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Abstract. The aim of the present study was to investigate 
the effect of the actin-binding protein Girdin on the prolif-
eration, invasion and migration of colorectal cancer (CRC) 
cells. Cultured CRC cells (LoVo cell line) were transfected 
by Girdin-specific and control shRNA constructs and 
analyzed for proliferation, invasion and migration by the 
MTT, Transwell and wound-healing assays, respectively. The 
activation of the Janus kinase/signal transducer and activator 
of transcription (JAK/STAT) signaling pathway and expres-
sion of proinflammatory cytokines was examined by western 
blotting and ELISA assay, respectively. The effect of Girdin 
silencing on CRC growth was also evaluated in a xenograft 
model using nude mice, which were subcutaneously injected 
with Girdin-deficient and negative control LoVo cells and 
analyzed for tumor volume and weight. Transfection of LoVo 
cells with Girdin‑specific shRNA inhibited Girdin mRNA 
expression to 27.5% and protein expression to 36.7% when 
compared with expression levels in the control cells (P<0.001) 
and significantly demonstrated suppression of LoVo cell prolif-
eration (P<0.05), invasion (P<0.01) and migration (P<0.01). 
Furthermore, Girdin silencing downregulated the phosphory-
lation of the signaling proteins JAK (by 42%, P<0.001) and 
STAT3 (by 34%, P<0.01) and the content of IFN (by 28%, 
P<0.001) and IL-6 (by 44%, P<0.001) compared to the control. 
Notably, inhibition of Girdin expression effectively suppressed 
tumorigenicity of LoVo cells in vivo as evidenced by the 
reduced volume (P<0.05) and weight (P<0.05) of the tumors 
derived from Girdin shRNA-transfected LoVo cells compared 
to those from the control cells. In conclusion, the silencing of 
Girdin expression inhibited the malignant behavior of CRC 
cells via the downregulation of the JAK/STAT signaling 
pathway, indicating Girdin as a potential therapeutic target in 
CRC. In the present study, we revealed, for the first time, that 

the malignant behavior of CRC cells depended on the expres-
sion of an actin-binding protein, Girdin. Silencing of Girdin 
expression by specific shRNA suppressed the proliferation, 
invasion, and migration of CRC cells through the decrease 
in proinflammatory cytokines IFN and IL‑6 and the down-
regulation of the JAK/STAT signaling pathway. Our findings 
indicated that Girdin expression may be a potential novel 
therapeutic target in CRC.

Introduction

Colorectal cancer (CRC) is one of the most common types of 
malignancy and the leading cause of death among all diges-
tive cancers worldwide (1,2). According to the world cancer 
statistics, the incidence and mortality of CRC are increasing 
every year (3,4). The data of the last decade indicate that the 
prognosis of advanced CRC is usually not favorable, even after 
surgery, combination chemotherapy and targeted agent treat-
ment (5-7). Studies have shown that CRC-related mortality 
is largely caused by tumor metastasis (8,9), a complicated 
multistep process based on the ability of tumor cells to migrate 
to and invade other organs (10,11). Metastasis is an important 
adverse factor in the treatment and prognosis of CRC (12); 
however, the molecular mechanisms underlying CRC spread 
remain largely unknown.

Accumulating evidence indicates that the Janus kinase/signal 
transducer and activator of transcription (JAK/STAT) pathway 
plays an important role in the development of a number of 
human cancers (13), including CRC (14), breast cancer (15) 
and hepatocellular carcinoma (16). The JAK/STAT signaling 
pathway is involved in various physiological processes such 
as immune function and the growth, invasion and migration 
of cancer cells (17,18). JAK/STAT signaling could be acti-
vated by cytokines such as interleukin-6 (IL-6), IL-10 and 
interferons (IFNs), which induce receptor dimerization, and 
trigger the downstream signaling cascade including activation 
of the associated JAKs, and phosphorylation and translocation 
of STATs to the nucleus where they upregulate transcription 
of target genes (16). Recently, it has been demonstrated that 
constitutive activation of JAK/STAT signaling is involved 
in the development of CRC through stimulation of tumor 
cell growth, survival, invasion and migration (19,20). These 
findings demonstrate the crucial importance of the JAK/STAT 
pathway in CRC initiation and progression.
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Girdin is a novel multi-functional protein acting at the 
cross-roads of G protein- and tyrosine kinase receptor-medi-
ated signaling (21), which has been shown to be involved in 
diverse biological processes, including cancer cell prolif-
eration and spread, in particular through the activation 
of STAT3 (22-24). An increasing number of studies have 
demonstrated that Girdin is highly expressed in several types 
of cancers, including breast cancer (25), glioma (26), lung (27) 
and gastric cancer (28). In CRC, Girdin was shown to promote 
chemoresistance (29); however, the association between Girdin 
and CRC development remains to be elucidated. The present 
study aimed to clarify the effects of Girdin on CRC cell prolif-
eration, migration and invasion through downregulation of the 
expression of Girdin using shRNA.

