with overall survival (OS) less than 30 days were excluded from further
analysis. The clinical characteristics of patients, including age at diagnosis,
gender, race, TNM stage, T stage, N stage, M stage, histologic type, primary
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tumor location, MSI status, and carcinoembryonic antigen (CEA) level be-
fore treatment were recorded. Unavailable or unknown clinical characteris-
tics in 447 cases were regarded as missing values.

GSEA

GSEA is a computational approach to determine significantly enriched
or depleted groups of genes [32]. In this study, we performed GSEA to ex-
plore potential molecular mechanisms underlying the effect of GABRD ex-
pression on COAD prognosis. The COAD samples were divided into
GABRDmRNAhigh expression and low expression groups based on theme-
dian value of GABRD mRNA expression level. The “c2.cp.kegg.v7.0.sym-
bols.gmt” gene sets from the Molecular Signatures Database (MSigDB)
were analyzed using the GSEA 3.0 software. The normalized enrichment
score (NES), nominal p-value, and false discovery rate (FDR) q-value were
selected to classify the signaling pathways enriched in each phenotype.
The number of gene set permutations for each analysis was set at 1000.
The gene sets with p-value<0.05 and FDR<0.25 were regarded as signif-
icantly enriched.

Statistical analysis

Comparison of the GABRD mRNA expression in non-paired cases and
paired cases were performed using the Wilcoxon rank-sum test and
Wilcoxon matched-pairs signed-rank test, respectively. The median value
of the GABRD mRNA expression was defined as the cut-off value. The cor-
relation between GABRD mRNA expression and clinicopathologic charac-
teristics was analyzed by Wilcoxon rank-sum test or Kruskal-Wallis test
and logistic regression. The Kaplan-Meier method was used to generate
the survival curve. The log-rank test was performed to compare the differ-
ences in OS. The univariate and multivariate Cox proportional hazard re-
gression models were utilized to determine the effects of GABRD mRNA
expression and clinicopathologic characteristics on OS. Moreover, the
Harrell's concordance index (C-index) was used to evaluate the discrimina-
tion power of the model. All statistical analyses were performed using R
3.6.1 software (R Core Team, 2019). The difference was considered statis-
tically significant when the p-value was less than 0.05.

Results

Patient characteristics

The data, including GABRD mRNA expression and clinical data, of
447 primary COAD cases were downloaded from TCGA database in
Nov 2019. Of the 447 cases, 212 (47.4%) were female and 235
(52.6%) were male. The study cohort included 209 (75.2%) Caucasian
and 69 (24.8%) non-Caucasian patients with median age of 69 years
(range, 31–90 years). The TNM stages I, II, III, and IV accounted for
17.2%, 40.4%, 28.4% and 14.0% of the cases, respectively. The MSI sta-
tus of COAD was microsatellite stable (MSS), MSI-low (MSI-L), and MSI-
high (MSI-H) in 63.4%, 18.1% and 18.5% of the cases, respectively. Of
the 391 cases, 61 (15.6%) cases had distant metastasis. Of the 429
cases with primary tumor location, 173 (40.3%) cases located toward
the left of the colon. The histologic types of 86.2% (n = 381) and
13.8% (n = 61) of the tumors were adenocarcinoma and mucinous ad-
enocarcinoma, respectively. The CEA level before treatment was less
than 5 ng/mL in 66.1% of the cases (n = 187). The median survival
time of COADwas 7.73 years, and the number of death was 72 (Table 1).

COAD tissues exhibit enhanced GABRD mRNA expression

The GABRD mRNA expression levels in the COAD tissues and normal
tissues were compared using theWilcoxon rank-sum test. The COAD tissues
exhibited significantly higher GABRD mRNA expression levels than the
normal tissues (p< 0.0001) (Fig. 1a). Additionally, the GABRD mRNA ex-
pression levels were analyzed in 41 paired COAD and adjacent non-
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Table 1
Clinical characteristics of patients with colon adenocarcinoma based on the TCGA
database.

