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Abstract
Epithelial-mesenchymal transition (EMT) plays a critical role in initiating tumor invasion and metastasis of colorectal cancer
(CRC), although the underlying mechanisms remain to be clarified. Herein, we demonstrate that the active form of Rac
family small GTPase 1 (RAC1-GTP) is overexpressed in CRCs and promotes the EMT-mediated invasion of CRC cells
through activation of the signal transducers and activators of transcription 3 (STAT3) pathway. Increased expression of
RAC1-GTP in CRC tissues was positively correlated with the TNM stages of CRCs and indicated poor prognosis of CRC
patients. Targeting RAC1-GTP activity by its specific inhibitor NSC23766 markedly suppressed the migration and invasion
of CRC cells. Mechanistically, RAC1-GTP directly interacted with STAT3 to promote STAT3 phosphorylation, thus
promoted EMT of CRC cells. Enforced expression of constitutively activated STAT3 (STAT3-C) abrogated the suppressive
effect of RAC1-GTP disruption on the migration and invasion of CRC cells. Importantly, NSC23766 disrupted EMT in
CRC cells and significantly diminished growth of CRC xenografts. Taken together, our data indicate that RAC1-GTP is an
important player in EMT-mediated tumor invasion and a potential therapeutic target for CRCs.

Introduction

Colorectal cancer (CRC) is the fourth most common cause
of cancer-related death worldwide [1]. Invasion and
metastasis are the major contributors for the poor outcome
of patients with CRC [2]. Although the 5-year survival rate
of patients diagnosed with localized CRC is 90.1%, it drops
to 11.7% when tumors spread to distant organs [3].
Therefore, understanding the mechanisms underlying CRC
invasion and metastasis is critical for developing novel
agents and therapeutic strategies to improve the clinical
outcome of CRC patients.

Epithelial-mesenchymal transition (EMT) plays a critical
role in promoting tumor invasion and metastasis in CRC
[4]. During the EMT process, the epithelial marker E-
cadherin is downregulated and the mesenchymal marker N-
cadherin is upregulated. This process, referred to as “cad-
herin switching”, destroy intercellular adhesion and enables
cells to acquire invasive and migratory capacities [5]. It has
been reported that several signal pathways, such as JAK/
STAT, Wnt, and PI3K/AKT, are involved in the regulation
of the EMT process in CRC [6–8], but the molecular
mechanism underlying the initiation of EMT in CRC needs
to be further explored.
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Rho GTPases are small GTP-binding proteins that
actively participate in the regulation of cytoskeletal
dynamics and activation of protein kinases, which are crucial
for the initiation of EMT. As a well-characterized member of
Rho GTPases family, RAC1 has been shown to regulate
diverse cellular events such as membrane ruffling, mito-
genesis, cytoskeletal rearrangement, and migration [9–11].
RAC1 has two conformations, active (RAC1-GTP) and
inactive (RAC1-GDP) [12]. The transition from RAC1-GDP
to RAC1-GTP, which is regulated by guanine nucleotide
exchange factors, leads to the activation of several down-
stream signaling pathways. For example, RAC1-GTP can
activate signal transducers and activators of transcription 3
(STAT3) by activating the IL-6/JAK pathway [13] or by
directly binding to STAT3 [14]. It has also been reported
that RAC1-GTP can activate the MAPK pathway in breast
cancer [15]. However, the role of RAC1-GTP in EMT of
CRC and its clinical relevance remain largely unknown.

In this study, we demonstrate that inhibition of RAC1-GTP
disrupted the EMT process and suppressed CRC migration
and invasion by attenuating the phosphorylation of STAT3.
RAC1-GTP expression was positively correlated with the
tumor/node/metastasis (TNM) stage of CRC and predicted
poor prognosis for CRC patients. Our study underscores
RAC1-GTP as a new regulator of EMT, with potential
prognostic and therapeutic significance for patients with CRC.

Materials and methods

Cell culture

Human CRC cell lines HCT116, SW480, and SW620 from
American Type Culture Collection were authenticated by
short tandem repeat profiling (GenePrint® 10 System,
B9510, Promega, WI) and were passaged for <6 months.
Cells were maintained as monolayer culture in Dulbecco’s
modified Eagle medium (DMEM; Gibco, Grand island,
NY) containing 10% fetal bovine serum (FBS) and were
incubated at 37 °C in a humidified incubator with 5% CO2.

