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Ras-related C3 botulinum toxin substrate 1 (Racl) is implicated in a variety of cellular functions and is related
to tumor growth and metastasis. This study aimed to explore the role of Racl in hypopharyngeal squamous
cell carcinoma (HSCC).

The Racl expression in HSCC tissues was determined by quantitative real-time polymerase chain reaction and
Western blot analysis. The level of Rac1 in HSCC cells was downregulated by a Rac1-specific ShRNA. Then, the
growth and metastasis of HSCC cells were assessed in vitro by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide assay, flow cytometry, Hoechst staining, and Transwell assay. Moreover, cells transfected
with Racl shRNA or negative control were injected subcutaneously into the right axilla of mice, and then the
effects of Racl silencing on the growth of HSCC were also explored in vivo. Additionally, activation of the P38
mitogen-activated protein kinase (MAPK) signaling pathway was assessed by Western blot.

Racl was highly expressed in HSCC tissues. Silencing Racl inhibited the proliferation and cell cycle progress
of HSCC cells, and induced their apoptosis. Rac1 silencing also suppressed the migration and invasion of HSCC
cells. In vivo study showed that silencing Racl suppressed the growth of tumor bodies. Moreover, the P38 MAPK
signaling pathway was implicated in the tumor-suppressing effect of Rac1 silencing in vitro and in vivo.
Silencing Rac1 suppressed the growth and migration of HSCC through the P38 MAPK signaling pathway. Due to
its contribution in HSCC, Racl has the potential to become a promising antitumor therapeutic target for HSCC.
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Background

Hypopharyngeal squamous cell carcinoma (HSCC) is a type of
aggressive head and neck squamous cell carcinoma originat-
ing from hypopharynx mucosa. Patients with HSCC are usually
diagnosed at its advanced stages with poor prognosis [1,2]. In
recent years, a comprehensive treatment strategy for HSCC is
combining surgery, chemotherapy, and radiotherapy [3]. Despite
of the improvements in treatment strategies, patients with
HSCC show high risks of local recurrence or distant metasta-
ses, with a 5-year survival rate of approximately 25-40% [4].

Ras-related C3 botulinum toxin substrate 1 (Rac1) is one of the
Rho family small GTPases. It cycles between the active form
(guanosine triphosphate (GTP)-bound) and inactive form (gua-
nosine diphosphate (GDP)-bound). Racl is activated by gua-
nine nucleotide exchange factors through accelerating the
exchange of GDP to GTP, and inactivated by GTPase activat-
ing proteins through promoting GTP hydrolysis. In its activat-
ed form, Racl interacts with its effectors to regulate multiple
downstream signals [5]. Racl is implicated in a variety of cel-
lular functions, such as cytoskeleton reorganization, gene tran-
scription, cellular motility, and cell division and survival [6-9].

Elevated levels of Racl are found in many kinds of cancers, and
Racl is involved in the proliferation, apoptosis, migration, inva-
sion, and angiogenesis of cancer cells [10-14]. However, the role
of Racl in HSCC remains unclear. In our present study, we ex-
plored the role of Rac1 in HSCC. The results of our study reveal
that Rac1 may contribute to the growth and metastasis of HSCC.

Material and Methods

Clinical specimens

HSCC tissues and pericarcinomatous tissues were collect-
ed from 20 HSCC patients at the First Affiliated Hospital of
Zhengzhou University (Zhengzhou, China) during November
2016 to March 2017. None of these patients had previous-
ly received chemotherapy or radiotherapy. Written informed
consents were signed by all patients.

Table 1. Sequences of Racl shRNA and its negative control.

Name Sense
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Cells

FaDu cells were obtained from ZhongQiaoXinZhou Biotechnology
Co., LTD (Shanghai, China). FaDu cells were grown in Minimum
Essential Media (Gibco, Grand Island, NY, USA) with 10% fetal
bovine serum (FBS, Hyclone, Logan, UT, USA) and cultured in
a cell incubator at 37°C with 5% CO,.

Transfection

Cells were seeded in a 6-well plate (3x10° cells/well). Twenty-
four hours later, plasmids containing Rac1 shRNA or negative
control (Table 1) were transfected into cells using Lipofectamine
2000 Reagent (Invitrogen, Carlsbad, CA, USA). Thereafter, the
cells were selected using G418 (Invitrogen). Cells stably trans-
fected with Rac1 shRNA and negative control were marked as
Racl shRNA and negative control, respectively. Cells without
transfection were marked as parental.

