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ABSTRACT

Ras-specific guanine nucleotide-releasing factor 2 (RasGRF2) is a member of the guanine nucleotide
exchange factors family which is expressed in a variety of tissues and cancer. However, the role of
RasGRF2 in cancer is less reported, especially in colorectal cancer(CRC). Hence, the present study aimed
to investigated the function of RasGRF2 and ways in which it affects tumor progression in CRC samples
and cell lines. We first measured RasGRF2 mRNA level in 26 paired tumor and nontumor colon tissues
after colon cancer surgical resection, and determined RasGRF2 protein level in 97 paired paraffin-
embedded colon cancer tissues, and found that levels of RasGRF2 mRNA and protein were increased
in colorectal tumor tissues, compared with adjacent non-tumor tissues. We then examined the effects of
RasGRF2 knockdown on proliferation, migration and invasion were analyzed in CRC cells (SW480,
HCT116 and LS174T). HCT116 cells with RasGRF2 knockdown were injected into the tail vein in nude
mice to yield metastatic model, and tumor metastasis was measured as well. We found that knockdown
of RasGRF2 in CRC cells reduced their migration and invasion in vitro and metastasis in mice.
Furthermore, we explored the underlying molecular mechanism for RasGRF2-mediated CRC migration
and invasion. The results showed that knockdown of RasGRF2 in CRC cells impairing the expression of
MMP9 and inhibiting the activation of Src/Akt and NF-kB signaling. We conclude that RasGRF2 plays a
role in controlling migration and invasion of CRC and modulates the expression of MMP9 through Src/PI
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3-kinase and the NF-kB pathways.

Introduction

Colorectal cancer(CRC) is the third most common cancer world-
wide, and the leading cause of cancer death in many developed
countries'. Despite some improvement in survival over the past
several decades, the overall prognosis for colorectal cancer
patients remains poor. This may in part be attributed to the
high invasive potential and distant metastasis. Hence, there is an
urgent need to understand the molecular mechanisms of invasion
and metastasis of CRC and develop new therapeutic strategies to
reduce the burden of CRC.

Ras oncoproteins are membrane-localized 21-kDa GTPases
that function as molecular switches activating protein kinase
cascades in response to a variety of extracellular signals®. Ras
GTPases exist in two conformations, GTP bound (active) and
the GDP bound (inactive) states®. Activation of Ras into its
GTP-bound conformation is regulated by proteins known as
guanine-nucleotide releasing (or exchange) factors (GRFs or
GEFs), which catalyze GDP release. RasGRF1 and RasGRF2
are two members of mammalian Ras GEFs. Ras-GRF1 has

been reported to activate Ras in response to raised calcium
concentration instead of activated receptor tyrosine kinases
and functions downstream of heterotrimeric G proteins’.
RasGRF2 was originally identified by Neil P. Fam’. Its gene
was mapped to human chromosome 5q13. RasGRF2 is a
multi-domain protein that has dual Ras GEF and Rac GEF
activities®. The Cdc25 homology domain at the C-terminus
catalyzes exchange of GDP to GTP on Ras family proteins’.
RasGRF2 is involved in regulating NMDA receptor signaling
and synaptic plasticity in neuronal tissues’ and in the control
of T-cell proliferation and lymphomagenesis®. Calvo et al.
demonstrated that RasGRF2 also plays a role in modulating
tumor cell movement and invasion by inhibiting Cdc42 acti-
vation, a key component in actomyosin-contractility-depen-
dent tumor cell movement’.

In recent years, reduced expression of RasGRF2 has been
observed in non-small cell lung cancers®, in mammary carci-
noma tissues” and in benign colorectal adenoma'®. The
RasGRF2 gene was reported to be aberrantly methylated in
the CpG island at the 5' region in human pancreatic cancer
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cells, and treatment with decitabine, a DNA methyltransferase
inhibitor, restored RasGRF2 gene expression''. Colony for-
mation of the colorectal cancer cell line HCT116 was reduced
by 56% upon restoration of RasGRF2 expression, suggesting a
tumor-suppressive role for RasGRF2.

