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Introduction

Colorectal cancer (CRC) is a major cause of cancer mor-
tality worldwide with approximately 694,000 recorded 
deaths from the disease in 2012 [1, 2]. It is estimated 
that more than 1  million cases are diagnosed annually 
and around 600,000 of them are death [3]. CRC is an 
ideal model of research of the molecular pathogenesis of 
cancer, due to the ease of obtaining biopsy material and 
the understanding of the development of invasive carci-
noma, from normal epithelium to polyps, and carcinoma 
[4]. Colorectal carcinogenesis is a multistep process that 
requires the accumulation of genetic/epigenetic aberrations 
in signal transduction pathways [5]. However, the 

regulation of the colorectal cancer cell proliferation process 
is limited and needs further investigation.

γ-aminobutyric acid (GABA), the main inhibitory neu-
rotransmitter in the vertebrate brain, acts on ionotropic 
(GABAA or GABAC) and metabotropic (GABAB) receptors, 
is an inhibitory neurotransmitter [2]. An increasing number 
of studies have demonstrated the potential roles of neu-
rotransmitter receptors in tumors like GABAB receptors, 
as a key therapeutic targets in neurological diseases, also 
can suppress the proliferation of various human tumor 
cells [2]. Wang and his partners have reported that the 
proliferation of hepatocarcinoma cells Bel-7402 and Huh-7 
was inhibited by baclofen, an activator of GABABR, in a 
dose-dependent manner. Systemic administration of 
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Abstract

Colorectal cancer is one of the leading causes of highly fatal cancer-related 
deaths in the whole world. Fast growth is critical characteristic of colorectal 
cancer, the underlying regulatory mechanism of colorectal cell fast proliferation 
remains largely unknown. Here, we reported that activation of metabotropic 
γ-Aminobutyric acid receptor (GABABR) signaling significantly inhibited the 
colorectal cell HT29 proliferation by arresting the cell at G1 phase. Inhibition 
of GABABR activated GSK-3β by reducing the phosphorylation level of GSK-3β. 
Activation of GSK-3β blocked the function of GABABR signaling on repressing 
cell proliferation. We further found that GABABR activation inhibited NF-κB 
activity. The promotion of cell proliferation caused by downregulation of GA-
BRBR could be blocked by inhibition of NF-κB activation. Overall, activation 
of GABABR leaded to inhibition of GSK-3β activation to repress the NF-κB 
function during colorectal cancer cell proliferation. This study revealed critical 
function of GABABR/GSK-3β/NF-κB signaling pathway on regulating prolifera-
tion of colorectal cancer cell, which might provide a potential therapeutic target 
for clinical colorectal cancer treatment.
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baclofen significantly suppressed the growth of Bel-7402 
xenograft induced in nude mice [6]. In addition, Opolski’s 
laboratory found that a remarkable growth inhibition of 
experimental mammary cancer 16/C was observed in mice 
treated with baclofen [7]. However, the study about the 
regulation of proliferation and cell cycle in colorectal cancer 
cell is unknown and still need our further investigation.

Glycogen synthase kinase-3β (GSK-3β), a serine/threonine 
protein kinase, has been regarded as a potential therapeutic 
target for multiple human cancers [8]. Growing evidences 
showed that GSK-3β plays an important role in diverse 
cellular processes including proliferation, differentiation, 
motility, and survival [9]. Recent report had been reported 
that it can regulate the proliferation of human ovarian 
cancer cells in vitro (SKOV3 and ES-2 cells) as well as in 
vivo [10]. Study also showed that the relevance of GSK-3β 
as a target for controlling cell cycle progression and pro-
liferative capacity in MCF7, highlighted the cotreatment of 
breast cancer [11]. However, the deep molecular mechanism 
of the regulation by GSK-3β on CRC and its signaling 
pathway worths further investigation.