Quantitative real-time polymerase chain reaction
(qQRT-PCR)

Total ribonucleic acid (RNA) was extracted with a High-purity
Total RNA Fast Extraction Kit (BioTeke, Beijing, China) and re-
versely transcribed to complementary deoxyribonucleic acid
(cDNA). The messenger RNA (mRNA) level of Racl was detect-
ed by qRT-PCR using primers listed in Table 2. The mRNA lev-
elin clinical specimens was calculated using 22 method and
the mRNA level in cells was calculated using 2722% method.

Western blot

Proteins were extracted using radioimmunoprecipitation as-
say lysis buffer with 1% phenyl-methane-sulfonyl fluoride
(PMSF) (Beyotime, Shanghai, China). The protein concentra-
tion was measured with a Bicinchoninic Acid Protein Assay Kit
(Beyotime). Then, equal proteins from each group were sep-
arated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), followed by transfer onto polyvinylidene
fluoride membranes (Millipore, Bedford, MA, USA). The mem-
branes were blocked with 5% skim milk or 1% bovine serum
albumin, and then incubated with Racl antibody, glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) antibody (1: 1000;
Proteintech, Wuhan, China), Cyclin D1 antibody (1: 1000;

Antisense

5’-GATCCCCGGATACAGCTGGACAAGAATT 5’-AGCTAAAAAGGATACAGCTGGACAAGA
CAAGAGATTCTTGTCCAGCTGTATCCTTTTT-3’ ATCTCTTGAATTCTTGTCCAGCTGTATCCGGG-3’

5’-GATCCCCTTCTCCGAACGTGTCACGTTTC 5’-AGCTAAAAATTCTCCGAACGTGTCACGTTCT
AAGAGAACGTGACACGTTCGGAGAATTTTT-3’ CTTGAAACGTGACACGTTCGGAGAAGGG-3’

Racl shRNA

Negative control
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Table 2. Sequences of primers for quantitative real-time PCR.

Gene name Forward primer
Racl 5’-CGAGAAACTGAAGGAGAAGAAGC-3’
GAPDH 5’-GAAGGTCGGAGTCAACGGAT-3’
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Reverse primer

5’-AAGGGACAGGACCAAGAACGAG-3’

5’-CCTGGAAGATGGTGATGGGAT-3’

BOSTER, Wuhan, China), Cyclin E antibody, Cyclin B antibody
(1: 500; Bioss, Beijing, China), metal matrix proteinase (MMP)-
2 antibody, MMP-9 antibody, B cell lymphoma-2 (Bcl-2) anti-
body, Bcl-2-associated X protein (Bax) antibody, phosphory-
lated-MAP kinase (p-MKK3) antibody (1: 500; Sangon Biotech,
Shanghai, China), caspase-3 antibody, caspase-9 antibody, poly
ADP-ribose polymerase (PARP) antibody (1: 1000; Cell Signaling
Technology, Beverly, MA, USA), p38 mitogen-activated protein
kinase (MAPK) antibody, p-p38 MAPK antibody (1: 500; KeyGen,
Nanjing, China), or MKK3 antibody (1: 300; BOSTER) overnight
at 4°C. The membranes were rinsed in Tris-buffered saline with
tween (TBST) and then incubated with horseradish peroxidase-
conjugated secondary antibodies (1: 5000; Beyotime) for 45
min at 37°C. Then, the membranes were rinsed in TBST and vi-
sualized with an Enhanced Chemiluminescence Kit (Beyotime).

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide (MTT) assay

Cells were seeded in 96-well plates with 4x10° cells per well
and cultured for 0 h, 24 h, 48 h, 72 h, and 96 h. After adding
MTT (Sigma, St. Louis, MO, USA) into each well and incubat-
ing for 4 h at 37°C, 150 pl of dimethyl sulfoxide (Sigma) was
added to dissolve the crystals formed. Absorbance at 570 nm
was measured with a microplate reader.