However, our preliminary study revealed an overexpression of
RasGRF2 in a couple of colorectal cancer cell lines. Because these
observations contradict the reported suppressive role of RasGRF2
in human colon cancer, we carried out more in-depth analyses of
the expression of RasGRF2 in colorectal cancer. We used quanti-
tative real time polymerase chain reaction (QPCR), western blot-
ting, and immunohistochemistry (IHC) to assess RasGRF2
expression, and found that it was increased in colon cancer tissues
relative to adjacent normal colon tissues. We subsequently
assessed the effects of RasGRF2 expression on the proliferation
and invasion ability of colon cells by downregulating RasGRF2
mRNA and protein, and tried to elucidate the possible mechan-
isms underlying the role of RasGRF2 in colon cancer.

Results

Expression of RasGRF2 is upregulated in human CRC
tissues and cells

To assess the expression of RasGRF2 in CRC, we first performed
real-time PCR in 26 CRC tissues paired with adjacent nontumor-
ous colorectal tissues. Of the 26 paired cases, 16 (61.5%) CRC
tissues showed an increased expression of RasGRF2 than paired
normal tissues. In addition, 10 (38%) colorectal cancer tissues
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showed increases of over two-fold at mRNA level (Figure 1(a)).
Similarly, RasGRF2 was overexpressed at the protein level in
cancer tissues compared to matched normal colorectal tissues
(Figure 1(b)).

We next analyzed RasGRF2 expression by immunohisto-
chemical staining in 97 paired colorectal cancer tissues and
adjacent normal colorectal tissues. Results revealed that 21.6%
(21/97) normal colorectal tissues while 46.4% (45/97) color-
ectal cancer tissues showed positive RasGRF2 expression
(P < 0.05). As shown in Figure 1(c), RasGRF2 staining was
observed mainly in the cytoplasm of the cancer cells.
Significantly stronger RasGRF2 staining was observed in the
carcinoma compared to adjacent normal colorectal tissue.

We further examined the expression of RasGRF2 protein in 4
CRC cell lines (SW480, HCT116, LS174T, LoVo) and a normal
colorectal cell line (FHC) by western blot analysis. As shown in
Figure 1(d), consistent with the results from the primary tissues,
a higher level of RasGRF2 protein was observed in the CRC cell
lines than in the normal colorectal cell.

Knockdown of RasGRF2 has no effect on the proliferation
and apoptosis of CRC cells

The overexpression of RasGRF2 in CRC tissues and cell lines
observed above suggested that RasGRF2 may play a role in sus-
taining CRC cell proliferation. To test this possibility, we next
evaluated the effect of RasGRF2 suppression on CRC cell prolif-
eration and apoptosis. Lentivirus-mediated RNA interference was
performed to suppress RasGRF2 expression. After RNA
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Figure 1. Increased expression of RasGRF2 in primary CRC tumors and CRC cell lines. (a) Real-time PCR and (b) western blot analysis of protein levels of RasGRF2 in
primary tumors (T), matched adjacent nontumorous colorectal tissues (N). (c) Representative immunohistochemical staining results of RasGRF2 in tissues. (d) Western
blot analysis of RasGRF2 expression in several CRC cell lines. GAPDH was used as the internal control for all analysis.
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interference, real-time PCR was performed to evaluate the inter-  expression in subsequent experiments. It caused lower RasGRF2
ference efficiency. The results showed that RasGRF2-specific ~ protein expression among all three CRC cell lines tested (Figure 2
shRNA, especially shRasGRF2-3, successfully silenced the expres-  (b)). We then determined the effects of RasGRF2 knockdown on
sion of RasGRF2 in SW480, HCT116 and LS174T cells (Figure 2  the growth of the CRC cell lines. MTT data showed no significant
(a)). Thus, we selected the shRasGREF?2 to interfere with RasGRF2  difference between the knockdown group and the control group
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Figure 2. Knockdown of RasGRF2 expression had no effect on cell proliferation and apoptosis of CRC cell lines. (a) Real-time PCR analysis of RasGRF2 mRNA in cells
after RNA interference. (b) Western Blot analysis of RasGRF2 protein in cells after RNA interference. (c) Cell proliferation analysis of control and RasGRF2-
downexpressing CRC cells, determined by MTT. (d) Apoptotic analysis of control and RasGRF2-downexpressing CRC cells, determined by Annexin V-APC/7-AAD
staining and flow cytometry. Values are expressed as the mean+ standard deviation.
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(Figure 2(c)). The results of flow cytometry also indicated that
cells were not under apoptosis (Figure 2(d)).