Materials and methods

Cell culture. Human CRC cell lines Caco-2, LoVo and 
HCT-15 were purchased from the Shanghai Cell Bank, Type 
Culture Collection Committee, Chinese Academy of Sciences 
(Shanghai, China). Cells were cultured in Dulbecco's modified 
Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, 
Inc., Grand Island, NY, USA) supplemented with 10 ml/l fetal 
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), in 
a humidified atmosphere of 5 ml/l CO2 at 37˚C. Cells in the 
exponential phase were used for experiments.

Girdin silencing in CRC cells. shRNA expression constructs 
containing Girdin shRNA(Girdin-pGCH1/Neo) and 
non-targeting control (NC) shRNA (NC-pGCH1/Neo) were 
used in the experiments (30). The sequence of Girdin shRNA 
was 5'-GAT CCC CGT CAA TAA TGA TGC CTC ACT TCA 
AGA GAG TGA GGC ATC ATT ATT GAC TTT TT-3' and that 
of NC shRNA was 5'-GAT CCC CTT CTC CGA ACG TGT 
CAC GTT TCA AGA GAA CGT GAC ACG TTC GGA GAA TTT 
TT-3' (30) (Auragene Bioscience, Co., Changsha, China). 
LoVo cells with high Girdin expression were transfected with 
Girdin-pGCH1/Neo or NC-pGCH1/Neo using Invitrogen™ 
Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. Twenty-four hours after trans-
fection, clones with stable shRNA expression were selected 
with 200 µg/ml G418 (Invitrogen; Thermo Fisher Scientific, 
Inc.) for over a week and identified. The following experi-
mental groups were used: The LoVo group (untransfected 
cells), the NC group (NC-pGCH1/Neo-transfected cells) and 
the Girdin-shRNA group (Girdin-pGCH1/Neo-transfected 
cells). For inhibitor interference experiments, NC or Girdin 
shRNA cells were cultured in complete medium containing 
10 nmol/l LY2784544 (Shanghai ZZBIO Co., Ltd., Shanghai, 
China) or an equal volume of dimethyl sulfoxide (DMSO) for 
48 h.

Real‑time polymerase chain reaction (RT‑PCR). Total mRNA 
from cultured cells was extracted with TRIzol (Tiangen 
Biotech, Beijing, China) according to the manufacturer's 
protocol and used to obtain cDNA by reverse transcription. The 
primers for Girdin- and β-actin-encoding genes CCDC88A and 
ACTB, respectively were as follows: CCDC88A sense, 5'-CTC 
CAG GCA TGA AGC GAA CA-3' and antisense, 5'-TGG CAG 
AGC GAG CAT CCG A-3'; ACTB sense, 5'-CTT AGT TGC GTT 

ACA CCC TTT CTT G-3' and antisense, 5'-CTG TCA CCT TCA 
CCG TTC CAG TTT-3'. Quantitative analysis was performed 
using SYBR-Green Master Mix (Tiangen Biotech) in an 
Exicycler™ 96 quantitative fluorescence analyzer (Bioneer 
Corporation, Daejeon, Korea) and relative mRNA expression 
of the CCDC88A gene was calculated after normalization to 
that of ACTB.

Western blotting. Cultured cells were lysed by NP-40 lysate 
(Beyotime Institute of Biotechnology, Haimen, China) and 
protein concentration was determined by the BCA assay 
(Beyotime Institute of Biotechnology). Total proteins from 
each sample (40 µg) were separated under denaturing condi-
tions in a 10% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and electro-transferred to a 
polyvinylidene fluoride (PVDF) membrane (EMD Millipore, 
Bedford, MA, USA). After blocking, the membrane was 
incubated with primary antibodies which dilution with 
5% skim milk in TBS containing 0.1% Tween-20 against 
Girdin (cat. no. ab179481), JAK (cat. nos. ab108596 and 
ab227016), STAT3 (cat. nos. ab119352 and ab76315), or β-actin 
(cat. no. ab8227) (1:1,000; all were from Abcam, Shanghai, 
China) at 4˚C overnight and then, with a horseradish peroxidase 
(HRP)-labeled secondary antibody (cat. no. BS13278) which 
dilution with 5% skim milk in TBS containing 0.1% Tween-20 
(Bioword, Dublin, OH, USA) at room temperature for 45 min. 
Immune complexes were visualized using ECL reagents and 
relative protein expression was assessed by densitometry using 
the Gel-Pro-Analyzer software 4.5 (Media Cybernetics, Inc., 
Rockville, MD, USA).

