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Abstract y-Aminobutyric acid (GABA) is a natural non-
protein amino acid, which broadly exists in many plant parts
and is widely used as an ingredient in the food industry. In
mammals, it is widely distributed in central nervous system
and non-neural tissues. In addition to a primary inhibitory
neurotransmitter in the central nervous system, endogenous
GABA content has been found to be elevated in neoplastic
tissues in colon cancer. However, the effect of extraneous
GABA on colon cancer has rarely been reported. In this study,
we found the inhibitory effects of GABA on the proliferation
of colon cancer cells (CCCs). The amino acid also suppressed
metastasis of SW480 and SW620 cells. To further study the
correlated mechanism, we analyzed the changes in cell cycle
distribution and found that GABA suppressed cell cycle pro-
gression through G2/M or G1/S phase. Furthermore, RNA
sequencing analysis revealed GABA-induced changes in the
mRNA expression of 30 genes, including EGR1, MAPK4,
NR4A1, Fos, and FosB, in all the three types of CCC.
Importantly, GABA enhanced the anti-tumor efficacy of
oxaliplatin (OXA) in subcutaneous xenograft tumor model
in nude mice. The data suggest that GABA inhibits colon
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cancer cell proliferation perhaps by attenuating EGR1-
NR4A1 axis, EGRI1-Fos axis, and by disrupting MEK-
EGR1 signaling pathway. This work reveals the pharmacolog-
ical value of GABA derived from food and suggests that ex-
ogenous GABA might play an auxiliary role in
polychemotherapy of colon cancer.
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Introduction

Colon cancer is one of the most common types of neoplasia in
developed countries [1, 2]; however, the side effects of che-
motherapy for colon cancer often result in poor quality of life.
A number of studies have demonstrated that certain natural
bioactive compounds found in food and herbs can modulate
the expression of tumor suppressor genes [3]. Thus, strategies
aimed at suppressing tumor growth or metastasis through the
consumption of bioactive food components are an excellent
approach in cancer prevention and potentially in anti-cancer
therapy.

y-Aminobutyric acid (GABA), a natural non-protein ami-
no acid, is a bioactive constituent of fruits, vegetables, and
cereals and is believed to play a role in defense against stress
in plants [4]. In animals, it acts as an inhibitory neurotransmit-
ter in brain, while it is also expressed in non-neuronal cells,
and studies have shown its relationship with cancer [4—6].
Stimulating GABA signaling induces apoptosis in human
neuroblastoma cells [7], and treatment with GABA can atten-
uate growth of non-small-cell lung cancer cells [8].
Exogenous GABA also demonstrates obvious inhibitory ef-
fects on proliferation in other types of cancer cells, including
Panc-1 pancreatic cancer cell line and SW480 colon
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adenocarcinoma cell line [4, 9]. Conversely, significantly high
levels of GABA have been found in human colon cancer
tissues compared with corresponding para-carcinoma tissues,
suggesting that endogenous GABA exerts a colon cancer-
promoting effect [10, 11]. Therefore, the influence of GABA
on colon cancer remains elusive.

In this study, Cell Counting Kit-8 (CCK-8) assays in vitro
and subsequent evaluation of tumor formation in nude mice
confirmed the inhibitory effects of exogenous GABA on co-
lon carcinoma cell proliferation. Importantly, this is the first
study to report that GABA enhances the anti-cancer effects of
OXA. Accordingly, GABA might represent a novel candidate
for colon cancer combination therapy.

Materials and methods
Animals

Four-week-old female BALB/c mice were purchased from
Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai,
China). All animals were housed under standard conditions
of 12-h light/dark cycles with free access to food and water.
The experimental protocols were approved by the Institutional
Animal Ethics Committee of the Shanghai Institutes for
Biological Sciences.

Cells and reagents

SW480, SW620, and HCT116 cells were all obtained from the
Shanghai Cell Resource Center, Chinese Academy of
Science. SW480 and SW620 were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Invitrogen, Carlsbad,
CA, USA), while HCT116 cells were cultured in MyCoy’s
5 A medium (Basalmedia, Shanghai, China), supplemented
with 10 % fetal calf serum (FBS) (Gibco®, Thermo Fisher
Scientific, Shanghai, China), and were maintained at 37 °C
in an atmosphere of humidified air with 5 % CO,. GABA was
purchased from Sigma-Aldrich, Shanghai, China. OXA was
from Sanofi-Aventis, Paris, France.