Knockdown of RasGRF2 inhibited migration and invasion
of CRC cells

Based on the observation that RasGRF2 was highly expressed
in the CRC tissues and cells, and it had no influence on CRC
cell proliferation and apoptosis, we further investigated the
role of RasGRF2 in CRC cell migration and invasion. The
wound healing and Matrigel-free Transwell assays showed
that decreased expression of RasGRF2 in HCTI116 and
SW480 cells resulted in significantly slower wound closure
(Figure 3(a) and (b)). Matrigel-based Transwell assays showed
that RasGRF2 knockdown significantly inhibited the ability of
invasion of CRC cells (Figure 3(c)). These results suggest that
RasGRF2 plays a key role in promoting CRC cell migration
and invasion.

RasGRF2 promotes tumor metastasis in vivo

In light of our in vitro finding that RasGRF2 promotes CRC
cell migration and invasion, we tested the effect of RasGRF2
knockdown on CRC cell metastasis in vivo. First, we estab-
lished a lung metastatic mouse model by injecting stably
transfected shControl or shRasGRF2 HCT116 cells into the
tail vein of 6 mice respectively'’. As expected, RasGRF2
knockdown in highly invasive HCT116 cell line resulted in
longer overall survival (Figure 4(a)). Then, we performed
hematoxylin/eosin staining on lung sections, results showed
that tumor colonies appeared to be better demarcated, with
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well-circumscribed borders in the RasGRF2 knockdown
groups compared with controls (Figure 4(b)), consistent
with reduced metastatic potential. Collectively, our results
suggest that RasGRF2 contributes to CRC metastasis to the
lung.

RasGRF2 modulates the expression of MMP9 through Src/
PI 3-kinase and the NF-kB pathways

To explore the underlying molecular mechanism for
RasGRF2-mediated CRC cells invasion, we investigated
whether RasGRF2 affected MMP9 expression in CRC cells.
MMPs are key mediators of cell invasion'’, and MMP9 is a
member of the MMP protein family, and has been shown to
play a key role in cancer cell migration'*. As expected, MMP9
expression was inhibited in shRasGRF2 HCT116 cell line
(Figure 5). We also examined the MMP9 expression in lung
colonies of the mice. Similarly, compared with the control
nodules, lesions formed by RasGRF2-knockdown HCT116
cells contained a markedly reduced staining for MMP9
(Figure 4(b)).

Epithelial-mesenchymal transition (EMT) is considered to
a key process during tumor metastasis, so we also examined
whether RasGRF2 is involved in the regulation of EMT in
CRC. As shown in Supplement Figure 1, knockdown
RasGRF2 had no influence on the expression of EMT-related
genes, such as P-catenin and Vimentin.

Previous studies indicated that MMP9 can be regulated
by several cancer-related signaling pathways'>'®, including
PI 3-kinase, NF-kB, and the MAP kinase pathways. To
determine which of these pathways might be responsible
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Figure 3. Knockdown of RasGRF2 in CRC cells inhibits cell migration and invasion. (a) Wound healing assays with control-shRNA and shRasGRF2 transfected SW480
and HCT116 cells. Migration of the cells to the wound was visualized at 0, 48h. (b) Matrigel-free Transwell assays revealed the impact of RasGRF2 on migration ability
in HCT116 and LS174T. (c) Matrigel-based Transwell assay was performed in HCT116 and LS174T cells with or without downexpression of RasGRF2. This figure shows
the representative images and the statistical analysis of three independent experiments. Values are expressed as the meant standard deviation. *P < 0.05 by

Student’s t-test.
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Figure 4. RasGRF2 contributes to CRC cell migration in vivo. (a) Kaplan-Meier survival curves of mice injected with control and RasGRF2-silenced HCT116 cells. n,
number of mice use in each group. (b) Tissue sections from tumor-bearing lung of mice inoculated with control and RasGRF2 knockdown cells were stained with
hematoxylin and eosin (H&E). IHC staining using antibodies against RasGRF2 and MMP9.