Patients and tissue specimens

A total of 147 formalin-fixed and paraffin-embedded (FFPE)
surgical cancerous tissues and the corresponding adjacent
normal tissues were collected from CRC patients from
Southwest Hospital from 2002 to 2008. All patients had not
received radiotherapy, chemotherapy, or immunotherapy
before surgery. All the specimens were diagnosed by at least
two senior pathologists (YFP and JY) according to the
World Health Organization classification. Follow-up infor-
mation was available for a period of a minimum period of
80 months. The study was approved by the Southwest

Hospital Research Ethics Committees, and all patients were
enrolled by written informed consent. A patient cohort
containing 380 CRC cases and 50 adjacent normal cases
from The Cancer Genome Atlas (TCGA) database (https://
tcga-data.nci.nih.gov/tcga) was applied to analyze the gene
expression of RAC1. This study was conducted according to
the principles of the Helsinki Declaration.

Lentiviral infection

The lentiviral construct expressing Flag-tagged con-
stitutively activated STAT3 (STAT3-C) was constructed by
cloning STAT3-Flag into a pCDH-MCS-T2a-Puro-MSCV
vector (System Bioscience). Lentivirus packaging and
transduction were performed as previously described [16].
The CRC cells stably expressing STAT3-C were enriched
by puromycin selection for positive clones.

Cell proliferation assay

Cell proliferation was measured using Cell Counting Kit-8
(CCK-8; Beyotime, Shanghai, China). Briefly, tumor cells
(1000 cells/well) were seeded into 96-well plates and cultured
in medium with or without NSC23766 (100 μM) at 37 °C for
1 week. The culture medium was removed and 100 μL fresh
DMEM containing 10 μL of CCK-8 solution was added at
intervals. After incubation for 1 h, the absorbance at 450 nm
was measured with a microtiter plate reader (Thermo Fisher
Scientific) and the results were expressed as optical density.

Quantitative real-time PCR

Quantitative real-time PCR was performed as previously
described [17]. The sequences of the specific primer sets for
Snail, Slug, E-cadherin, N-cadherin, MMP9, Vimentin, and
β-actin are listed in Supplementary Table 1. The level of β-
actin mRNA was used as the internal control.

Western blot

Western blot analysis was conducted as previously descri-
bed [18]. Primary antibodies are listed in Supplementary
Table 2. Secondary antibodies were horseradish peroxidase
(HRP)-labeled goat anti-rabbit IgG (H+ L) (A0208,
1:5000, Beyotime), HRP-labeled goat anti-mouse IgG
(H+ L) (A0216, 1:5000, Beyotime), and goat anti-mouse
IgM (BA1075, BOSTER, 1:5000, Wuhan, China).

Co-immunoprecipitation

Co-immunoprecipitation (Co-IP) was performed using the
Thermo Scientific Pierce Co-IP kit (26149) following the
manufacturer’s protocol. Briefly, mouse anti-human active
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RAC1 monoclonal antibody (mAb) (26903, NewEast
Biosciences), mouse anti-human STAT3 mAb (#9139, Cell
Signaling Technology), or an IgG control antibody (#3900,
Cell Signaling Technology) was immobilized for 2 h using
AminoLink Plus coupling resin. The resin was then incu-
bated with cells lysate overnight and proteins were eluted
using elution buffer. Samples were analyzed by western blot
using anti-human active RAC1 mAb (26903, 1:800, New-
East Biosciences) and mouse anti-human STAT3 mono-
clonal antibody (#9139, Cell Signaling Technology).

Detection of active RAC1

The activation of RAC1 was assessed by Active RAC1
Detection Kit (#8815, Cell Signaling Technology) accord-
ing to the manufacturer’s instruction. Briefly, cells were
washed with ice-cold phosphate-buffered saline and lysed
with lysis buffer that was freshly added with 1 mM phe-
nylmethanesulfonyl fluoride (#8553, Cell Signaling Tech-
nology) on ice for 5 min. After centrifugation at 16 000 × g
for 15 min at 4 °C, the supernatant was mixed with GST-
PAK1-PBD/glutathione resins and incubated at 4 °C for 1 h.
Then the resin was washed three times with 1× cell lysis/
binding/wash buffer. The resin-bound GTP-RAC1 was
eluted with 2× SDS sample buffer containing 200 mM
dithiothreitol followed by western blot analysis with a
mouse against human RAC1 mAb (#8631, 1:1000, Cell
Signaling Technology). Total RAC1 in cell lysate was also
determined by western blotting.