Cell proliferation assay

The cells were seeded at the density of 1300 cells/well into 96-
well plates (Corning, Shanghai, China), containing 100 puL of
the complete medium. Twenty-four hours later, cells were
incubated with drugs for 24-72 h, and then, cell proliferation
assay was performed by using CCK-8 (Dojindo, Kumamoto,
Japan) according to the manufacturer’s instructions. Briefly,
10 uL of CCK-8 solution was added to each well. After incu-
bation at 37 °C for another 80 min, optical density values at
450 nm (OD 450 nm) were measured by a microplate reader
(Multiskan MK3, Thermo Scientific, Shanghai, China).
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Cell cycle arrest studies

Cells were seeded in 10-cm dishes, treated with or without
GABA for 72 h, and then, trypsinized, harvested, washed
twice with ice-cold PBS, and fixed in 70 % ice-cold ethanol
and incubated at 4 °C overnight. After washing with ice-cold
PBS, cell pellets formed by 1 x 10° cells were incubated with
500 pL of PI/RNase staining buffer (BD Pharmingen,
Shanghai, China) for 15 min in the dark at room temperature
(RT). Subsequently, DNA content of cells was examined by
using a FACSCalibur flow cytometer and analyzed by using
ModFit LT software (Becton Dickinson, NJ, USA).

Cell migration and invasion assays

Serum-induced cell migration was examined using 24-well
Transwell chambers (Greiner, Frickenhausen, Germany) with
8-um pores, precoated with or without matrix for the use of
performing migration and invasion assays, respectively. The
1.5 x 10° SW480 cells, 1.5 x 10° HCT116 cells, and 5.0 x 10°
SW620 cells were incubated with or without GABA, respec-
tively. To evaluate cell migration or invasion, cells were then
placed in the upper chamber for 24 h in serum-free medium.
The lower chamber contained 10 % serum. After incubation,
the upper surface of the Transwell membrane was wiped gent-
ly with a cotton swab to remove non-migrating cells. Cells
which migrated to the lower surface of the membrane were
stained using 0.1 % crystal violet, and photomicrographs of
the whole well were captured by using a stereo microscope
(Olympus ZX16, Tokyo, Japan).

RNA sequencing

Colon cancer cells were seeded in 10-cm dishes. SW620 and
SW480 cells were treated with or without 100 uM of GABA
for 72 h, while HCT116 cells were with or without 400 uM of
GABA for 48 h. Then, the cells were washed twice with PBS.
Subsequently, RNA was extracted using TRIzol reagent and
applied to Solexa/Illumina sequencing (Shanghai
Biotechnology Co. Ltd., Shanghai, China). Hg19 RefSeq
(RNA sequences, GRCh37) was downloaded from the
UCSC Genome Browser (http://genome.ucsc.edu). The gene
expression was calculated using the RPKM method.

RT-PCR and quantitative real-time PCR

Total RNAs were extracted from cultured cells with TRIzol
(Life Technologies, Shanghai, China), and reverse transcrip-
tion of purified RNA was performed using PrimeScript RT
Reagent Kit according to the manufacturer’s instructions
(TaKaRa, Shanghai, China). Quantification of all gene tran-
scripts was performed by quantitative PCR using the SYBR
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Premix Kit (TaKaRa, Shanghai, China) and a LightCycler®
48011 apparatus (Roche Diagnostics, Mannheim, Germany).

Target gene assay

The primer pairs used for target genes are as follows: human
Fos 5-GTGGCTTCCCTTGATCTGACTG-3' and 5'-AACA
GGAAGTCATCAAAGGGCT-3’, human FosB 5'-CTGC
AAGATCCCCTACGAAGAG-3' and 5'-TGTA
AAGAGAGAAGCCGTCAGG-3', human NR4A1 5-CCTC
CAGCCTTCTTTTCCTTCA-3" and 5'-GTCA
CGGGTGTATCCAGTATCC-3’, human EGR1 5-CTTC
GCTAACCCCTCTGTCTAC-3" and 5'-GTTT
GATGAGCTGGGACTGGTA-3', and human {3-actin 5'-
AGCCTCGCCTTTGCCGATCC-3" and 5'-ACCA
TCACGCCCTGGTGCCT-3". The gene expressions were all
normalized by (-actin.