Cell proliferation assay. Cells were seeded in 96-well 
microtiter plates at a density of 2x103/well in 200 µl of DMEM 
with 10 ml/l FBS and allowed to adhere. After 12, 24, 48, 72 
or 96 h, 0.2 g/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT; Sigma-Aldrich; Merck KGaA, 
Darmstadt, Germany) was added to each well for 4 h at 37˚C. 
Cell growth was assessed by measuring the optical density 
(OD) at 490 nm using a microplate reader ELX-800 (BioTek 
Instruments, Inc., Winooski, VT, USA).

Cell migration assay. Cell migration was determined using a 
wound healing assay. Cells were seeded in a 6-well plate in 
DMEM with 10 ml/l FBS at a density of 1x105/well, cultured 
to >95% confluence, and then a wound (a) was inflicted on the 
cell monolayer using a 200-µl pipette tip. Cells were further 
cultured for 12 or 24 h and then observed and imaged under 
a fluorescent inverted microscope (YG-2000; Olympus Corp., 
Tokyo, Japan), and the migration distance (b) was determined, 
and the cell migration rate = b/a.

Transwell invasion assay. For each group, 2x104 cells were 
collected, resuspended in 200 µl of serum-free DMEM, and 
seeded into the upper chamber of a Transwell plate (Corning 
Life Sciences, Tewksbury, MA, USA), pre-coated with 
Matrigel (BD Biosciences, San Jose, CA, USA). The lower 
chamber contained 800 µl of DMEM supplemented with 
30 ml/l FBS. Plates were incubated for 24 h at 37˚C and then, 
cells on the upper surface of the microporous membrane were 
wiped off with a cotton swab, and the cells that invaded the 
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lower surface were fixed with paraformaldehyde and stained 
with crystal violet. Cells were counted under an inverted 
microscope (YG-2000; Olympus) (magnification, x200) in five 
fields and the average number of invaded cells was calculated.

ELISA. ELISA kits (Uscn Life Science Inc., Wuhan, China) 
were used to detect INF-γ and IL-6 levels in mouse colon 
tissues and cells. Procedures were conducted in strict 
accordance with the kit instructions.

In vivo experiments. Fifteen BALB/c nude mice (20 g, 
4-6 weeks of age) were purchased from the Animal Center 
of Jilin University and maintained under pathogen-free condi-
tions at 22˚C and 40‑50% humidity, with a 12‑h light/dark cycle 
and ad libitum access to food and water. Mice were inoculated 
subcutaneously into the right breast pad with 1x106 of NC or 
Girdin shRNA LoVo cells suspended in 0.2 ml normal saline, 
and tumor size was assessed with calipers every 3 days over 
a 30-day period. Tumor volume (mm3) (smaller than 2 mm3) 

was determined using the formula: (width)2 x length. The 
mice were decapitated after 30 days and tumor weight was 
measured. The animal care and treatment protocols were 
approved by the Experimental Animal Ethics Committee of 
Jilin University.

Statistical analysis. The data were processed using the 
GraphPad Prism 5.0 software (GraphPad Software, Inc., 
San Diego, CA, USA) and presented as the mean ± standard 
deviation (SD). Comparisons between groups were performed 
using one-way analysis of variance (ANOVA), and multiple 
comparisons were performed using Bonferroni post hoc test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Expression of Girdin in CRC cell lines and its inhibition 
by shRNA. Among the human CRC cell lines used in this 
study, LoVo cells exhibited the highest expression of Girdin, 
as evidenced by western blotting assessment of the protein 

expression (Fig. 1A). Therefore, we chose the LoVo cell line for 
further experiments. Transfection with Girdin‑specific shRNA 
resulted in significant inhibition of Girdin protein expression 
in LoVo cells, which constituted only 36.7% of that in the NC 
group (Fig. 1B, P<0.001). These results were further confirmed 
by RT-PCR, which revealed that the expression of CCDC88A 
mRNA in the Girdin shRNA group was 27.5% of that in the 
NC group (Fig. 1C, P<0.001).