Lately many reports show that nuclear factor-κB (NF-κB) 
not only plays an important role in the coordination of 
innate and adaptive immune responses and cell-cycle regula-
tion, but also proved to have a pivotal role in tumorigenesis 
[12]. NF-κB is a family of five master transcription factors, 
including NF-κB1/p105, NF-κB2/p100, RelA/p65, RelB, and 
c-Rel, which can form various heterodimers or homodimers 
and bind to consensus DNA sequences at promoter regions 
of responsive genes [13]. NF-κB is activated in response to 
various stimuli (cytokines, growth factors, oncoproteins, stress 
signals) and can follow two distinct pathways: the canonical 
pathway and the noncanonical pathway [13, 14]. Huili Li 
and his laboratory had demonstrated that inhibition of GSK-
3β could suppress the proliferation of colorectal cells by 
the downregulation of activity of NF-κB and NF-κB-mediated 
target genes transcription, which may be of benefit for clini-
cal outcome in patients suffering from colon cancer in future 
[8]. Understanding of how GABABR, GSK-3β, and NF-κB 
participate in the CRC cell proliferation and cell cycles will 
be helpful in finding deep regulation mechanism of cancer 
cell in order to facilitate clinical application.

Here, we demonstrated that GABABR played an impor-
tant role in regulating the CRC cell proliferation. Activation 
of GABABR leaded to inhibition of GSK-3β. Repression 
of GSK-3β lead to upregulation of cell proliferation could 
be rescued by inhibition of GABABR. Further, inhibition 
of GSK-3β could inhibit NF-κB so that to suppress the 
cancer cell proliferation. The downregulation of cell pro-
liferation caused by inhibition of GABABR could be rescued 
by repression of NF-κB. These results indicated that the 
critical function of GABABR/GSK-3β/NF-κB signaling in 
colorectal cancer cell proliferation, and might provide 

more insight into the specific roles of GABABR to 
lay  the  foundation for further clinical application.

Material and Methods

Cell culture

Cells were cultured at 37°C, 5% CO2 in RPMI-1640 medium 
(Gibco, New York, USA) with 10% fetal bovine serum 
(FBS) (Gibco), 100 U/mL of penicillin sodium (Invitrogen, 
Life Technologies, Carlsbad, California, USA), and 100 mg/
mL of streptomycin sulfate (Invitrogen, Life Technologies).

GABAB  R1 knockdown: The Plko.1 vector was used 
to construct shRNA vectors. The shRNA sequences were 
as follows: shRNA-GABABR1-1: 5′-CCCGAATCTGCTCC 
AAGTCTTA-3′; shRNA-GABABR1-2: 5′- ACCAAGCCAC 
CAAGTACCTATA-3′.

Proliferation assay

Cells were seeded in the 96-well plate for the MTS pro-
liferation assay. Cell Titer 96® AQueous One Solution Cell 
Proliferation Assay kit (Promega, Madison, Wisconsin, USA) 
was used to perform the MTS proliferation assay following 
the instruction. MTS is 3-(4,5-dimethylthiazol-2-yl) -5-(3-
carboxymethoxyphenyl)-2-(4-sul-fophenyl)-2H-tetrazolium. 
The MTS tetrazolium compound can be bioreduced to be 
the colored formazan product that is solute in culture 
medium. The record absorbance at 490  nm was detected 
by microplate reader.

Bromodeoxyuridine (BrdU) assay

A BrdU Cell Proliferation Assay kit (cat. no. 2752; EMD 
Millipore, Bedford, MA) was used to detect cell proliferation 
ability. Cells were seeded in 96 wells (2  ×  103 cells/well) in 
the medium with 10  μL BrdU solution. After incubation, 
phosphate buffer saline (PBS) solution with 4% paraformal-
dehyde was used to fix the cells for 15  min. Then, the cells 
were washed with PBS and treated with DNase for 15 min. 
The cells were washed with PBS. Then, BrdU antibody(Abcam, 
Cambridge, Massachusetts, USA)was added and the cells were 
incubated at 4°C for 8  h. Then, the cells were incubated 
with secondary antibody at room temperature for 60  min. 
Cell nucleus were dyed with 4′,6-diamidino-2-phenylindole 
(DAPI). Then, the BrdU-positive cells were counted.

FACS assay

Single cell suspension was collected by digesting with 
trypsin and fixed in 70% ethanol for 12  h at 4°C treat-
ment for fluorescence-activated cell sorting (FACS) analysis. 
Then, cells were washed with PBS solution. Then, RNase 
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A was added to the cells for 10  min. Propidium iodide 
(PI) was added to a final cell suspension with the con-
centration of 50 μg/mL to stain the chromatin. Cells were 
analyzed using the flow cytometer.