Statistical analysis

Data were expressed as mean = SD. The significance of dif-
ferences between two groups was analyzed using two-tailed

Ctrl

GABA

(on

Student’s ¢ tests. P values <0.05 were considered to indicate
statistical significance.

Results
GABA decreases colon cancer cell proliferation in vitro

Based on reports of opposing biofunctions of GABA on colon
cancer, we examined the effect of GABA on colon cancer cell
(CCC) proliferation. A phase-contrast microscopy assay
showed no obvious changes in the morphology of CCCs treat-
ed with GABA (Fig. 1a). However, GABA did significantly
slow cell proliferation in a time- and dose-dependent manner
(Fig. 1b).

GABA inhibits tumor formation in nude mice

To further confirm the inhibitory effects of GABA on CCC
proliferation, SW480 cells were used as a representative cell
line to establish a nude mouse model-bearing human colon
cancer cells. Compared with mice injected intraperitoneally

HCT116

Fig. 1 GABA inhibits proliferation of human colon cancer cells. a
Images observed under a Olympus IX73 Phase Contrast Microscope
(Olympus Corporation, Tokyo, Japan) showing the morphology of cells
incubated with or without GABA for 72 h. Cells in the GABA-treated
group were exposed to 100 uM (SW480, SW620) or 400 uM (HCT116)
GABA. b Cell growth curves of CCCs treated with or without GABA at
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the indicated concentration for 72 h. The relative number of cells at the
indicated time points was determined by the CCK-8 assay, with optical
density (OD) measurement at 450 nm. The data are presented as the
mean + SD of quadruplicate samples from one experiment that is a
representative of three independent assays. *P < 0.05, **P < 0.01 vs
the Ctrl group without GABA treatment
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with distilled water, GABA-treated mice exhibited a much
slower rate of tumor growth (Fig. 2).

GABA impairs the migration and invasion of SW620
and SW480 cells

In addition to unchecked proliferation, two other characteristic
features of malignant cells are the ability to migrate and to
invade normal tissues [12, 13]. The capacity of GABA to
restrain CCC proliferation led us to examine whether the ami-
no acid could also affect CCC migration and invasion. In order
to get the images of all the cells in the whole well, a stereo
microscope (Olympus ZX16, Tokyo, Japan) was used to take
pictures. Limited by the magnification times of the micro-
scope, cells stained by 0.1 % crystal violet only showed blue
dots in the field. However, if observed under the microscope
with higher magnification, the migrated/invaded cells could
be seen more clearly (Supplementary Fig. 1). We found that
compared with a DMEM solvent control group, GABA sup-
pressed the migration activity of both SW480 and SW620

Fig. 3 Effects of GABA on CCC migration and invasion. a, e, i Effects | 2
of GABA on migration of SW480, SW620, or HCT116 cells. b, f, j
Effects of GABA on the invasion of SW480, SW620, and HCT116
cells. In e, f, the shaded parts are magnified on the right, and the
migrated/invaded cells were marked by orange arrows. The images
shown represent one of two independent experiments. The scale bars
are shown. e, d, g, h, k, 1 Migration/invaded efficacy was represented
by relative percentage of migrated/invaded cells, which was calculated by
the formula % = 100 x GABA group/Ctrl group, where “Ctrl group”
represents the normal culture cells and its migrated/invaded efficacy
was defined as 100 %; “GABA group” represents the cells treated with
GABA. Data shown in j, f were obtained by cell counting under micro-
scope. While data shown in ¢, d, g, k were obtained by measuring light
absorption. Migration/invaded cells were dissolved in 30 % acetic acid;
optical density values at 570 nm (OD 570 nm) were measured by a
microplate reader (Multiskan MK3, Thermo Scientific, Shanghai,
China). The values represent the mean + SD of two independent assays.
*P <0.05, #*P <0.01, #P>0.05 vs the Ctrl group