Girdin inhibition suppresses LoVo cell proliferation, invasion 
and migration. The effect of CCDC88A mRNA silencing on 
the functional characteristics of CRC cells was assessed by cell 
proliferation, migration and invasion assays. The results indi-
cated that Girdin‑deficient cells demonstrated a significantly 
slower proliferation rate compared with the NC cells (Fig. 2A, 
P<0.05) and reduced invasion ability as evidenced by a 
significantly lower number of cells that penetrated the 
Transwell membrane: 36.0±4.74 compared to 86.4±8.62 in the 
NC group (Fig. 2B and C; P<0.01). Furthermore, the wound 
healing rate reflecting cell migration was significantly lower 
in the Girdin‑deficient cells at both 12 and 24 h compared to 
that in the control cells (Fig. 2D-F; P<0.01). Overall, these data 
indicated that the reduction of Girdin expression resulted in 
the inhibition of the proliferation, invasion and migration of 
CRC cells.

Girdin inhibition downregulates the activation of the 
JAK/STAT signaling pathway. To investigate the molecular 
mechanism underlying Girdin-mediated effects on cell migra-
tion and invasion, we assessed the activation of the JAK/STAT 
signaling pathway critically involved in tumor invasion and 
metastasis. The results revealed that the levels of p-JAK and 
p-STAT3 were decreased by 42% (Fig. 3A and B, P<0.001) and 
34% (Fig. 3A and C, P<0.01), respectively, in Girdin‑deficient 
cells compared to levels in the NC cells. Furthermore, the 
expression of proinflammatory cytokines IL‑6 and IFN which 
play important roles in tumor physiology, were reduced by 
28% (Fig. 3D, P<0.001) and 44% (Fig. 3E, P<0.001), respec-
tively, in the Girdin‑deficient cells compared to levels in the 
NC cells.

Figure 1. Expression of Girdin is inhibited by specific shRNA. (A) Girdin expression in CRC cells was assessed by western blotting. (B and C) LoVo cells 
were transfected with non-targeting control shRNA (NC) or Girdin shRNA (Girdin shRNA) and analyzed for protein expression by (B) western blotting and 
(C) real-time PCR. β-actin was used as an internal control. Representative images of three independent experiments are shown; the data are presented as the 
mean ± SD; ***P<0.001 compared with NC.
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As these data indicated that Girdin induced JAK/STAT3 
signaling in LoVo cells, we examined whether the Girdin-mediated 
effects on CRC cell invasion were mediated through JAK/STAT3 
activation. For this purpose, we treated Girdin‑deficient and NC 
cells with a JAK inhibitor LY2784544. As expected, LY2784544 
downregulated the phosphorylation of JAK and STAT3 in NC 

cells, however, it did not affect that in Girdin‑deficient cells. 
Notably, there was no difference in p-JAK and p-STAT3 levels 
between LY2784544-treated NC cells and Girdin-silenced 
cells (Fig. 3F-H), suggesting that the inhibition of JAK/STAT 
signaling by LY2784544 and the inhibition of Girdin expres-
sion caused the same downregulation of JAK/STAT activation. 

Figure 2. Silencing of Girdin inhibits LoVo cell proliferation, invasion and migration. LoVo cells transfected with non-targeting control shRNA (NC) or Girdin 
shRNA (Girdin shRNA). (A) Cell proliferation by the MTT assay. (B and C) Cell invasion by the Transwell assay. (D-F) Cell migration by the wound-healing 
assay. Scale bar, 100 µm. Representative images of three independent experiments are shown. The data are presented as the mean ± SD; *P<0.05, **P<0.01 
compared to NC.
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Furthermore, LY2784544 reduced the invasiveness of LoVo cells 
to a level similar to that of Girdin‑deficient cells (Fig. 3I and J). 
Collectively, these results indicated that Girdin regulates CRC 
cell behavior through JAK/STAT3 signaling.

Girdin silencing suppresses LoVo growth in vivo. The effects 
of Girdin on the growth of LoVo cells in vitro were confirmed 
in vivo using a xenograft mouse model. Nude mice were 

injected with Girdin-silenced, NC and wild-type LoVo cells 
and observed for tumor growth for 30 days. At the end of the 
experiment, tumors were weighed. Xenograft tumors derived 
from Girdin-silenced cells grew slower compared to those 
produced by NC and wild-type cells (P<0.05, Fig. 4A) and were 
significantly smaller at the endpoint (P<0.05, Fig. 4B and C), 
indicating that Girdin also positively regulated CRC growth 
in vivo.