Cell cycle assay

Flow cytometry was used to analyze the cell cycle with a Cell
Cycle Detection Kit (Beyotime). Cells were collected, rinsed in
PBS, and fixed in ice-cold 70% ethanol at 4°C for 2 h. The cells
were then rinsed in phosphate-buffered saline (PBS) and re-
suspended in 500 pl of staining buffer. Then, 25 pl of propidi-
um iodide and 10 pl of RNase A were added into cells and in-
cubated for 30 min at 37°C. Cells were then analyzed with a
flow cytometer (BD, Franklin Lakes, NJ, USA).

Transwell assay

To assess the migration capability, cells were made into single-
cell suspensions and seeded into Transwell inserts (Corning,
Tewksbury, MA, USA) in a 24-well plate (5x10° cells in 200 pl
of serum-free cell medium). To the lower chambers, we added
800 pl of cell medium containing 30% FBS. Then, the cells were
incubated in a cell incubator for 24 h, rinsed in PBS, fixed in 4%
paraformaldehyde, and stained in crystal violet dye (Amresco,

Solon, USA). The cells were observed and photographed with
a microscope at 200x magnification. The number of migrato-
ry cells was calculated.

To assess the invasion capability, 200 pl of single-cell-suspen-
sions (1x10* cells in serum-free cell medium) were added into
the Transwell inserts pre-coated with Matrigel (BD), and 800 pl
of cell medium containing 30% FBS was added into the lower
chambers. After invasion for 24 h, the cells were stained with
crystal violet dye and images were captured as described above.

Gelatin zymography

Proteins were extracted using ice-cold PBS with 1% PMSF.
Following measurement of protein concentration, equal pro-
teins from each group was injected into SDS-PAGE containing
10 mg/ml gelatin. After electrophoresis, the gel was rinsed in
elution buffer and washing buffer, and then incubated in in-
cubation buffer at 37°C for 40 h. Thereafter, the gel was kept
in staining buffer for 3 h, followed by destaining buffer A for
0.5 h, destaining buffer B for 1 h, and destaining buffer C for
2 h. Images of gel were captured using a Gel Imaging System
(Liuyi, Beijing, China).

Hoechst staining

Cells were seeded onto coverslips in 12 well plates
(3x10* cells/well). After culture for 24 h, the cells were rinsed
in PBS and fixed in 4% paraformaldehyde. Then, the cells were
rinsed and stained in Hoechst dye (Beyotime). Images were cap-
tured with a fluorescence microscope at 400x magnification.

Animal experimental protocol

Healthy BALB/c nude mice (female, 6-weeks-old, weighing
16-18 g) were obtained from Huafukang Bioscience Co., Inc
(Beijing, China). Mice were fed in a controlled environment
(27+1°C, 50+£10% humidity, 12 h/12 h light/dark cycles) and
had free access to food and water. Mice were randomly divid-
ed into 3 groups (parental, negative control, and Racl shRNA)
with 6 mice in each group. Racl shRNA cells, negative con-
trol cells, and parental cells (1x107 cells in 0.1 ml of serum-
free medium) were injected subcutaneously into the right ax-
illa of mice in the Rac1 shRNA group, negative control group,
and parental group, respectively. Thereafter, mice and tumor
bodies were observed every day. The longest diameters and
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Figure 1. Racl is up-regulated in HSCC. (A) mRNA level of Racl in HSCC tissues and pericarcinomatous tissues was detected by gRT-
PCR. The results were calculated using 2 method. (B) Protein level of Rac1 in HSCC tissues and pericarcinomatous tissues
was detected by Western blot. The results are presented as mean +SD. *** P<0.001.

shortest diameters of tumor bodies in each group were re-
corded every 3 days. Thirty days later, the mice were killed
and the tumor bodies were obtained. Images of mice and tu-
mor bodies were captured and the weights of tumor bodies
were recorded. This study was performed according to the
Guide for Care and Use of Laboratory Animals and was ap-
proved by the Ethics Committee of the First Affiliated Hospital
of Zhengzhou University.