Clinical characteristics Total (n = 447) Percentage
(%)

Age at diagnosis (years) Mean (SD) 67.1 (13.0)
Median [Min-Max] 69 [31–90]

GABRD expression Median [Min-Max] 0.693
[0.027–3.931]

Gender Female 212 47.4%
Male 235 52.6%

Race Non-Caucasian 69 24.8%
Caucasian 209 75.2%

TNM stage Stage I 75 17.2%
Stage II 176 40.4%
Stage III 124 28.4%
Stage IV 61 14.0%

T stage T1 10 2.2%
T2 76 17.0%
T3 304 68.2%
T4 56 12.6%

N stage N0 266 59.5%
N1 102 22.8%
N2 79 17.7%

M stage M0 330 84.4%
M1 61 15.6%

Histologic type Adenocarcinoma 381 86.2%
Mucinous
adenocarcinoma

61 13.8%

Primary tumor location Left 173 40.3%
Right 256 59.7%

MSI status MSS 267 63.4%
MSI-L 76 18.1%
MSI-H 78 18.5%

CEA level before
treatment

<5 ng/mL 187 66.1%
≥5 ng/mL 96 33.9%

Median survival time Total 7.73
Survival status Death 72 18.4%

Alive 319 83.6%

TCGA, The Cancer Genome Atlas; T, tumor; N, node; M, metastasis; MSI, microsat-
ellite instability; MSS, microsatellite stable; MSI-L, MSI-low; MSI-H, MSI-high; CEA,
carcinoembryonic antigen; SD, standard deviation.

Fig. 1. The COAD tissues exhibited higher mRNA expression levels of GABRD than
the normal or adjacent normal tissues. (a) GABRD mRNA expression in the tumor
and normal tissues. (b) GABRD expression in 41 pairs of tumor and adjacent
normal tissues. ****p < 0.0001. COAD, colon adenocarcinoma; GABRD, γ-
aminobutyric acid type A receptor δ subunit.
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tumorous tissues using Wilcoxon matched-pairs signed-rank test. The anal-
ysis revealed that GABRDmRNAwas overexpressed in the COAD tissues (p
< 0.0001) (Fig. 1b).

Correlation between GABRD mRNA expression and clinicopathologic character-
istics in patients with COAD

The correlation between GABRD mRNA expression in 447 COAD
samples and clinicopathologic characteristics of the corresponding pa-
tients was analyzed by Wilcoxon rank-sum test or Kruskal-Wallis test.
As shown in Fig. 2a–f, the enhanced GABRD mRNA expression was sig-
nificantly associated with TNM stage (p = 0.00052), T stage (p =
0.012), N stage (p = 0.00031), M stage (p = 0.00043), primary tumor
location (p = 0.028), and MSI status (p = 0.0069). However, there
was no significant correlation between the enhanced GABRD mRNA ex-
pression and gender, race, histologic type and CEA level, respectively.
The COAD samples were divided into GABRD mRNA high and low ex-
pression groups based on the median GABRD expression level. The lo-
gistic regression analysis indicated that increased GABRD mRNA
expression in COAD was observably correlated with TNM stage (odds
ratio [OR] = 1.60 for stage III/IV vs. stage I/II, p = 0.016), N stage
(OR = 1.67 for N1/N2 vs. N0, p = 0.008), M stage (OR = 2.15 for
M1 vs. M0, p = 0.009), and MSI status (OR = 0.60 for MSI-H vs.
MSS/MSI-L, p = 0.049) (Table 2). These results revealed that COAD
with increased GABRD mRNA expression was prone to progress to the
advanced TNM stage, lymph node stage, and distant metastasis and
GABRD expression might have prognostic significance for COAD
patients.
3

Survival outcomes and Cox regression analysis

To determine the prognostic value of GABRD mRNA expression in
COAD, patients who lacked complete clinical information were ex-
cluded from the analysis. The Kaplan-Meier survival curve and log-
rank test revealed that patients with COAD exhibiting high GABRD
mRNA expression had a worse prognosis than patients with COAD
exhibiting low GABRD mRNA expression (p = 0.0062) (Fig. 3). Addi-
tionally, we considered the importance of stage II tumors as there is a
controversy on treating patients with stage II tumors by chemotherapy.
There was no difference in the GABRD mRNA expression level between
stage IIA and stage IIB tumors. Additionally, there was no difference in
the survival of patients with different stage II subgroups. The univariate
Cox regression analysis revealed that high GABRD mRNA expression
was associated with poor OS (hazard ratio [HR] = 2.33, 95% confi-
dence interval [CI] [1.40–3.88], p=0.001; Table 3). Other clinicopath-
ologic characteristics, such as age, TNM stage, T stage, N stage, and M
stage were also significantly associated with OS (all p-values <0.05;
Table 3). Moreover, multivariate analysis using the Cox proportional
hazards model was performed to confirm the prognostic value of
GABRD mRNA expression. Markers that were significant in univariate
analyses were forward into the multivariate analysis and the three