cells during a 24-h period (Fig. 3a, c, ¢, g), whereas no signif-
icant changes in cell migration were observed for HCT116
cells (Fig. 31, k). Similarly, GABA decreased the invasion
ability of both SW480 and SW620 cells but had little impact
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Fig. 2 GABA exhibits anti-tumor activity in a xenograft nude mouse
model. a BALB/c mice bearing tumors on 20th day after subcutaneous
injection of SW480 cells. SW480 cells were counted and then
subcutaneously injected into BALB/c mice (4 x 10° cells/mouse).
GABA was dissolved in sterile water and injected intraperitoneally at
the dose of 2.5 g/kg from the 6th day (when the average tumor volume
was approximately 10—13 mm?), once every 2 days. In the control group,
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the mice were injected intraperitoneally equal volume of sterile water
(100 pL). b Tumors isolated from the corresponding mice in Fig. 2a. ¢
Tumor growth curve. At 8 days after cell injection, the size of tumors was
measured every 4 days using vernier calipers. Tumor volume was
calculated using the formula V = ab?n/6, where “a” represents the length
and “b” represents the width. *P < 0.05 vs the Ctrl group. Data shown
represent one of two independent experiments
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on HCT116 (Fig. 3b, d, f, h, j, 1). These results suggest that
GABA possesses the ability to inhibit the metastasis of certain
types of CCC lines.

GABA alters cell cycle distribution

To understand the mechanisms underlying GABA-induced
CCC proliferation inhibition, we analyzed changes in cell
cycle distribution by flow cytometry. GABA decreased the
number of HCT116 cells in GO/G1 phase by a 10 % while
increased cell number in G2/M phase by a 30 % (Fig. 4,

upper panel). A 30 % increase in G2/M phase indicated
that HCT116 cell progression through G2/M phase was
retarded. The retardance would directly lead to a decrease
production of daughter cells, including the cells in GO/G1
phase. In SW480 and SW620 cells, GABA impeded cell
cycle progression at the G1 to S transition because the
percentage of cells in GO/G1 increased while the percent-
age in S decreased (Fig. 4, middle and the lower panels).
These data indicate that GABA impairs CCC proliferation
perhaps by delaying cell cycle progression through G2/M
or G1/S phase. Furthermore, no sub-G1 phase peak, which
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Fig. 4 GABA affects CCC cycle distribution at 72 h. Both SW480 and
SW620 cells were treated with or without 100 uM GABA for 72 h;
HCT116 cells were incubated with 400 uM GABA. After fixation,
RNA hydrolysis, and DNA staining with PI, the DNA content of the
cells was analyzed using a FACSCalibur flow cytometer. a Cell cycle
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distribution is shown on the Jefi. b The degree to which GABA affected
cell cycle distribution. The degree was calculated using the formula effect
degree (%) = 100 x (GABA group — Ctrl group)/Ctrl group. The data
shown represent one of two independent experiments
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represents cell death [14], was observed, indicating the
failure of GABA to induce cell death and confirming the
observation that GABA does not affect cell morphology
(Fig. 1a).

Genes differentially expressed in GABA-treated CCC cells

RNA sequencing was performed to further understand the
underlying mechanisms by which GABA inhibits CCC
proliferation and metastasis. Gene expression profiles were
obtained by microarray analysis using Agilent Whole
Human Genome Microarray 4 x 44 K, human gene expres-
sion arrays with 41,000 probes (Shanghai Biotechnology
Co. Ltd., Shanghai, China). After treatment with GABA,
5737 genes were found to be significantly differentially
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Fig. 5 Differential gene expression induced by GABA in CCCs. RNA
sequencing was performed as described in the “Materials and methods”
section. a A heatmap showing the differential expression of 5737 genes in
response to GABA in CCCs. Genes with fold changes >1.5 or <—0.25
were counted. b A Venn diagram of the data shown in a. Thirty
differentially expressed genes were commonly shared by all three types

mRNA expression

—

Fold-changes
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expressed (Fig. 5a), including 30 genes exhibiting different
levels of expression in all three types of CCCs (Fig. 5b).
Among these 30 genes, 4 closely related to cell prolifera-
tion were dramatically down-regulated in GABA-treated
cells (Fig. 5c). Consistent with the RNA sequencing re-
sults, reduced expression of these four genes was con-
firmed by real-time quantitative PCR (qPCR) (Fig. 5c, d).
The expression of mitogen-activated protein kinase 4
(MAPK4), a member of the mitogen-activated protein ki-
nase (MAPK) family, was also down-regulated in CCC
after exposure to GABA (Fig. 5¢). Moreover, RNA se-
quencing revealed reduced expression of MMP-25/MT6-
MMP, a member of the matrix metalloproteinase (MMP)
family involved in the breakdown of the extracellular ma-
trix in metastasis, in GABA-treated SW480 and SW620
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of CCCs. ¢ A heatmap showing four genes down-regulated in all three
types of CCCs treated with GABA. d g-PCR assay for the down-
regulated gene expression shown in ¢. Data represent the mean + SEM
from two independent experiments. e GABA-induced changes in