Quantitative real-­time PCR (qRT-­PCR)

The total RNA was isolated using RNAiso (Takara, Dalian, 
China). cDNA was subsequently reverse-transcribed from 
mRNA by M-MLV Reverse Transcriptase (Takara). The 
PCR included 40 cycles of amplification using the Stratagene 
Mx3000P system with SYBR Green qPCR Mix (BioRad, 
Hercules, California). Expression of target genes (2−ΔΔCt) 
was normalized against GAPDH. The sequence of primer 
used in the qRT-PCR:

Cyclin D1PF 5′- CAATGACCCCGCACGATTTC-3′.
Cyclin D1 PR 5′- CATGGAGGGCGGATTGGAA-3′.
Rb1 PF 5′-TTGGATCACAGCGATACAAACTT -3′.
Rb1 PR 5′- AGCGCACGCCAATAAAGACAT -3′.
RBL1 PF 5′- ACCACCAAAGTTACCACGAAG -3′.
RBL1 PR 5′- CCCCAATCATCCGAAAATTACCC -3′.
P21 PF 5′- TGTCCGTCAGAACCCATGC -3′.
P21 PR 5′- TGTCCGTCAGAACCCATGC -3′.
GAPDH PF: 5′- TGTGGGCATCAATGGATTTGG-3′.
GAPDH PR 5′- ACACCATGTATTCCGGGTCAAT-3′.

Western blotting

SDS lysis buffer (Beyotime, Beijing, China) was used to lyse 
the cells for protein electrophoresis. Polyvinylidene fluoride 
(PVDF) membranes were used to transfer the protein and 
incubate the antibody. The primary antibodies are as fol-
lowed: p-GSK-3β (Signaling way antibody, USA), GSK-3β 
(Abcam), p-IKBα (Abcam), IKBα (Abcam), p-NF-κb-p65 
(Abcam), NF-κb-p65(Abcam), GAPDH (Santa Cruz, Dallas, 
Texas, USA) diluted phosphate buffer saline (PBS) with 10% 
donkey serum albumin. The visualized signaling was per-
formed by enhanced chemiluminescence (ECL)western blot-
ting substrate kit (Thermo, Waltham, Massachusetts, USA).

Statistical analyses

Student’s t-test was used to determined statistical significance. 
Values were presented as the mean ± SD. *means P < 0.05, 
**means P  <  0.01, ***means P  <  0.001, respectively.

Results

Activation of GABABR inhibited the 
proliferation of colorectal cancer cell

In order to determine the GABABR signaling on regulat-
ing the colorectal cancer cell, we performed MTS assay 

on cell line HT29 and HCT116 to find that the capacity 
of colorectal cancer cells proliferation was repressed by 
baclofen (agonist of GABABR, 30  μmol/L−1) (Figs.  1A 
and S1A). BrdU incorporation assay also showed that the 
cell proliferation of baclofen group was significantly inhib-
ited (Figs.  1B and S1B). We then used the HT29 to 
investigate if activation of GABABR can regulate cell cycle 
by flow cytometry and found that there was a significant 
increase in the proportion of cells in G1 phase, and a 
reduction in the proportion of cells in S, and G2/M phases 
(Fig.  1C). Meanwhile, we detected some cell cycle relative 
gene expression level by qRT-PCR. We could find that 
the G1 phase-related gene cyclin D1 was downregulated, 
while the cell cycle inhibitors Rb1, Rbl1, and P21 [15] 
were upregulated (Fig.  1D). In contrast, knockdown of 
the GABABR significantly promoted the capacity of pro-
liferation (Figs.  1E and F, S1C, S1D). Additionally, the 
proportion of cells in G1 phase was decreased and increased 
in the S, G2/M phase by knockdown of the GABABR 
(Fig.  1G). We also found that cyclin D1 was upregulated 
and the Rb1,Rbl1, P21 were downregulated(Fig.  1H).