Cell migration and invasion assay

Transwell chambers with 8 μm pore size were used to
determine the migratory and invasive capabilities of the CRC
cells. Chambers pre-coated with Matrigel (#356234, Corn-
ing, Corning, NY) were used for evaluation of cell invasion.
CRC cells treated with or without NSC23766 (100 μM) or
BP-1-102 (20 μM) were seeded in the upper chamber. The
lower chamber contained DMEM with 10% FBS. After 12 h
of incubation, non-migratory cells in the upper chambers
were wiped off and the chambers were fixed with 4% par-
aformaldehyde and stained with a Crystal Violet Staining
Solution (C0121, Beyotime). Migrating or invading cells in
the lower chamber were counted in five randomly selected
fields under a light microscope at ×400 magnification.

Xenograft experiments

Six-week-old male nude mice were subcutaneously injected
with 1 × 106 HCT116 CRC cells in each left and right lateral
flank. Six days after injection, mice were treated with
NSC23766 (2.5 mg/kg, intraperitoneal every day) or vehicle
control (dimethylsulfoxide) [19]. Three weeks later, tumors

were harvested and weighed. Tumor volume was calculated
using the following formula: volume= length × width2 × 1/2.
The animal experiments were approved by the Institutional
Animal Care and Use Committee of Southwest Hospital,
Third Military Medical University in accordance with the
Guide for the Care and Use of Laboratory Animals of this
institution.

Immunohistochemistry

Immunohistochemical staining was performed using DAKO
REALTM EnVisionTM Detection System (DAKO, Santa
Clara, CA) as previously described [20]. Briefly, the FFPE
specimens were cut into 4 µm-thick sections. After dewax-
ing, hydration, heat-induced antigen retrieval, and blocking
of endogenous peroxidase activity, the sections were incu-
bated with primary antibodies, including mouse anti-human
active RAC1 (26903, 1:600, NewEast Biosciences), mouse
anti-human E-cadherin (MAB-0589, Maxim, Fuzhou,
China), rabbit anti-human Slug (s-1382R, Bioss, Beijing,
China), and rabbit anti-human phospho-STAT3 (Tyr705)
(#9145, Cell Signaling Technology) at 4 °C overnight. The
sections were then incubated with secondary antibody (DK-
2600, Glostrup, Denmark) at 37 °C for 30 min, and visua-
lized using diaminobenzidine solution (DAKO) and lightly
counterstained with hematoxylin. Immunohistochemical
scores of RAC1-GTP, E-cadherin, and Slug were indepen-
dently semi-quantified by two pathologists (YFP and JY)
according to the staining intensity and percentage of posi-
tive tumor cells as previously described [21].

Statistical analysis

All statistical analyses were performed using SPSS
18.0 software. The unpaired Student’s t-test was used to
determine the statistical difference between two groups. The
correlation between RAC1-GTP expression and pathologi-
cal features of patients were analyzed by Pearson’s χ2 test.
The Kaplan–Meier method with log-rank test was used for
patient survival analysis. Cox’s proportional hazard model
was used for univariate and multivariate survival analysis.
Data were presented as the mean ± SD. Statistical sig-
nificance was set at p < 0.05.

Results

Overexpression of RAC1-GTP is correlated with TNM
stage in CRCs and predicts poor prognosis of CRC
patients

To determine the pathological significance of RAC1-GTP
in CRC, we examined RAC1-GTP expression in CRC
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cancerous tissues and adjacent normal tissues by immuno-
histochemical (IHC) staining with an antibody that speci-
fically labels RAC1-GTP (Figure S1a and b). As shown in
Fig. 1a, RAC1-GTP was preferentially expressed in CRC
cancerous tissues but not in the adjacent normal tissues.
Accordingly, the IHC scores of RAC1-GTP were sig-
nificantly higher in cancer tissues than in adjacent normal
tissues (p < 0.001; Fig. 1b). The differential expression of
RAC1-GTP was confirmed by western blot analyses in four
fresh CRC specimens (Fig. 1c).