in mediating the effect of RasGRF2 on MMP9 expression in
CRC, we investigated how RasGRF2 knockdown affected
the activation states of these pathways. As shown in
Figure 5, downregulation of RasGRF2 in CRC cells resulted
in decreased phosphorylation of Akt, NF-kB, and several
NF-kB regulators, suggesting a suppression of the PI 3-
kinase pathway and the NF-kB pathway. Besides, several
studies have demonstrated that focal adhesion kinase (FAK)
expression and phosphorylation are elevated in invasive
human cancers'®*® and cancer cell lines***. Meanwhile,
PI3K/Akt is one of the pathways that is downstream of
FAK-Src complex®. Therefore, we determined the down-
regulation effect of RasGRF2 on the Fak and Src.
Knockdown of RasGRF2 reduced the phosphorylation of
FAK at Tyr397 and phosphorylation of Src at Tyr416, but
not the phosphorylation of the Src negative regulatory
residue Tyr527. In contrast, RasGRF2 knockdown resulted
in hyperphosphorylation of Erkl/2, indicating the activa-
tion of the MAP kinase pathway. It has been shown that
NF-kB is an important transcription factor that regulates
genes involved in cancer cell migration and invasion®*?’,
and its phosphorylation is regulated by many signaling
pathways, including Akt pathway. The concurrent decreases
in AKT and NF-«xB phosphorylation are consistent with this
possibility. The results of the present study demonstrated

that RasGRF2 knockdown down regulates MMP9 expres-
sion through the Src/PI 3-kinase and the NF-kB pathways.

Discussion

It was reported that human RasGRF2 is expressed in a variety of
tissues™ and several reports have shown decreased expression of
RasGRE2 in cancer cell lines®'°. Although RasGRE?2 is found to
be implicated in some kinds of cancer, the biological functions of
RasGRF?2 have not been fully elucidated. In the current study, our
results indicate increased expression of RasGRF2 in CRC tissues
as well as in colorectal cells. We found that knockdown of
RasGREF?2 results in inhibition of migration and invasion in vitro
and in vivo, but did not affect the proliferation and apoptosis.
Furthermore, we demonstrate that the pro-metastatic activity of
RasGREF?2 is most likely attributed to RasGRF2-mediated activa-
tion of Src/PI 3-kinase pathway and the NF-kB pathway, which
could up-regulates the expression of MMP9 in CRC cells.

The discrepancy of RasGRF2 expression between our results
and the previous study is probably due to unelucidated mechan-
ism. Several studies have reported aberrant methylation of
RasGRF2 in different cancer, such as pancreatic cancers”’,
non-small cell lung cancer® and CRC', which indicated that
RasGRF2 expression may be suppressed in these tissues, based
on an wide recognition that DNA methylation prevents gene
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Figure 5. RasGRF2-regulated expression of MMP9 is dependent on Src/PI3K/Akt/
NF-kB signaling pathway. Western blot analysis of phosphorylation status of
various signaling proteins in RasGRF2-downexpressing CRC cell. GAPDH was
used as the internal control for total proteins.

transcription®®. And this suggested further study of DNA methy-
lation of RasGRF2 should be performed in the future.
Accumulating evidences suggests that RasGRF2 plays a
critical role in movement, invasion and lung colonization of
many kinds of cancer cells®”*>*°. RasGRF2 has been shown
to suppress rounded movement of melanoma cells’, whether
RasGRF2 has a role in metastasis of CRC remains unclear.
Here we show that RasGRF2 is associated with metastatic
potential of CRC cells. Knockdown of endogenous RasGRF2
in CRC cells suppressed cell migration and invasion.

Moreover, the in vivo metastatic assays showed that down-
regulation of RasGRF2 expression significantly decreased lung
metastasis. Above of all, our data shows that RasGRF2 pro-
motes CRC invasion and metastasis. An increase in migration
and invasion ability is an important character of EMT, which
is essential for tumor cells to disseminate to adjacent or
distant tissues. P-catenin and vimentin are two key EMT-
related markers’'. However, in our study, reduced RasGRF2
expression did not affect these two proteins in CRC cells,
implying that RasGRF2-mediated CRC cell invasion and
metastasis is EMT independent.

The expression level of MMPs is implicated to be corre-
lated with the metastatic ability of cancer cells". Particularly,
increased expression of MMP9 is detected in CRC and it is
associated with tumor metastasis’”. An earlier study reported
knockdown of RasGRF1 or RasGRF2 reduced the expression
of MMP3 in fibroblasts®?, which revealed that RasGREF2 may
affect the expression of MMPs. Similarly, in the current study,
we revealed a positive correlation between RasGRF2 and
MMP9 expression in colorectal cancer by RasGRF2 knock-
down. A previous study suggested that MMP9 was regulated
by activating the PI 3-kinase/Akt/NF-«B signaling pathway in
Hepatocellular carcinoma cells'®. We found in our study that
RasGRF2 silencing suppresses MMP9 expression through the
PI 3-kinase and the NF-kB pathways, which may result in
attenuated invasion and metastasis in CRC cells. Besides,
FAK/Src signaling is known for its important effects on cell
migration®* as well as enhanced MMP9 expression>. Bolos,
et al. noted that FAK interacted with Src to activate PI3K
followed by Akt to promote tumorigenicity and metastasis°.
In accordance, our data showed that knockdown of RasGRF2
inhibited activation of the Fak/Src signaling pathway.