Fig. 2. Correlation between GABRDmRNA expression and clinicopathologic characteristics. (a) TNM stage, (b) T stage, (c) N stage, (d) M stage, (e) Primary tumor location,
(f) MSI status. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. T, tumor; N, node; M, metastasis; GABRD, γ-aminobutyric acid type A receptor δ subunit; MSI,
microsatellite instability; MSS, microsatellite stable; MSI-L, MSI-low; MSI-H, MSI-high.
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markers: gender, histologic type, and microsatellite instability status
were excluded. Finally, seven variables were included in the multivari-
ate Cox analysis. We calculated the power for the multivariate analysis
with all the markers and achieved 87% power using PASS software.
The analysis revealed that high GABRD mRNA expression (HR = 2.14,
95% CI [1.26–3.64], p = 0.005), age (HR = 1.04, 95% CI
[1.02–1.07], p < 0.0001), TNM stage (HR = 7.29, 95% CI
[1.74–30.53], p = 0.007) and M stage (HR = 2.52, 95% CI
[1.34–4.75], p = 0.004) were independently associated with OS
(Table 3). The C-index of the model was 0.789 (95% CI 0.738–0.841)
(se = 0.026), supporting the model suitability to predict the survival
rate for COAD patients. These results indicated that the GABRD mRNA
4

was an independent prognostic factor and increased GABRD mRNA
level was associated with poor OS.

GABRD-related signaling pathways based on GSEA

GSEA was performed to identify the potential signaling pathways in-
volved in COAD between low and high GABRD mRNA expression
datasets. There were significant differences (FDR < 0.25, nominal p-
value <0.05) in the enrichment of “c2.cp.kegg.v7.0.symbols.gmt”
gene sets from the MSigDB between the low and high GABRDmRNA ex-
pression datasets. The GSEA revealed that GABRD was involved in sig-
naling pathways including cell adhesion molecules (cams), gap



Table 2
Correlation of GABRD mRNA expressiona and clinicopathological characteristics
(logistic regression analysis).

Clinical characteristics Total
(N)

Odds ratio for
GABRD
expressiona

p-Value

Age (continuous) 447 0.99 (0.98–1.01) 0.397
Gender (female vs. male) 447 0.69 (0.48–1.01) 0.053
TNM Stage (stage III/IV vs. stage I/II) 436 1.60 (1.09–2.35) 0.016⁎
T stage (T3/T4 vs. T1/T2) 446 1.59 (0.99–2.58) 0.056
N stage (N1/N2 vs. N0) 447 1.67 (1.14–2.45) 0.008⁎⁎
M stage (M1 vs. M0) 391 2.15 (1.23–3.86) 0.009⁎⁎
Adenocarcinoma vs. Mucinous
adenocarcinoma

442 1.41 (0.82–2.45) 0.216

Primary tumor location (right vs. left) 429 0.74 (0.50–1.09) 0.130
MSI-H vs. MSS/MSI-L 421 0.60 (0.36–0.99) 0.049⁎
CEA level before treatment (≥5 vs. <5) 283 1.15 (0.70–1.88) 0.586

GABRD, γ-aminobutyric acid typeA receptor δ subunit; T, tumor; N, node;M,metas-
tasis; MSI, microsatellite instability; MSS, microsatellite stable; MSI-L, MSI-low;
MSI-H, MSI-high; CEA, carcinoembryonic antigen.
⁎ p < 0.05.

⁎⁎ p < 0.01.
a Categorical dependent variable, greater or less than the median expression

level.
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junction, melanogenesis, and mTOR signaling pathway, as well as the
signaling pathways associated with basal cell carcinoma or bladder can-
cer development (Table 4, Fig. 4).

Discussion

Colon cancer, a heterogeneous disease, is one of the leading causes of
cancer-related deaths worldwide. The identification of prognostic factors
and underlying molecular mechanisms of COAD can aid in the develop-
ment of a novel therapeutic strategy [33]. Neurotransmitters in the tumor
microenvironment can stimulate colon cancer cell growth and metastasis
Fig. 3. High mRNA expression level of GABRD predicts poor overall survival in patien
regarded as the cut-off value. COAD, colon adenocarcinoma; GABRD, γ-aminobutyric ac
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through binding to the corresponding neurotransmitter receptors [16].
However, there is limited knowledge of the role of GABRD in patients
with COAD. In the present study, we reported that the COAD tissues ex-
hibit upregulated GABRDmRNA levels when compared with the normal
or adjacent normal tissues. The enhanced GABRD mRNA expression
level in the COAD tissue was markedly correlated with TNM stage, N
stage, M stage, and MSI status. Additionally, patients with COAD
exhibiting high GABRD mRNA expression were associated with poor
OS. Furthermore, the GABRD mRNA expression level was an indepen-
dent prognostic factor in COAD. To further elucidate the signaling path-
ways associated with GABRD, GSEA was performed using the high and
low GABRD expression datasets. The signaling pathways, including
cell adhesion molecules (cams), gap junction, melanogenesis, and
mTOR signaling pathway, as well as the signaling pathways associated
with basal cell carcinoma or bladder cancer development were signifi-
cantly enriched in the GABRD high expression group. It is necessary to
determine whether GABRD can promote the tumor progression of the
colon using a cellular and nude mouse model in our further work. Be-
sides, it is indispensable to elucidate the underlying molecular mecha-
nism between GABRD and the signaling pathway in colon cancer.
These results indicate that GABRD may serve as a potential prognostic
and therapeutic target for patients with COAD.