GABABR signaling repressed colorectal 
cancer cell proliferation by inhibiting 
activity of GSK-­3β

To investigate whether GABABR can regulate GSK-3β to 
inhibit colorectal cancer cell proliferation and cell cycle, we 
performed further experiments. Western blot assay showed 
that activation of GABAR significantly increased the phos-
phorylation level of GSK-3β, but could not regulate the 
expression of GSK-3β (Fig. 2A). Downregulation of GABABR 
inhibited the phosphorylation of GSK-3β, which means the 
activation of GSK-3β was increased. (Fig.  2B). In the con-
trary, knockdown of GABABR could restrain the phospho-
rylation level of GSK-3β to promoted GSK-3β activation 
(Fig. 2B). Then, we found that wort (wortamannin, 10 μmol/
L−1), an agonist of GSK-3β, could significantly block the 
proliferation repression caused by GABABR signaling activa-
tion (Figs.  2C and D, S2A and B). Activation of GSK-3β 
blocked the G1 phase arrest and the influence on cell cycle-
related genes caused by baclofen (Fig.  2E and F).

GSK-­3β/NF-­κB signaling regulates the 
colorectal cancer cell proliferation

In order to detect the regulatory mechanism of GSK-3β 
on the proliferation, we further found that the repression 
of cell proliferation caused by inhibition of GSK-3β by 
SB216763 could be blocked by Phorbol-12-myristate-13-
acetate (PMA) (200  nmol/L−1) which is the agonist of 
NF-κB (Fig.  3A and B, S3A and B). Meanwhile, we found 
that PMA also could rescue the cell cycle which was arrested 
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at G1 phase caused by SB216763 to be similar with control 
group (Fig.  3C). Besides, the influence of expression level 
of cyclin D1 and Rb1, Rbl1, P21 by SB216763 were also 
restored by PMA to be the similar level of control group 
(Fig.  3D). These results determined that suppression of 
GSK-3β, which lead to restrain colorectal cancer cell pro-
liferation, can be rescued by activation of NF-κB.

GABABR/NF-­κB signaling pathway regulates 
the colorectal cancer cell proliferation

To determine whether GABABR can inhibit NF-κB to repress 
the colorectal cancer cell proliferation, we first performed 

western blot experiment to find that phosphorylation level 
of p-IKBα and p-NF-κb-p65 were downregulated compared 
with GAPDH,while the whole expression of IKBα and NF-
κb-p65 were not changed significantly, which mean that 
the NF-κB was activated (Fig.  4A). Then, we found that 
PDTC (100 μmol/L−1), an inhibitor of NF-κB, could rescue 
the promotion of cell proliferation caused by downregula-
tion of GABABR (Fig.  4B and C, S4A and B). Inhibition 
of NF-κB restored the influence on cell cycle arrest at G1 
phase caused by downregulation of GABABR (Fig.  4D). 
Additionally, the influence on expression level of cyclin 
D1, Rb1, Rbl1, and P21 caused by downregulation of 
GABABR were also restored by inhibition of NF-κB 

Figure 1. Activation of γ-Aminobutyric acid receptor (GABABR) inhibited the proliferation of colorectal cancer cell line HT29. (A) Baclofen inhibits 
HT29 proliferation detected by MTS proliferation assay. Ctrl means the cells treated with physiological saline. Data shown are means ± SD (n = 3). (B) 
BrdU incorporation assay showed the inhibition of proliferation caused by baclofen. Data shown are means ± SD (n = 4). *P < 0.05 versus the 
corresponding control. (C) Flow cytometry assay showed the cell cycle arrest at G1 phase by baclofen. Data shown are means ± SD (n = 5). (D) 
Expression level of mRNA of cell cycle-related genes. Data shown are means ± SD (n = 4). *P < 0.05, ***P < 0.001 versus the corresponding control. 
(E) Detection of the proliferation of cells with downregualtion of GABABR. Data shown are means ± SD (n = 5). (F) BrdU incorporation assay of cells 
with downregualtion of assay GABABR. Data shown are means ± SD (n = 5). **P < 0.01 versus the corresponding control. (G) Cell cycle analysis by 
flow cytometry assay. Data shown are means ± SD (n = 5). (H) Expression level of mRNA of cell cycle-related genes. Data shown are means ± SD 
(n = 4). **P < 0.01, ***P < 0.001 versus the corresponding control.
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(Fig.  4E). Additionally, in order to further detect how 
GABABR regulates the GSK-3β/NF-κB signaling pathway 
in colon cancer cells, we performed the rescue experiment 
and found that inhibition of the inactivation of Akt kinase 
activity by MK-2206 2HCl (15 μmol/L−1) blocked the repres-
sion of proliferation caused by baclofen (Fig. S4C and D). 
MK-2206 2HCl also restored the cell proliferation which 
was repressed by the GSK-3β signaling inhibitor SB216763 
(Fig. S4E and F). So, we hypothesized that Akt might be 
the mediator of the function of GABABR on regulating 
GSK-3β/NF-κB signaling.