Hematoxylin-eosin (HE) staining

The tumor bodies were obtained and fixed in 4% paraformal-
dehyde. Then, the tumor bodies were dehydrated in graded
ethanol, embedded in paraffin, and cut into 5-um sections.
Thereafter, the sections were subjected to routine HE stain-
ing. Images were captured at 200x magnification.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) assay

Apoptosis in the tumor bodies were detected by TUNEL as-
say with an In Situ Cell Death Detection Kit (Roche, Penzberg,
Germany). The tumor bodies were collected, embedded in par-
affin, and cut into 5-pm sections. Then, the sections were depar-
affinated in xylene, rehydrated in graded ethanol, permeabilized
in 0.1% Triton X-100, and blocked with 3% H,0,. After rinsing
in PBS, the sections were incubated with TUNEL reaction solu-
tion for 60 min at 37°C in the dark. The sections were rinsed in
PBS and incubated with Converter-POD at 37°C for 30 min. After
rinsing, the sections were developed with DAB Color-Substrate
Solution (Solarbio) and counterstained with hematoxylin. The sec-
tions were observed and photographed at 400x magnification.

Statistical analysis

The results are shown as mean+ standard deviation (SD).
Analysis of data was performed using Student’s t test or one-
way analysis of variance followed by the Bonferroni multiple
comparison test. P<0.05 was considered as significant.

Results

Racl is highly expressed in HSCC tissues

To assess the Racl level in HSCC, the mRNA and protein levels
of Racl in HSCC tissues and pericarcinomatous tissues were
measured. The mRNA level of Rac1 in HSCC tissues was much
higher than that in pericarcinomatous tissues (Figure 1A).
Similarly, the Racl protein level in HSCC tissues was higher
than that in pericarcinomatous tissues (Figure 1B). These re-
sults reveal that Racl is highly expressed in HSCC.

Silencing Rac1 inhibits the growth of HSCC cells in vitro

To explore the role of Rac1 in HSCC, a Rac1-specific ShRNA was
used to down-regulate the Rac1 level. Prior to this study, the ef-
ficiency of Racl shRNA was verified. Cells transfected with Racl
shRNA showed a lower Racl mRNA level and lower Rac1 pro-
tein level (Figure 2) compared with the negative control group.
Then, the proliferation of FaDu cells was assessed by MTT assay.
Cells transfected with Racl shRNA showed a slower prolifera-
tion compared with the negative control group (Figure 3A), in-
dicating a growth-inhibition role of Rac1 silencing in FaDu cells.

The cell cycle is one of the important events in cell growth.
In our study, the effects of Racl silencing on the cell cycle of
FaDu cells were assessed by flow cytometry. After silencing
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Figure 2. Racl shRNA decreases the level of Racl. (A) mRNA level of Rac1 in each group was measured using quantitative real-time
PCR. The relative mRNA level of Rac1 was calculated using 2744% method. (B) The protein level of Racl was detected by
Western blot with GAPDH as the internal reference. All experiments were repeated 3 times. The results are presented as
mean +SD. *** P<0.001 compared with the negative control group.

Rac1, the ratio of cells in G1 phase was increased significant-
ly, whereas the ratios of cells in S phase and G2/M phase were
decreased (Figure 3B, Table 3). The protein levels of cyclins
were also detected by Western blot. Cells in the Racl shRNA
group showed lower cyclinB (Figure 3C), cyclinD1 (Figure 3D),
and cyclink (Figure 3E) levels. These results demonstrate that
Rac1 silencing suppresses the cell cycle of FaDu cells.

Silencing Rac1 induces apoptosis in FaDu cells

The effects of Racl silencing on apoptosis were explored in
our study. The results of apoptosis assessed by Hoechst stain-
ing showed that there were more chromatin condensations in
Racl shRNA cells (Figure 4). The protein levels of caspase-3,
caspase-9, PARP, Bax, and Bcl-2, which have close relationships
with apoptosis, were also detected in our study. After silenc-
ing Rac1, the levels of pro-caspase-3, pro-caspase-9, and PARP
were decreased significantly, whereas the cleaved caspase-3,
cleaved caspase-9, and cleaved PARP levels were increased
(Figure 5A-5F). Rac1 shRNA cells also showed a higher Bax lev-
el and a lower Bcl-2 level (Figure 5G-5J). These results show
that Racl silencing induces apoptosis in FaDu cells.