Our results are in line with the finding of Yan et al. [31], who demon-
strated the high expression of GABRD were associated with poor prognosis
of patients with COAD and could be used as a prognostic biomarker. How-
ever, their research focused on the relationship between all GABAA receptor
genes and the prognosis of COAD, and the clinical data were slightly inad-
equate. When analyzing the correlation between GABRD and clinicopatho-
logical characteristics, only three variables of age, gender and TNM stage
were included. In our study, the univariate Cox regression analysis revealed
that clinicopathologic characteristics, such as age, T stage, N stage and M
stage were also remarkably associated with OS. We demonstrated that
age andM stage were independently associatedwith OS in the multivariate
Cox proportional hazard regression model.
ts with COAD (p = 0.0062). The median value of GABRD mRNA expression was
id type A receptor δ subunit.



Table 3
Univariate and multivariate Cox proportional hazards analyses of overall survival in patients with colon adenocarcinoma.

Clinical characteristics Univariate analysis Multivariate analysis

HR (95% CI) p-Value HR (95% CI) p-Value

Age (continuous) 1.03 (1.01–1.06) 0.004⁎⁎ 1.04 (1.02–1.07) 0.000⁎⁎⁎
Gender (female vs. male) 1.10 (0.67–1.80) 0.703
TNM Stage (stage III/IV vs. stage I/II) 3.19 (1.90–5.34) 0.000⁎⁎⁎ 7.29 (1.74–30.53) 0.007⁎⁎
T stage (T3/T4 vs. T1/T2) 4.32 (1.35–13.81) 0.014⁎ 1.91 (0.57–6.40) 0.294
N stage (N1/N2 vs. N0) 2.70 (1.63–4.45) 0.000⁎⁎⁎ 0.30 (0.08–1.05) 0.060
M stage (M1 vs. M0) 4.53 (2.72–7.53) 0.000⁎⁎⁎ 2.52 (1.34–4.75) 0.004⁎⁎
Adenocarcinoma vs. Mucinous adenocarcinoma 1.69 (0.88–3.24) 0.114
Primary tumor location (right vs. left) 1.64 (0.99–2.74) 0.055 1.59 (0.95–2.67) 0.079
Microsatellite instability (MSI-H vs. MSS/MSI-L) 1.07 (0.56–2.05) 0.842
GABRD expression (high vs. low) 2.33 (1.40–3.88) 0.001⁎⁎ 2.14 (1.26–3.64) 0.005⁎⁎

T, tumor; N, node; M, metastasis; HR, hazard ratio; CI, confidence interval; MSI, microsatellite instability; MSS, microsatellite stable; MSI-L, MSI-low; MSI-H, MSI-high;
GABRD, γ-aminobutyric acid type A receptor δ subunit.

⁎ p < 0.05.
⁎⁎ p < 0.01.

⁎⁎⁎ p < 0.001.
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Previous studies have reported that several neurotransmitter receptors,
which contribute to the malignant phenotype of colon cancer, are differen-
tially expressed in the malignant colonic cells [34]. For example, the ex-
pression of neurokinin-1 (NK-1), a substance P (SP) receptor, is
upregulated in COAD. Treatment with NK-1 antagonist can delay cell
growth and induce cell death via apoptosis [35]. Another study by Ataee
et al. has demonstrated that the HT29 colon cancer cells exhibit upregu-
lated expression of 5-HT1B serotonin receptor and that 5-HT1B serotonin re-
ceptor antagonist exerts anti-proliferative and apoptotic effects on the
HT29 cells [36]. In current study, bioinformatics analysis was employed
to determine the prognostic value of GABRD mRNA expression in COAD
using RNA sequencing data obtained from TCGA. To the best of our knowl-
edge, this is the first study to identify GABRD mRNA expression as a prog-
nostic factor for patientswith COAD. Inmost cases, GABA stimulates cancer
cell proliferation andmetastasis through the GABAA receptor pathway. The
gastric cancer tissues exhibit enhanced levels of GABA. Treatment with
muscimol, a GABAA receptor agonist, can facilitate gastric cancer cell prolif-
eration via the activation of mitogen-activated protein kinases (MAPKs)
[27]. Gumireddy et al. demonstrated that the expression of GABRA3, a
GABAA receptor subunit, is upregulated in humanmetastatic breast cancer,
which was correlated to poor patient survival [25]. Similarly, Takehara
et al. reported that GABA upregulates intracellular Ca2+ levels, activates
the MAPK/ERK cascade, and stimulates pancreatic cancer growth by pro-
moting overexpression of GABRP, a subunit of GABAA receptor [26]. In
contrast, Jiang et al. reported that GABRP exhibits an immunomodulatory
role in pancreatic cancer progression through GABA-independent tuning
of KCNN4-mediated Ca2+ signaling [37].
Table 4
Gene sets enriched in the colon adenocarcinoma tissues exhibiting high GABRD
expression.