Discussion

In summary, we uncovered that the GABABR/GSK-3β/
NF-κB signaling pathway can regulate the proliferation 

of colorectal cancer. Upregulation of GABABR significantly 
inhibited the colorectal cell HT29 proliferation. Further, 
inhibition of GSK-3β activation could repress the cell 
proliferation which can be blocked by downregulation of 
GABABR. Besides, we further confirmed that the promo-
tion of cell proliferation caused by downregulation of 
GABRBR could be blocked by inhibition of NF-κB activa-
tion. These results might provide more insight into the 
specific roles of GABABR/GSK-3β/NF-κB signaling pathway 
in colorectal cancer cell and help us lay the foundation 
for further clinical application of CRC.

A metabotropic GABAB receptor (GABABR) is one of 
the GABA family members, which was originally identified 
as a major inhibitory neurotransmitter in the adult mam-
malian brain [16]. Outside the brain, GABA and its recep-
tors have been found in nonneuronal peripheral tissues, 

Figure 2. γ-Aminobutyric acid receptor (GABABR) signaling repressed colorectal cell proliferation by inhibiting activity of GSK-3β. (A) Representative 
picture showed the increasing level of phosphorylation level of GSK-3β caused by activation of GABABR detected by western blot. (B) Downregulation 
of GABABR activates the GSK-3β. (C) MTS proliferation assay showed the function of activation of GABABR can be blocked by activation of GSK-3β 
by wort. Data shown are means ± SD (n = 4). (D) BrdU incorporation assay of the rescue experiment. Data shown are means ± SD (n = 4). ***P < 0.001 
versus the corresponding control. (E) Flow cytometry assay. Data shown are means ± SD (n = 6). (F) The expression level of cell cycle-related genes 
detected by qRT-PCR. Data shown are means ± SD (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001 versus the corresponding control.
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such as the gastrointestinal system [17], lung [18], and 
liver [19], including the biliary tract system [20]. Studies 
have implicated GABA and its receptors as important 
players not only in synaptic inhibition, convulsion, pain, 
depression, and cognition [21], but also in the inhibition 
of cancer growth and tumor cell migration in, for example, 
colorectal carcinoma [22], breast cancer [23], and chol-
angiocarcinoma [16]. For example, Zhang D and his lab 
members found that both the GABA synthetic enzyme 
(GAD65/67) and GABAB receptor are expressed in mouse 
and human breast cancer cells. MCF-7 human breast 
cancer cells and human breast cancer tissue. Baclofen, a 
GABABR agonist, significantly promoted 4T1 cells invasion 
and migration in vitro and metastasis in vivo, an event 
that was attenuated by GABABR antagonist CGP55845 
[24]. Nevertheless, the mechanisms of GABABR effect were 
not fully understood. In our study, we found that when 
GABABR was upregulated by baclofen, the colorectal cancer 
cell HT29 proliferation was repressed. Activation of 
GABABR could arrest the cell at G1 phase and reduce 
cells in S, and G2/M phases, which indicated that activa-
tion of GABABR signaling could inhibit the colorectal cell 
HT29 proliferation by arresting the cell at G1 phase. The 
G1 phase-related gene cyclin D1 was downregulated while 
the cell cycle inhibitor Rb1, Rbl1, and P21 were 

upregulated by inhibition of GABABR, which helped us 
determined that activation of GABABR can significantly 
promoted colorectal cancer cell proliferation by arrested 
cell at G1 phase.