Silencing Racl suppresses the migration and invasion of
FaDu cells

The effects of Racl shRNA on migration and invasion of FaDu
cells were assessed by Transwell assay. The Racl shRNA group
showed fewer migratory cells (Figure 6A) and fewer invasive
cells (Figure 6B). Moreover, the expression and activities of
MMP-2 and MMP-9, which have close relationships with migra-
tion and invasion of cells, were detected. The results of Western
blot showed that cells in the Rac1 shRNA group showed lower
expression levels of MMP-2 and MMP-9 (Figure 7A-7D). The
results of gelatin zymography assay also showed lower MMP-2
and MMP-9 activities in the Racl shRNA group (Figure 7E, 7F).
These results demonstrate that Rac1 silencing suppresses the
migration and invasion of FaDu cells.

Racl silencing inhibits the activation of P38 MAPK
signaling pathway

The activation of P38 MAPK signaling after Racl silencing
was explored in our study. There was no significant change in
the protein level of MKK3. However, the phosphorylation lev-
el of MKK3 was decreased significantly (Figure 8A, 8B). The
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Figure 3. Racl shRNA inhibits the proliferation of HSCC cells and arrests their cell cycle. (A) The cell viability of FaDu cells was
detected using MTT assay. (B) The cell cycle distribution of FaDu cells was detected by flow cytometry. (C) The protein level
of cyclinB in each group was detected by Western blot analysis. GAPDH served as the internal reference. (D) The protein level
of cyclinD1 in each group was detected by Western blot analysis using GAPDH as the internal reference. (E) Western blot
analysis was used to detect the protein level of cyclinE in each group. Each experiment was repeated 3 times. The results are
presented as mean +SD. * P<0.05, ** p<0.01, *** p<0.001 compared with the negative control group.
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Table 3. Ratios (%) of cells in each phase of cell cycle.

Parental Negative control Racl shRNA
G1 phase 42.85+2.55 47.66+1.27 70.2943.00**
"""""""" Sphase 2502260 2334260 15461213
"""""""" Grphase  3165:083 28331346 13526004

* P<0.05, *** p<0.001 compared with the negative control group.

Parental Negative control Rac1 shRNA

Figure 4. Rac1 silencing induces apoptosis in HSCC cells. Hoechst staining was performed to detect apoptosis in each group. All
experiments were repeated 3 times.
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Figure 5. Silencing Rac1 affects the levels of apoptosis-related proteins. The levels of caspase-3 (A, B), caspase-9 (C, D), PARP (E, F),
Bax (G, H), and Bcl-2 (1, J) were detected by Western blot analysis. The relative protein levels were calculated using GAPDH
as the internal reference. All experiments were repeated 3 times and the results are presented as mean +SD. ** P<0.01,
*** p<0.001 compared with the negative control group.

phosphorylation level of P38 was decreased significantly with- Silencing Rac1 inhibits the growth of HSCC in vivo

out striking changes in the protein level of P38 (Figure 8C, 8D).

These results demonstrate that silencing Rac1 inhibits the ac- HSCC cells transfected with Racl shRNA were injected into
tivation of P38 MAPK signaling. nude mice, and then the growth of HSCC was measured. Tumor

bodies in the Racl shRNA group showed a slower growth,
with smaller tumor volumes and lower tumor weights (Figure
9A-9C). Tumor bodies in the Racl shRNA group also showed
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Figure 6. Racl silencing inhibits the migration and invasion of HSCC cells. (A) The migration capability of FaDu cells was assessed
by Transwell assay. The ratio of migratory cells was calculated. (B) Transwell assay was performed to assess the invasion
capability of FaDu cells. Each experiment was repeated 3 times and the results are presented as mean +SD. ** P<0.01

compared with the negative control group.

more obvious necrotic cores (Figure 9D) and more apoptosis
(Figure 9E) than in the negative control group.

As P38 MAPK signaling was inhibited by Rac1 silencing in vi-
tro, the levels of MKK3 and P38 in tumor bodies were also de-
tected. In the Rac1 shRNA group, the level of phosphorylated
MKK3 was decreased significantly, with no obvious changes in
MKK3 (Figure 10A, 10B). The P38 level showed no significant
changes, but there was a significant decrease in phosphoryla-
tion (Figure 10C, 10D). These results demonstrate that silenc-
ing Racl inhibits the P38 MAPK signal in vivo.