We next analyzed the association of RAC1-GTP
expression and clinicopathological parameters of CRC
patients. As shown in Fig. 1d, e, the expression level of
RAC1-GTP in cancerous tissues was increased with TNM
stages (stage II vs. stage I, p < 0.05; stage III vs. stage I, p <
0.01; stage IV vs. stage I, p < 0.01; stage III vs. stage IV, p
< 0.05, respectively). No statistical difference in RAC1-
GTP expression was observed between stage II and stage III
CRCs (p= 0.063, Fig. 1e), which might attribute to a lim-
ited number of stage III cases in the cohort. Also, RAC1-
GTP expression was positively correlated with the depth of
tumor invasion, distant metastasis, lymph node metastasis,
and tumor recurrence status (Table 1).

Kaplan–Meier analysis showed that patients with high
RAC1-GTP expression exhibited shorter overall survival
compared to those with low RAC1-GTP expression (p <

0.001; Fig. 1f). Univariate and multivariate Cox analyses
showed that RAC1-GTP expression was an independent
prognostic indicator for CRC patients (Table 2). Notably, we
compared the expression of RAC1 mRNA in nine fresh CRC
specimens, and found that there was no significant difference
between the cancerous and adjacent normal tissues (Fig-
ure S1c). Analysis of CRC samples from TCGA database also
showed similar results (Figure S1d), implying that RAC1-
GTP but not RAC1 is involved in CRC progression. These
results suggest that RAC1-GTP may be an important player in
CRC progression and may have prognostic significance.

RAC1-GTP fosters the migration and invasion of CRC
cells in vitro

Since RAC1-GTP was associated with the invasion and
metastasis in CRC specimens, we further investigated the
effect of RAC1-GTP on the migration and invasion of CRC
cells in vitro. Treatment with NSC23766, a specific inhi-
bitor for RAC1-GTP, markedly disrupted RAC1-GTP
expression in HCT116, SW480, and SW620 cells (Fig. 2a
and S2a). Additionally, NSC23766 treatment significantly
attenuated the migration and invasion capabilities of the
cells compared to treatment with the vehicle. The migrating
cells were 90 ± 47 vs. 179 ± 24 for HCT116, 111 ± 8 vs.
258 ± 29 for SW480, and 170 ± 14 vs. 284 ± 31 for SW620

Fig. 1 Overexpression of RAC1-GTP is correlated with TNM stages
of CRCs and predicts poor prognosis of CRC patients. a Repre-
sentative images of H&E staining and IHC staining of RAC1-GTP in
CRC tumor tissues and adjacent normal tissues. Scale bar= 100 μm. b
H-scored quantification of IHC staining for RAC1-GTP. c Western
blot analysis of RAC1-GTP in tumor and adjacent normal tissues. d

Representative IHC staining of RAC1-GTP in CRC samples at dif-
ferent TNM stages. Scale bar= 100 μm. e IHC scores of RAC1-GTP
expression in the tumors of all stages. f Kaplan–Meier analysis of the
correlation between RAC1-GTP and overall survival in 147 CRC
patients. *p < 0.05; **p < 0.01; ***p < 0.001; ns not significant
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(p < 0.001 for all); and the invaded cells were 86 ± 20 vs.
171 ± 12 for HCT116, 84 ± 49 vs. 180 ± 25 for SW480, and
104 ± 10 vs. 156 ± 14 for SW620 (p < 0.001 for all;
Fig. 2b–e and S2b, c). These results suggest that RAC1-
GTP may be important in CRC invasion and metastasis.

RAC1-GTP promotes EMT of CRC cells

It has been demonstrated that the EMT process is crucial for
CRC migration and invasion [22, 23]. We therefore ana-
lyzed the effect of RAC1-GTP disruption on the expression
of EMT-related genes. The results show that NSC23766
treatment resulted in the upregulation of E-cadherin, a
marker of epithelial phenotype, and downregulation of
Vimentin and N-cadherin, two markers of mesenchymal
phenotype in HCT116 and SW480 cells (Fig. 3a–c and S3).
The expression of EMT-related transcription factors,
including Slug and Snail, was also significantly decreased in
NSC23766-treated CRC cells (Fig. 3a–c and S3). Since
matrix metalloproteinases (MMPs), especially MMP9, have
been reported to be involved in the invasion and metastasis
of CRC [24], we determined the effect of RAC1-GTP on
MMP9 expression. The results show that the inhibition of
RAC1-GTP by NSC23766 significantly decreased MMP9
expression at both mRNA and protein level (Fig. 3a–c and
S3). These results suggest that RAC1-GTP may regulate
EMT in CRC cells to affect CRC invasion and metastasis.