Furthermore, to investigate how GABABR regulated 
colorectal cancer cell proliferation and find its downstream 
moleculars, we considered about GSK-3β and NF-κB. The 
phosphoinositide 3-kinase/Akt/glycogen synthase kinase-3β 
(GSK-3β) and Wnt/β-catenin pathways are downregulated 
in a number of cancers, and these two pathways share 
a common node protein, GSK-3β. This protein is respon-
sible for the regulation/degradation of β-catenin, which 
reduces β-catenin’s translocation to the nucleus and influ-
ences the subsequent transcription of oncogenes [23, 25, 
26]. GSK-3β is proved to direct proliferation of breast 
cancer cells interplayed with histone H3 phosphorylation 
and DNA methylation. Silencing of GSK-3β by shRNA 
prevented histone H3 phosphorylation and reduced 
DNMT1 expression so that can restrain breast cancer cell 
proliferation [27]. The other, NF-κB, represents an evo-
lutionarily conserved family of inducible transcription 
factors that controls a large set of physiological processes 
ranging from basic inflammatory responses and innate 
and acquired immunity to the regulation of cell death 
such as apoptosis, autophagy, and senescence. In addition, 

Figure 3. GSK-3β/NF-κB signaling regulates the colorectal cancer cell proliferation. (A) MTS proliferation assay showed that the inhibition of cells 
proliferation caused by SB216763 could be rescued by PMA meanwhile. Data shown are means ± SD (n = 5). (B) BrdU incorporation assay for 
proliferation analysis. Data shown are means ± SD (n = 5). **P < 0.01 versus the corresponding control. (C) Flow cytometry assay showed that PMA 
blocked the influence of cell cycle caused by SB216763. Data shown are means ± SD (n = 3). (D) PMA blocked the influence of expression of cell 
cycle-related genes caused by SB216763. Data shown are means ± SD (n = 4). *P < 0.05, **P < 0.01 versus the corresponding control.
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NF-κB coordinates the expression of specific genes that 
mediates proliferation, cell adhesion, and differentiation 
[28, 29]. Moreover, in several cancers, NF-κB is consti-
tutively activated and drives tumor cell survival and pro-
liferation [30]. For many years the NF-κB signaling pathway 
has attracted much interest because of the possibility of 
targeting it for the treatment of inflammatory diseases 
and cancer. Therefore, interfering more upstream in the 
NF-κB signaling cascade is expected to be much more 
specific and to cause fewer side effects [31]. Signaling 
upstream of NF-κB is quite complex and involves multiple 
protein–protein interactions and posttranslational modi-
fications so there’s still more that we can do and we are 
working on this [32].

Our study revealed that activation of GABABR could 
increase the phosphorylation level of GSK-3β which means 
GABABR could regulate the activity of GSK-3β. 
Furthermore, we found that inhibition of GSK-3β activa-
tion, which leads to repression of colorectal cancer cell 
proliferation, can be rescued by upregulation of NF-κB 
activation by PMA. Then, we activated GABABR finding 
that the activation of NF-κB was promoted so that the 
colorectal cancer cell proliferation was inhibited. The pro-
motion of proliferation caused by downregulation of 

GABABR can be blocked by inhibition of NF-κB activation 
which meant that GABABR could regulate cell prolifera-
tion though regulating activation of NF-κB.

These results might provide more insight into the spe-
cific roles of GABABR/GSK-3β/NF-κB signaling pathway 
in colorectal cancer cell proliferation to lay the foundation 
for further clinical application.
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Supporting Information

Additional supporting information may be found in the 
online version of this article:

Figure S1. related to figure 1 GABABR regulates the pro-
liferation of HCT116 cells.
Figure S2. related to figure 2. GABABR signaling repressed 
HCT116 cell proliferation by inhibiting GSK-3β 
activation.
Figure S3. related to figure 3. GSK-3β/NF-κB signaling 
regulates the HCT116 cell proliferation.
Figure S4. related to figure 4. GABABR/NF-κB signaling 
pathway regulates the proliferation in HCT116 cells.