MAPK4 mRNA expression. f GABA-induced changes in MMP25
mRNA expression
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cells but little changes in HCT116 cells (Fig. 5f). These
data suggest that GABA may impair CCC metastasis by
decreasing MMP25 expression and may inhibit CCC pro-
liferation by down-regulating Fos, FosB, NR4A1, and
EGRI expressions and by attenuating the MAPK signaling
pathway.

Synergistic inhibitory effects of GABA in combination
with OXA on colon tumor growth

The observation that GABA inhibits CCC proliferation, mi-
gration, and invasion prompted us to evaluate the effects of its
combination with chemotherapy drugs. It was observed that
GABA significantly enhanced the ability of OXA to suppress
tumor growth in nude mice subcutaneously transplanted with
SW480 cells (Fig. 6). These data suggest that GABA might be
a novel candidate for colon cancer combination therapy.

a

OXA

GABA + OXA

Totabidusal

Fig. 6 GABA enhances anti-tumor activity of OXA in a xenograft nude
mouse model. The mouse model was established as described in Fig. 2. a
BALB/c mice bearing tumors on the 20th day after subcutaneous
injection of SW480 cells. OXA was dissolved in sterile water and injected
intraperitoneally at the dose of 4 mg/kg, once every 4 days. In the GABA
+ OXA group, in addition to OXA, the mice were injected intraperitone-
ally with GABA at the dose of 2.5 g/kg, once every 2 days. b Tumors

GABA+OXA OXA
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Discussion

GABA is a four-carbon non-protein amino acid, which exists
broadly in many plant parts and is also present in human
organs and tissues. Besides, the amino acid is widely used as
an ingredient in the food industry. It has been reported oppos-
ing biofunctions of GABA in the development of various
carcinomas. Some studies regard GABA as a tumor-
suppressing molecule [8, 15, 16], whereas others consider that
it acts as a tumor promoter [17, 18]. In this study, although
GABA failed to invoke the death of colon cancer cells, it
significantly slowed cell proliferation within 72 h and obvi-
ously inhibited tumor growth in BALB/c mice injected sub-
cutaneously with SW480 cells. These data show a tumor-
suppressing effect of the molecule on colon cancer.

Several genes that are differentially expressed affect cell
growth and proliferation, particularly early growth response
gene 1 (EGRI1), a transcription factor induced by stress or
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isolated from the mice in a. ¢ Tumor growth curve. At 8 days after cell
injection, the size of tumors was measured every 4 days using vernier
calipers. Tumor volume was calculated using the formula V = ab*7/6,
where “a” represents the length and “b” represents the width. *P < 0.05
vs the mice treated with OXA. The data shown is a representative of two

independent experiments
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injury, mitogens, and differentiation factors [19]. Indeed,
EGR1 acts as a tumor suppressor in many cell types, and loss
of'this gene has been proposed to contribute to cancer progres-
sion [19, 20]. However, there is a strong new evidence that
EGR1 promotes cancer progression; inhibition of EGR1 func-
tion via high-affinity and high-specificity anti-sense oligonu-
cleotides blocks cell proliferation and inhibits the transformed
phenotype of prostate cancer cells both in vitro and in vivo
[19]. Therefore, EGR1 expression results in either the promo-
tion or repression of cell proliferation depending on the cell
type and environment [19]. In the present study, EGR1 ex-
pression was significantly down-regulated during GABA-
induced CCC growth inhibition, suggesting a tumor-
promoting effect of the gene on CCCs. Liao et al. reported
that EGR1 transcription was not induced in HEK293T cells
lacking endogenous MEK activity; in contrast, over-
expression of exogenous constitutively active MEK resulted
in increased EGR1 expression in HEK293T and HeLa cells,
respectively [21]. These data indicate that MEK activation is
required for EGR1 expression. In this study, in addition to
reducing EGR1 expression in CCCs, GABA also decreased
MAPK4 (ERK4) expression. According to the observations
described above and previous reports, our data suggest that
GABA inhibits CCC growth, perhaps by disrupting the MEK-
EGRI signaling pathway.