RAC1-GTP interacts with STAT3 to promote EMT of
CRC cells

It is well known that the STAT3 pathway plays an impor-
tant role in regulating the EMT process in many types of
cancers [25]. RAC1-GTP can directly activate the STAT3
pathway by binding to STAT3 or indirectly activate STAT3
by inducing interleukin (IL)-6 expression [13, 14, 26, 27].
We thus investigated whether RAC1-GTP could promote

Table 1 Association of RAC1-GTP expression and
clinicopathological parameters in colorectal cancer patients

Variables RAC1-GTP expression

Total cases Low High χ2 p value

Gender

Female 56 29 27 0.000 0.987

Male 91 47 44

Age

>58 82 45 37 0.750 0.387

≤58 65 31 34

Recurrence status

With 22 11 11 4.096 0.043

Without 125 86 39

Histological grade

Well 13 8 5 2.502 0.286

Moderate 108 58 50

Poor 25 10 16

T stage

T1 4 2 2 16.888 0.001

T2 56 39 17

T3 85 32 53

T4 2 0 2

N stage

N0 117 68 49 9.460 0.002

N1–2 30 8 22

M stage

M0 110 72 38 33.107 0.000

M1 37 4 33

TNM

I 47 36 11 38.657 0.000

II 49 30 19

III 14 6 8

IV 37 4 33

Table 2 Univariate and
multivariate analyses of the
contribution of RAC1-GTP to
the survival of colorectal cancer
patients

Prognostic variables Univariate analysis Multivariate analysis

p value HR 95% CI for HR p value HR 95% CI for HR

Lower Upper Lower Upper

Age 0.013 2.197 1.177 4.103 0.033 2.003 1.057 3.794

RAC1-GTP 0.000 5.244 2.866 9.596 0.000 3.289 1.707 6.338

Recurrence 0.000 5.008 2.780 9.023 0.002 2.747 1.469 5.140

Tumor region 0.001 3.032 1.607 5.718 0.022 2.154 1.119 4.145

Lymph node 0.003 2.198 1.313 3.681 0.877 1.050 0.563 1.958

Location 0.531 1.200 0.678 2.123 0.671 1.144 0.615 2.131

Gender 0.352 0.752 0.412 1.370 0.181 0.651 0.347 1.220

Histological grade 0.020 1.936 1.112 3.369 0.309 1.361 0.751 2.466

HR hazards ratio, CI confidence interval
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EMT by regulating STAT3 in CRC cells. The results show
that NSC23766 treatment markedly suppressed the phos-
phorylation of STAT3 (p-STAT3-Tyr705) in HCT116,
SW480, and SW620 cells (Fig. 4a and S3). Co-IP analyses
indicated that RAC1-GTP directly bound to STAT3 in
HCT116 cells (Fig. 4b), implying that RAC1-GTP pro-
moted the EMT process by directly activating STAT3.
Treatment with BP-1-102, a specific small molecular inhi-
bitor of STAT3 phosphorylation [28], significantly atte-
nuated migration and invasion (Fig. 4c, d and S4a, b) and
reversed the EMT phenotype in HCT116 and SW480 cells
(Fig. 4e). Similar results were observed in SW620 cells
(Figure S5a-c). Overexpression of STAT3-C (Figure S6a)
significantly rescued the suppressive effect of NSC23766
on the migration and invasion of HCT116 and SW480 cells
(Fig. 4f, g and S6b, c). STAT3-C overexpression also
reversed the EMT phenotype and MMP9 expression
inhibited by NSC23766 (Fig. 4h). Similar results were
observed in SW620 cells (Figure S7a-e). These results

indicate that RAC1-GTP promotes EMT in CRC cells
through activation of the STAT3 pathway.