MSigDB
collection

Gene set name NES NOM
p-val

FDR
q-val

c2.cp.kegg.
v7.0.
symbols.gmt

KEGG_NOTCH_SIGNALING_PATHWAY 1.981 0.006 0.281
KEGG_BASAL_CELL_CARCINOMA 1.891 0.008 0.209
KEGG_CELL_ADHESION_MOLECULES_CAMS 1.794 0.036 0.237
KEGG_GAP_JUNCTION 1.737 0.023 0.238
KEGG_ECM_RECEPTOR_INTERACTION 1.736 0.063 0.214
KEGG_MELANOGENESIS 1.708 0.021 0.234
KEGG_BLADDER_CANCER 1.682 0.022 0.234
KEGG_FOCAL_ADHESION 1.674 0.063 0.227
KEGG_MTOR_SIGNALING_PATHWAY 1.667 0.010 0.221
KEGG_AXON_GUIDANCE 1.631 0.043 0.259

Gene set with NOM p-value<0.05 and FDR q-value<0.25were regarded as signif-
icantly enriched. GABRD, γ-aminobutyric acid type A receptor δ subunit; NES, nor-
malized enrichment score; NOM p-val, normalized p-value; FDR, false discovery
rate.
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The GABRD gene encodes the δ subunit of the GABAA receptor which is
highly expressed in the brain andmediates signaling related to tonic inhibi-
tion [38]. The subunit expression is required for synaptic plasticity and
neurogenesis [39,40]. The dysregulation of GABRD and single nucleotide
polymorphisms (SNPs) in the GABRD gene are associated with childhood-
onset mood disorder and generalized epilepsy [41,42]. Recently, Zhang
et al. revealed that isocitrate dehydrogenase (IDH)wild-type tumors exhibit
markedly lower GABRD expression than the IDH mutant diffuse low-grade
glioma [29]. In addition, Sarathi et al. demonstrated that GABRD was sig-
nificantly monotonically upregulated across TNM stage in hepatocellular
carcinoma [30]. However, the role of GABRD in COAD has not been previ-
ously elucidated. In this study, elevatedGABRD expression in COADwas as-
sociated with advanced clinicopathological features (TNM stage, T stage, N
stage, M stage, and MSI status), which suggested that GABRD may play a
critical role in COAD invasion and metastasis. Recurrence and distal metas-
tases are the two main causes of cancer-related deaths. This explains the
reason for the correlation of high GABRDmRNA expressionwith poor prog-
nosis in COAD. However, further studies are required to investigate the me-
tastasis mechanisms of GABRD in COAD, which may provide a novel
therapeutic approach for COAD.

Although this study determined the prognostic value of GABRD in
COAD, there are still some limitations. This study only used COAD data
from TCGA and no validation dataset was used. Additionally, the conclu-
sion of the study is limited to GABRD mRNA expression. Further studies
are needed to evaluate GABRD protein expression and direct mechanisms.
Furthermore, GABRD extracellular concentration is similar to hormonal
Fig. 4. Enrichment plots from GSEA. (a) Enrichment score and (b) gene sets. GSEA,
gene set enrichment analysis.
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concentration. Therefore, further methodological adjustments are needed
to increase the sensitivity of the detection and quantification of GABRD.

Conclusions

This study demonstrated that the COAD tissues exhibited GABRD
mRNA overexpression and that GABRD mRNA expression may be a poten-
tial prognostic marker for patients with COAD. Further studies are needed
to elucidate the molecular mechanism underlying the role of GABRD in
the tumor microenvironment in facilitating cancer invasion andmetastasis.
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