As an important transcription factor, EGR1 directly or in-
directly regulates the expression of specific genes, such as
transcription-regulating genes NR4A1 (Nur77) and Fos [20].
Similar to the reduced expression of EGR1, the expressions of
both NR4A1 and Fos were down-regulated by GABA in
proliferation-inhibited CCCs, indicating that the attenuated
EGR1-NR4A1 axis and EGR1-Fos axis might contribute to
GABA-induced CCC growth inhibition. It has been docu-
mented that NR4A1 knockdown blocks renal cell carcinoma
proliferation and induces apoptosis [22], whereas another re-
port indicates an opposite effect, with NR4Al
hyperexpression inhibiting the growth and cell cycle progres-
sion of UM-UC-3 urinary bladder cancer cells [16].
Consistent with the former, our work revealed GABA-
induced inhibition of CCC growth via down-regulation of
NR4A1 expression, supporting the colon cancer-promoting
effects of NR4ALl. In addition to Fos, FosB gene expression
was also reduced in GABA-treated CCCs, further supporting
the view that both FosB and Fos are associated with increased
tumor growth [23, 24].

Altered cell cycle distribution is a major cause of sup-
pressed cell proliferation [25], and EGR1 expression is related
to the GO-G1 transition or the mitotic spindle assembly check-
point in a variety of models of cell proliferation [21]. In our
study, we observed an obvious increase in the percentage of
cells in GO/G1 and a decrease in S in both SW480 and SW620

cells and a 30 % increase in G2/M and a 10 % decrease in G0/
Gl in HCT116 cells showing down-regulated EGR1 expres-
sion after GABA treatment. These data suggest that down-
regulated EGR1 expression following GABA treatment might
delay cell progression through GO/G1 checkpoint and M
phase.

In addition to positively regulating cell growth, Fos, FosB,
and EGR1 drive tumor cell migration and metastasis [24, 26,
27]. In cultured cells and a mouse xenograft model, RNA-
binding protein with multiple splicing 1 (RBPMS1) inhibits
the growth and migration of breast cancer cells by inhibiting
Fos-mediated AP-1 transactivation [26]; additionally, neuro-
behavioral stress leads to FosB-driven tumor growth and me-
tastasis in ovarian cancer. Moreover, Li et al. found that once
activated, EGR1 translocates to nucleus, which results in
breast cancer cell proliferation and migration [27]. In the pres-
ent work, although Fos, FosB, and EGR1 gene expressions
were down-regulated by GABA in all of the three types of
CCCs, attenuated cell migration and invasion capacities were
observed in SW480 and SW620 cells but not in HCT116 cells,
which might be attributed to the different overall effects of the
changes in gene expression profiles. For example, MMP25/
MT6-MMP is a member of the MMP family of potent proteo-
lytic enzymes and participates in tumor invasion and metasta-
sis by directly converting pro-MMP-2 into its active form
[28]. After treatment with GABA, both SW480 and SW620
cells showed a decrease in MMP25 expression, whereas ex-
pression of this gene was hardly affected in HCT116 cells.
These data indicated that down-regulated Fos, FosB, EGR1,
and MMP25 expressions might contribute to the impaired
metastasis of both SW480 and SW620 cells.

Polychemotherapy is a preferred approach for maximum
and rapid tumor remission in patients with symptomatic or
acute life-threatening disease [29]. Given the inhibitory effects
of GABA on CCCs and the fact that it is a natural amino acid
broadly present in many plant parts and more importantly, the
combination of GABA with OXA exhibits a significantly syn-
ergistic inhibiting effect on tumor growth in nude mice, we
speculate that GABA might represent a promising candidate
for colon cancer polychemotherapy.

Taken together, although GABA has been reported to have
opposing biofunctions in various carcinomas, the present
work shows colon cancer-suppressing function of this amino
acid perhaps by down-regulating EGR1, NR4A1, Fos, FosB,
and MAPK4 gene expressions. Attenuated EGR1-NR4A1 ax-
is, EGR1-Fos axis, and disrupted MEK-EGR1 signaling path-
way might contribute to proliferation inhibitory effects of
GABA. These findings reveal the pharmacological value of
GABA derived from food and suggest that exogenous GABA
might play an auxiliary role in polychemotherapy of colon
cancer.
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