NSC23766 decreases invasion and the EMT
phenotype of CRC xenograft in vivo

We further evaluated the role of RAC1-GTP on CRC
invasion in vivo by using a mouse subcutaneous xenograft
model of HCT116. As shown in Fig. 5a, the xenograft
tumors derived from animals treated with NSC23766
exhibited a clear boundary between tumor tissues and
adjacent mouse tissues, while significant infiltrations of
tumor cells into the adjacent muscle tissues were observed
in the animal treated with vehicle (Fig. 5a). Western blot
analyses and immunohistochemistry confirmed that RAC1-
GTP expression was significantly reduced in the tumors
from the mice treated with NSC23766 compared to those
treated with vehicle (Fig. 5b, c). Importantly, NSC23766
treatment enhanced the expression of the epithelial marker

Fig. 2 Inhibition of RAC1-GTP
suppresses the migration and
invasion of CRC cells in vitro. a
Western blot analysis shows
decreased RAC1-GTP
expression by treatment with
NSC23766, a specific inhibitor
for RAC1-GTP, in CRC cells. b,
c Migration analysis of HCT116
and SW480 CRC cells treated
with or without NSC23766.
Scale bar= 100 μm. Data are
presented as the mean ± SD from
three independent experiments.
d, e Invasion assay of HCT116
and SW480 CRC cells treated
with or without NSC23766.
Scale bar= 100 μm. Data are
presented as the mean ± SD from
three independent experiments.
***p < 0.001
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E-cadherin, but decreased the expression of mesenchymal
markers N-cadherin as well as EMT-related transcription
factor Slug in the CRC xenografts (Fig. 5b, c). The level of
p-STAT3 was also decreased in the xenografts treated with
NSC23766 as compared with the vehicle control (Fig. 5b,
c). These results confirm the role of RAC1-GTP in pro-
motion of EMT and invasion in CRC. Given that EMT-
mediated tumor invasion significantly contributes to tumor
growth and malignant progression [29, 30], we further
determined the effect of RAC1-GTP disruption on CRC
tumor growth. Disrupting RAC1-GTP by NSC23766
treatment significantly inhibited tumor growth, as demon-
strated by the reduced tumor volume and tumor weight in
mice treated with NSC23766 relative to those treated with
vehicle control (Figure S8a, b, and c). Consistently,
NSC23766 treatment also significantly suppressed the pro-
liferation of HCT116 CRC cells in vitro (Figure S8d).
Collectively, our results indicate that RAC1-GTP is a
potential therapeutic target to inhibit the EMT-mediated
invasion and tumor growth of CRC.

Discussion

We previously demonstrated that the active form of RAC1
(RAC1-GTP) is involved in maintenance of stemness in
CRC stem cells [18]. In this study, we found that RAC1-
GTP was highly expressed in CRC cancerous tissues and its
expression level was significantly correlated with TNM
stages, lymph node spread, and distant metastasis as well as
patient survival. To our knowledge, this is the first clin-
icopathological study to link RAC1-GTP to the clin-
icopathological features of CRC and the outcome of CRC
patients. RAC1-GTP is the active form of RAC1 [12]. It has
been reported that RAC1 expression is important for the
invasion and metastasis of CRC [31, 32], but in our study, no
significant difference of the expression of RAC1 at mRNA
level between cancerous and adjacent normal tissues was
observed. Hence, our results suggest that RAC1-GTP may be
the main form of RAC1 involved in CRC progression.

Increasing evidence suggests that the EMT process is
associated with gaining the capability of invasion and

Fig. 3 Inhibition of RAC1-GTP
suppresses the EMT process of
CRC cells. a, b qRT-PCR
analysis shows that NSC23766
treatment resulted in upregulated
E-cadherin (E-cad) and
downregulated N-cadherin (N-
cad), Vimentin, Slug, Snail, and
MMP9 compared to vehicle
treatment in HCT116 and
SW480 CRC cells. c Western
blot analysis revealed the
upregulation of E-cadherin and
downregulation of N-cadherin,
Vimentin, Snail, Slug, MMP9,
and RAC1-GTP in NSC23766-
treated cells. *p < 0.05; **p <
0.01; ***p < 0.001
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Fig. 4 RAC1-GTP promotes EMT of CRC cells by directly binding to
STAT3. a Western blot analysis revealed that NSC23766 treatment
markedly decreased STAT3 phosphorylation (p-STAT3-Tyr705) in
HCT116 and SW480 cells. b Co-immunoprecipitation assay shows the
interaction between RAC1-GTP and STAT3. c Quantification of
migration analysis of HCT116 and SW480 cells treated with or
without BP-1-102. The data are presented as the mean ± SD from three
independent experiments. d Quantification of invasion analysis of
HCT116 and SW480 cells treated with or without BP-1-102. The data
are presented as the mean ± SD from three independent experiments. e
Western blot analysis revealed upregulation of E-cadherin and
downregulation of p-STAT3, N-cadherin (N-cad), Vimentin, Snail,