Figure 3. Girdin silencing inhibits the JAK/STAT3 signaling pathway. (A-C) LoVo cells transfected with non-targeting shRNA construct (NC) or Girdin 
shRNA construct (Girdin shRNA) and analyzed for protein expression by western blotting. (A and B) p-JAK; (A and C) p-STAT3. (D and E) ELISA assay was 
used for analyzing the content of (D) IFN and (E) IL-6. (F-H) NC and Girdin shRNA-transfected LoVo cells were treated or not with a JAK/STAT inhibitor 
LY2784544. JAK/STAT activation was analyzed by western blotting. (F and G) p-JAK; (F and H) p-STAT3. (I and J) Cell invasion analyzed by Transwell 
assay. Representative images of three independent experiments are shown. β-actin was used as an internal control. The Figure shows the representative results 
from repeated experiments (n=6). The data are presented as the mean ± SD; **P<0.01, ***P<0.001 compared to NC.
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Discussion

Girdin is an actin-binding protein and its expression is 
associated with the initiation and progression of many types 
of tumors, thus presenting a new target in the diagnosis and 
treatment of cancer. Previous studies have demonstrated that 
Girdin silencing enhances the chemosensitivity of CRC (29) 
and radiosensitivity of hepatocellular carcinoma (31). 
Jin et al (25) found that Girdin could regulate the biological 
behavior of breast tumors, whereas Wang et al (28) showed 
that Girdin plays an important role in gastric cancer devel-
opment and metastasis. The present study demonstrated that 
Girdin is expressed at high levels in CRC cells and is associ-
ated with their malignant behavior through the activation of 
the JAK/STAT signaling pathway.

Proliferation, migration and invasion of tumor cells are 
the main biological characteristics of malignant cancers, 
defining tumor growth and spread and, ultimately, disease 
prognosis (32). Girdin is highly expressed in a variety of 
malignant tumors, including glioma and breast, colon and lung 
cancers (25-28), where it can promote proliferation, migration 
and invasion of tumor cells (22). In the present study, we 
found that the downregulation of Girdin expression in LoVo 
cells could inhibit cell proliferation, migration and invasive-
ness, indicating the critical role of Girdin in CRC, which is 
consistent with previous studies.

We also addressed the molecular mechanism underlying 
Girdin-mediated effects on CRC cell behavior and found that 
Girdin induced the activation of the JAK/STAT signaling 
pathway and promoted the expression of proinflammatory 
cytokines IL-6 and IFN. STAT3 is a key signaling molecule 
in the JAK/STAT pathway, which has been validated as a 

potential target for cancer therapy as it promotes the tran-
scription of cancer-related genes through transduction of 
external signals from surface receptors to the nucleus (33). 
JAK/STAT signaling is activated by several cytokines such as 
IFN, IL‑10 and IL‑6, thus contributing to inflammation and 
carcinogenesis (18,34). Increasing evidence demonstrates that 
phosphorylation-dependent activation of JAK/STAT triggers 
neoplasm invasion and metastasis (35,36). Thus, pronounced 
activation of JAK/STAT signaling was detected in CRC 
tissues (14). In the present study, JAK/STAT activation in CRC 
cells was downregulated both by Girdin shRNA and a specific 
JAK/STAT inhibitor, which was correlated with the suppres-
sion of CRC cell invasion, indicating that Girdin promoted 
malignant behavior of CRC through JAK/STAT signaling. 
Notably, CRC-promoted activity of Girdin was confirmed 
in vivo as Girdin‑deficient LoVo cells were much slower than 
NC cells in tumor formation upon transplantation to nude mice, 
indicating that application of Girdin shRNA can delay CRC 
progression. These results indicated that Girdin may regulate 
CRC growth and spread through the JAK/STAT pathway and 
that Girdin should be investigated as a novel therapeutic and 
diagnostic target in CRC.

In conclusion, the results of the present study revealed that 
the downregulation of the expression of Girdin can inhibit the 
proliferation, invasion and migration of CRC cells through 
decrease in proinflammatory cytokine production and inhibi-
tion of JAK/STAT signaling. Our study provides preliminary 
clarification of the role of Girdin in the malignant potential of 
CRC, indicating Girdin as a potential target for gene therapy 
in CRC and other cancers. Whether overexpression of Stat3 in 
CRC cell lines could effectively reverse the effects of Girdin 
knockdown on cell invasiveness warrants further research.

Figure 4. Girdin silencing suppresses LoVo growth in vivo. Wild-type, NC, or Girdin shRNA LoVo cells were subcutaneously inoculated into 4-6 week-old 
nude mice. (A) Tumor volumes were recorded every three days for 30 days. (B) Tumor weights were assessed after mice were sacrificed at day 30. (C) Tumor 
images of each group. The data are presented as the mean ± SD; *P<0.05 compared to NC.
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