It is generally believed that the Ras family of GTPases is
involved in cell proliferation and apoptosis. And there are two
major pathways in oncogenic Ras-driven proliferation: MAPK
(Raf/MEK/ERK) and PI3K/Akt/mTOR. While we observed that
knockdown of RasGRF2 did not affect proliferation and apoptosis
but .results in the upregulation of phospho-Erk level. We suspect
that this activation of Erk may be the reason knockdown of
RasGRE?2 fail to affect cell proliferation and apoptosis. The differ-
ent characteristics that Erk and Akt exhibit in this study may be
due to the cross-inhibition between Ras-ERK and PI3K-Akt
pathways>’. Besides, An earlier study reported that RasGRF2
mediates activation of K-Ras, H-Ras, and to a lesser extent,
N-Ras™. K-Ras is a central player in intracellular signaling and
it may be activated by the EGF receptor or possibly other receptor
tyrosine kinases. Mutations of K-Ras result in the loss of its
GTPase activity and a constitutive activation of K-Ras signalling™.
The cell lines in this paper are all Kras mutated. Therefore, we
speculate that Kras mutations are involved in the cell
proliferation.

In conclusion, our study shows that RasGRF2 is signifi-
cantly upregulated in CRC and high RasGRF2 expression is
associated with CRC invasion and metastasis. Our results also
suggest that RasGRF2 promotes CRC cell invasion by up-
regulating MMP9 through activating Src/PI 3-kinase pathway
and the NF-«kB pathway. Yet, correlations between the inci-
dence of RasGRF2 and other tumour characteristics, such as



grading, tumour size and survival rate need to be analyzed by
collecting more colon cancer patient tissues. More impor-
tantly, the role of RasGRF2 plays in colon cancer needs to
be investigated further in future studies.

Materials and methods
Cell lines and culture conditions

The cell lines were purchased from Shanghai Institutes for
Biological Sciences (Shanghai, China). FHC, SW480 and
LoVo cells were cultured in RPMI 1640 medium (Hyclone,
USA), HCT116 cells were cultured in McCoy’s 5A media
(Hyclone, USA), while LS174T cells were cultured in
Dulbecco’s modified Eagle’s medium (Hyclone, USA). All
the medium was supplemented with 10% FBS (Hyclone,
USA) and 100 U/ml penicillin-streptomycin  mixture
(Solarbio, Beijing). The cells were maintained at 37°C in a
humidified atmosphere of 95% air and 5% CO,.

Lentiviral-mediated RNA interference

A lentiviral vector encoding a short hairpin RNA (shRNA)
targeted against RasGRF2 and a negative control lentiviral
vector were purchased from Genechem (Shanghai, China).
The lentivirus was transfected to SW480, HCT116 and
LS174T cells. The sequences of the three shRNAs targeting
RasGRF2 are as follows:

RasGRF2-RNAi-1: 5-TCTAATGGACAAACTTCAA-3';
RasGRF2-RNAi-2: 5-AGACATCAAGAAGATTAAA-3%
RasGRF2-RNAi-3: 5-TCCTTTCTCCACCAAAGAA-3'.
Stably transfected cell lines were selected using puromycin (4
pg/ml) for 7d.

Human samples

Paired tissues of colorectal cancer and their matched noncan-
cerous samples were obtained from First Affiliated Hospital of
Shanxi Medical University and Shanxi Provincial Cancer
Hospital. Informed consent was obtained before surgery from
each patient. These patients did not receive chemotherapy or
radiotherapy before admission. All samples were immediately
frozen and stored in liquid nitrogen following surgery.