Slug as well as MMP9 treated by BP-1-102 in HCT116 and SW480
cells. f Migration analysis of HCT116 and SW480 cells transfected
with or without STAT3-C and treated with or without NSC23766.
Data are presented as the mean ± SD from three independent experi-
ments. g Invasion analysis of HCT116 and SW480 cells transfected
with or without STAT3-C and treated with or without NSC23766.
Data are presented as the mean ± SD from three independent experi-
ments. h Western blot shows that ectopic expression of STAT3-C
rescued the EMT-related molecules and MMP9 altered by NSC23766
treatment in HCT116 and SW480 cells. ***p < 0.001; ns no
significance
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metastasis in CRC cells [33]. The major molecular features
of EMT are the downregulation of the epithelial marker E-
cadherin and the upregulation of mesenchymal markers,
such as Vimentin and N-cadherin, as well as EMT-related
transcription factors, such as Snail and Slug [34]. We found
that disrupting RAC1-GTP increased the expression of
epithelial marker E-cadherin but decreased the levels of
mesenchymal markers, which was consistent with previous
studies showing that RAC1-GTP regulated E-cadherin-
mediated adherent junctions in pancreatic carcinoma cells
[35]. In addition, the maintenance of epithelial phenotype of
cells relies on close contacts with extracellular matrix [36],
and MMPs can degrade extracellular matrix proteins thus
promote tumor invasion and metastasis [35, 37]. Our results
demonstrated that RAC1-GTP disruption also significantly
reduced the expression of MMP9, an important member of
MMPs in CRC [24].

STAT3 is proposed to be involved in the EMT process.
Inhibition of STAT3 phosphorylation significantly increases
E-cadherin expression but decreases N-cadherin and
Vimentin expression in highly invasive LoVo CRC cells [38,
39]. Our results show that inhibition of RAC1-GTP by
NSC23766 suppressed STAT3 phosphorylation in three

CRC cell lines, and introduction of STAT3-C significantly
attenuated the suppressive effect of RAC1-GTP disruption
on the EMT-mediated migration and invasion of CRC cells,
underscoring the role of RAC1-GTP-STAT3 pathway in the
regulation of EMT process. Previous reports suggested that
there were two possible mechanisms underlying the regula-
tion of RAC1-GTP on STAT3 activity: (1) active RAC1
promotes IL-6 expression and autocrine IL-6 further acti-
vates the STAT3 pathway [13]; and (2) RAC1-GTP directly
binds to STAT3 to regulate STAT3 phophorylation [14, 26,
27]. Our results demonstrate that RAC1-GTP directly inter-
acted with STAT3 to promote its phosphorylation, while
disrupting RAC1-GTP activity by NSC23766 had a minimal
effect on IL-6 expression in CRC cells (data not shown).

In conclusion, RAC1-GTP is an important regulator in
invasion of CRC by directly activating STAT3 pathway to
induce EMT. Although our results suggest that RAC1-GTP
may serve as a new prognostic indicator and a potential
therapeutic target for CRC, its clinical relevance needs to be
investigated in independent prospective clinical studies.
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Fig. 5 Targeting RAC1-GTP by NSC23766 suppresses the EMT-
mediated invasion of HCT116 CRC cells in vivo. a Representative
images of H&E staining in xenograft specimens. Tumors of vehicle-
treatment group invaded into adjacent muscle tissue, while tumors of
NSC23766-treatment group showed clear boundary between tumor
tissues and adjacent normal tissues (T indicates tumor tissues; N
indicates adjacent normal tissues). Muscle tissue was indicated by
black triangle, and peripheral adipose tissue was indicated by red

triangle. Scale bar= 100 μm. b Western blot showing that NSC23766
upregulated the expression of E-cadherin (E-cad), but downregulated
the expressions of N-cadherin (N-cad), Slug, p-STAT3, STAT3, and
RAC1-GTP in CRC xenografts. c Representative IHC staining images
(left panels) and quantification (right panels) of E-cadherin, Slug, p-
STAT3, and RAC1-GTP expressions in CRC xenografts. Scale bar=
50 μm. *p < 0.05; **p < 0.01; ***p < 0.001
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