Discussion

Racl has close relationships with cancers. In our study, the
role of Racl in HSCC was explored in vitro and in vivo. HSCC
tissues showed a higher Racl level. Silencing Racl inhibited
the proliferation of HSCC cells, arrested the cell cycle, and in-
duced apoptosis. Racl silencing also suppressed the migra-
tion and invasion of HSCC cells. Our in vivo study showed a

growth-inhibition effect of Rac1 silencing in HSCC. Moreover,
in vitro and in vivo studies showed the involvement of the P38
MAPK signaling pathway in the effects of Racl. The results of
our study indicate that Racl has the potential to be a thera-
peutic target of HSCC.

Racl has been reported to be implicated in many diseases [15].
In the present study, HSCC tissues had high Rac1 levels, indi-
cating that Rac1 may contribute to the pathobiology of HSCC.
High Racl level has also been determined in many cancers,
and is associated with tumor growth, metastasis, and poor
prognosis [10-13,16-19].

Rac1 has close relationships with cell growth. In our study, si-
lencing Rac1 suppressed the proliferation of HSCC cells. This in-
dicates that Rac1 may contribute to the growth of HSCC. Racl
downregulation was also reported to suppress the growth of
osteosarcoma cells [13] and cervical cancer cells [20]. Moreover,
Rac1 inhibition may enhance the sensitivity of cancer cells to
radiotherapy and chemotherapy [11,21], which would benefit
cancer therapy. Our study only showed data on Rac1 silencing.
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Figure 7. Racl shRNA inhibits the expression and activities of MMP-2 and MMP-9. Western blot analysis was performed to detect
the protein levels of MMP-2 (A, B) and MMP-9 (C, D) in each group. GAPDH served as the internal reference. (E, F) Gelatin
zymography assay was carried out to detect the activities of MMP-2 and MMP-9. All experiments were repeated 3 times and
the results are presented as mean +SD. * P< 0.05, ** p<0.01, *** p<0.001 compared with the negative control group.

Exogenous introduction of Racl expression may further verify
the role of Racl in HSCC.

Cell cycle progression is very important to cell growth. Our
study showed that the cell cycle progression was arrested at
G1 phase by Rac1 silencing. The report of Liu et al. also shows
that the cell cycle progression of human epithelial carcinoma
cells, colon cancer, and osteosarcoma is arrested at G1 phase

by Rac1 inhibition, which was consistent with our study [22].
These results indicate that Racl may benefit DNA synthesis
and promote the cell cycle passing through the G1/S check-
point. Moreover, Yan et al. also show that Rac1 inhibition ab-
rogates irradiation-induced G2/M checkpoint activation, thus
decreasing irradiation-induced G2/M arrest [23], which indi-
cates that Racl also regulates the G2/M checkpoint. Cyclins
are important regulators of the cell cycle. They are associated
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Figure 8. Silencing Rac1 inhibits the activation of P38 MAPK signal in vitro. The levels of MKK3 and p-MKK3 (A, B) and P38 and p-P38
(C, D) were detected by Western blot analysis. GAPDH served as the internal reference. All experiments were repeated 3
times and the results are presented as mean +SD. *** P<0.001 compared with the negative control group.

with cyclin-dependent kinases in controlling the transition of
cell cycle checkpoints. In our study, Racl silencing decreased
the levels of cyclinB, cyclinD1, and cyclinE, which provides ad-
ditional evidence for the effect of Rac1 on the cell cycle. These
results suggest that Rac1 regulates cell cycle progression, thus
contributing to the growth of HSCC.

Apoptosis is another important event affecting cell growth.
In our study, Racl silencing increased the apoptosis of HSCC
cells, which demonstrates that Racl may also perform an an-
ti-apoptosis role in HSCC, thus contributing to the growth of
HSCC. Analysis of recent studies shows that Racl plays com-
plicated roles in cell apoptosis. In cancer cells, Racl is nega-
tively correlated with cancer cell apoptosis [24,25]. It also pro-
tects keratinocytes from UV-induced apoptosis [26]. Racl is
also reported to be requisite for cardiomyocyte apoptosis dur-
ing hyperglycemia [27]. The causes of these different roles of
Racl in apoptosis remain unclear and need further exploration.