RNA extraction and real-time PCR

Total RNA was extracted from cells or tissues by TRIzol
reagent (Invitrogen, USA) according to the manufacturer’s
information. Single-stranded cDNAs were synthesized with a
PrimeScript™ RT regent Kit with gDNA Eraser (Takara,
Dalian). qPCRs were carried out with SYBR Green PCR
Master Mix (Transgen, Beijing) and StepOne™ &
StepOnePlus™ Real-Time PCR System (Applied biosystems,
USA). The housekeeping gene P -Actin was applied as an
internal control. The following primers were used:
RasGRF2, forward 5-AACCAAAGAACGAATGCGACC-3'
and reverse 5-TGGTGAACGTACTCTGACTCTG-3";
B -Actin, forward 5-CTCACCATGGATGATGATATCGC-3'
and reverse 5-AGGAATCCTTCTGACCCATGC-3'".
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Western blot analysis

Total proteins were isolated from cell or tissues using a lysis
buffer (Beyotime, Shanghai). Proteins were separated by 10%
SDS-PAGE and then transferred to nitrocellulose membrane.
The nitrocellulose membrane was blocked with milk and
incubated with primary antibodies overnight. The detailed
information about the antibodies is shown in S1 Table. The
immune complexes were finally visualized using the ECL
system (Thermo Fisher Scientific, USA).

Tissue microarray

CRC tissue microarray (TMA) was generated from formalin-
fixed, paraffin-embedded tissues of 96 patients collected from
First Affiliated Hospital of Shanxi Medical University and
Shanxi Provincial Cancer Hospital to detect RasGRF2 protein
expression through immunohistochemical analysis. The diag-
noses were conducted by at least two pathologists who were
blind to the patients’ information.

MTT

Cells were seeded at a density of 1 x 10° per well in a 96-well
plate and allowed to grow for 1-5 days, respectively. After the
incubation with 5mg/mL MTT in PBS for 4 h, cells were
treated with 150 ul of dimethylsulphoxide to dissolve the
formazan crystals. The optical density was determined using
a microplate reader at the wavelength of 490 nm. The read-
ings were normalized by abstracting the value of a blank
control.

Flow cytometry analysis of cell apoptosis

Cells were stained with Annexin V-APC/7-AAD Apoptosis
Detection Kit (KeyGEN BioTECH, Jiangsu) following the
manufacturer’s instruction. Data were obtained using a BD
Biosciences FACS Calibur flow cytometer and analyzed using
Flow]Jo software.

Wound healing assays

Wound healing analysis was performed to measure cell migra-
tion. Cells were plated in the 6 well plates and incubated until
they reached nearly complete confluence. Subsequently, a
scratch was made to the cell layer with the pipette tip and
this point was considered as 0 h. Then, cells were cultured in
5% FBS medium at 5% CO, and 37°C for an additional
48 hours. The wound was detected by photomicrographs.

Cell invasion assays

Cells were seeded onto a matrix gel made with serum-free
media in a transwell migration chamber (Corning, USA) with
8 pum pore size membrane on the bottom. The chamber was
inserted in a well of a 24-well plate containing the corre-
sponding media with 10% (v/v) FBS. After 48 hours, the
invaded cells in the lower membrane were stained with crystal
violet and counted under a microscope (Olympus, Japan).
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Experimental metastasis model

BALB/c nude male mice (4-5 weeks old) were purchased
from Hunan SJA Laboratory Animal Co., Ltd. (Hunan,
China). The animals were randomly divided into two groups.
HCT116 cells with stable transfection of shRNA or control
were harvested and washed with PBS and re-suspended at
2 x 107 cells/ml in a serum-free medium. Suspended cells
were injected into the tail veins of mice (0.2 ml/mice). The
weight of mice was recorded for 7 weeks followed by sacrifice
at the end of observation. The lungs were removed and lung
metastasis was measured by hematoxylin/eosin staining. All
experiments were performed according to the Animal Care
and Use Committee guidelines of Shanxi Medical University.

Histology and immunohistochemistry

Sections from formalin-fixed, paraffin-embedded tissues
(4um) were immunostained with NovoLink polymer detec-
tion system (Novocastra Laboratories) according to manufac-
turer’s instructions after antigen retrieval with 10 mM citrate
buffer (pH 6.0) for 5 min at 120°C in autoclave. The sections
were incubated with rabbit polyclonal antibodies to RasGRF2
(Abcam, ab121577; dilution 1:200) or rabbit polyclonal anti-
bodies against MMP9 (Cell Signaling, no. 13667; dilution
1:300) at 37°C for an hour. Hematoxylin/eosin-stained lung
sections of metastatic lesions were detected as well.
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