Racl silencing inhibited the proliferation, arrested the cell cycle,
and induced apoptosis in HSCC cells, demonstrating a growth-
inhibition role of Racl silencing in HSSC cells. Our in vivo study
also showed a growth-inhibition effect of Rac1 silencing on

HSCC. Consistent with our results, Bopp et al. showed that lack
of Rac1 reduces diethylnitrosamine-induced liver cancer [28].
Compounds that inhibit Rac1 are also reported to show signif-
icant growth-inhibition effects in cancers [29,30]. Therefore,
Rac1 has the potential to be a therapeutic target for HSCC. In
addition, Rac1 also affects tumor angiogenesis, which is ben-
eficial to nutritional supplementation and cancer metasta-
sis [14]. Moreover, inhibition of Rac1 is reported to strengthen
the sensitivity of cancer cells to radiotherapy and chemother-
apy [11,23,31,32]. Thus, therapy targeting Racl may have ex-
cellent efficacy. However, as Racl is ubiquitously expressed
throughout the body, targeted delivery systems need further
development to avoid adverse effects.

Metastasis is a main cause of mortality in cancer patients.
An estimated 90% of cancer-associated deaths are caused by
metastasis [33]. Racl can regulate cytoskeleton reorganiza-
tion, promote the formation of lamellipodia, and is associat-
ed with the metastasis of many cancers [5,14,34-37]. In our
study, silencing Racl inhibited the migration and invasion of
HSCC cells, indicating that Rac1l may also contribute to HSCC
metastasis. MMPs play important roles in extracellular matrix
degradation, which contributes to the metastasis of cancer
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Figure 9. Racl shRNA inhibits the growth of HSCC cells in vivo. (A) Mice in each group were inoculated with parental cells, Racl shRNA
cells, or negative control cells. Thirty days after inoculation, the mice were killed and the tumor bodies were obtained. (B)
The volumes of tumor bodies were measured every 3 days. (C) The weights of tumor bodies in each group. (D) HE staining
was carried out to assess the histopathologic changes in each group. Scale bar=100 pm. (E) TUNEL assay was performed to
detect apoptosis in each group. Scale bar=50 pm. Typical results are presented. N=6. The results are presented as mean +SD.
** P<0.01, *** p<0.001 compared with the negative control group.
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Figure 10. Rac1 silencing inhibits the activation of P38 MAPK signal in vivo. The levels of MKK3 and p-MKK3 (A, B) and P38 and p-P38
(C, D) in each group were detected by Western blot analysis with GAPDH as the internal reference. All experiments were
repeated 3 times. The results are presented as mean +SD. N=6. *** P<0.001 compared with the negative control group.

cells [38,39]. In our study, the expression and activities of MMP-
2 and MMP-9 were all decreased by Rac1 silencing. These re-
sults provide additional evidence for the metastasis-inhibition
effect of Rac1 silencing in HSCC cells. Rac1 is also reported to
be involved in the epithelial-mesenchymal transition, which
is one of the important events in cancer cell metastasis [40].
As a limitation of our study, we lacked experiments regarding
tumor metastasis in vivo. Although Lee et al. showed that in-
hibition of Rac1 can decrease tumor metastasis in vivo [41],
the effect of Racl silencing on the in vivo metastasis of HSCC
needs further exploration.

Racl interacts directly with several signals to regulate cell
growth, inflammatory responses, and cell-cell contacts [14].
MAPK family members can be activated by Racl. P38 MAPK
signalling is implicated in diverse cellular events through its ex-
tensive downstream molecules [42]. In our study, the activation
of P38 MAPK signalling was inhibited by Rac1 silencing, both
in vivo and in vitro. These results suggest that Rac1 affects the

growth and metastasis of HSCC through P38 MAPK signalling.
Other signals, such as Wnt [43], are also downstream of Racl,
and they may also be involved in the role of Rac1 in HSCC, but
further explorations are needed to assess this.

Conclusions

In our study, Rac1 showed a high level in HSCC tissues. Silencing
Racl inhibited the growth of HSCC in vitro and in vivo. Racl
silencing was also found to suppress the metastasis of HSCC
cells. This indicates that Rac1l may act as an oncogene in HSCC
and has the potential to become a promising therapeutic tar-
get for HSCC.
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