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Abstract

Metastasis is a major cause of death in patients with colorectal cancer (CRC). Cysteine-rich protein 2
(CSRP2) has been recently implicated in the progression and metastasis of a variety of cancers. However,
the biological functions and underlying mechanisms of CSRP2 in the regulation of CRC progression are
largely unknown.

Methods: Immunohistochemistry, quantitative real-time polymerase chain reaction (qPCR) and
Western blotting (VWB) were used to detect the expression of CSRP2 in CRC tissues and paracancerous
tissues. CSRP2 function in CRC was determined by a series of functional tests in vivo and in vitro. WB and
immunofluorescence were used to determine the relation between CSRP2 and epithelial-mesenchymal
transition (EMT). Co-immunoprecipitation and scanning electron microscopy were used to study the
molecular mechanism of CSRP2 in CRC.

Results: The CSRP2 expression level in CRC tissues was lower than in adjacent normal tissues and
indicated poor prognosis in CRC patients. Functionally, CSRP2 could suppress the proliferation,
migration, and invasion of CRC cells in vitro and inhibit CRC tumorigenesis and metastasis in vivo.
Mechanistic investigations revealed a physical interaction between CSRP2 and p130Cas. CSRP2 could
inhibit the activation of Racl by preventing the phosphorylation of p130Cas, thus activating the Hippo
signaling pathway, and simultaneously inhibiting the ERK and PAK/LIMK/cortactin signaling pathways,
thereby inhibiting the EMT and metastasis of CRC. Rescue experiments showed that blocking the
p130Cas and Racl activation could inhibit EMT induced by CSRP2 silencing.

Conclusion: Our results suggest that the CSRP2/p130Cas/Racl axis can inhibit CRC aggressiveness and
metastasis through the Hippo, ERK, and PAK signaling pathways. Therefore, CSRP2 may be a potential
therapeutic target for CRC.
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Introduction

Colorectal cancer (CRC) is one of the most
common malignant tumors worldwide and the fourth
leading cause of cancer-related deaths. Metastasis and
recurrence are the leading causes of death in patients
with CRC [1]. Although many altered pathways and
abnormal genes have been identified, the precise

molecular mechanisms underlying the tumorigenesis
and metastasis of CRC are not entirely clear [1, 2].
Therefore, there is an urgent need to explore the
underlying molecular mechanisms in CRC recurrence
and metastasis.
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Cysteine-rich protein 2 (CSRP2) is a member of
the LIM-only family of cysteine-rich proteins and
contains two LIM domains [3]. Members of this family
include CSRP1, CSRP2, and CSRP3. These proteins
have the LIM zinc finger domain, which is generally
considered the entity of protein-protein interaction
and plays a key role in a variety of biological
processes, such as signal transduction, cytoskeleton
formation, cell proliferation, and differentiation [4].
The three CSRPs (CSRP1-3) are preferentially
expressed in muscle cells and localized in the nucleus
and cytoplasm. In the nucleus, CRPs can interact with
transcription factors, such as MyoD, SRF, and GATA
family proteins, to facilitate smooth (CRP1 and CRP2)
or striated muscle (CRP3) differentiation [5]. In the
cytoplasm, they decorate filamentous actin structures
and participate in cytoskeletal remodeling [6].
However, the exact function of these proteins remains
unclear.

CSRP2 is widely expressed in various tissues [7].
Previous studies have shown that CSRP2 contributes
to the assembly and/or maintenance of the actin
backbone. It is involved in actin cytoskeleton
rearrangement, and a lack of CSRP2 can promote the
migration of vascular smooth muscle cells [8]. CSRP2
has been studied in several tumors, including breast
[9], gastric [10], hepatocellular cancers [11] and
lymphoblastic leukemia [6] and is involved in the
proliferation, migration and invasion of tumor cells.
However, the CSRP2 role is controversial in different
tumors, and its precise cellular function needs to be
further elucidated. The expression of CSRP2 in CRC
and its role in the growth and progression of CRC is
unknown.

In this study, we found that the expression of
CSRP2 was lower in CRC and correlated with poor
prognosis. Further investigations revealed that CSRP2
could interact with p130Cas to suppress the activation
of Racl and then inhibit EMT and metastasis of CRC
via activating Hippo and inhibiting ERK and PAK-
LIMK-cortactin signaling pathways. For the first time,
our findings provide a deeper understanding of the
functions and mechanisms of CSRP2 in CRC
progression and may contribute to the development
of new therapeutic targets for CRC.

Materials and Methods

Cell culture

FHC (CRL-1831) and 7 human CRC cell lines,
including HCT116, SW620, HCT15, SW480, RKO,
SW1116, and LoVo, came from the Cell Bank of
Chinese Academy of Sciences (Shanghai). All cells
were identified by (Str) map of short tandem repeats
and passaged less than 6 months after resuscitation.

All CRC cell lines were cultured in RPMI 1640
medium  (Gibco, Gaithersburg, MD, USA)
supplemented with 10% fetal bovine serum (Hyclone,
Logan, USA) and 100 pm U/mL penicillin/
streptomycin (Gibco) in a 37 °C humidified chamber
containing 5% COx.

Tissue preparation

20 pairs of fresh CRC tissues and paired normal
colorectal tissues from patients with primary CRC in
Nanfang Hospital were analyzed by WB and qPCR.
(Guangzhou, China). Tissue paraffin specimens of 215
patients with primary CRC were collected in Nanfang
Hospital from 2000 to 2005. None of these patients
received any chemotherapy or radiotherapy before
the operation. The classification system (PTNM)
determines the stage of the disease according to the
size of the tumor, lymph node metastasis, and distant
metastasis [12].

Immunohistochemistry

The immunohistochemical (IHC) method was
used to detect the expression of CSRP2 protein in 215
pairs of paraffin-embedded CRC tissues and matched
adjacent normal colorectal tissues. The slices were
heated, dewaxed, rehydrated, and put into sodium
citrate buffer (pH buffer = 6.0) for antigen repair. The
slide was then soaked in 3% hydrogen peroxide to
inhibit endogenous peroxidase activity and sealed
with sheep10% FBS/PBS. After rinsing three times,
the slices were incubated overnight with the first
antibody (rabbit anti-CSRP2, 1:500 dilution, #
HPA045617; Sigma) at 4 °C. Slices were washed three
times using PBS and then treated with a second
antibody (anti-rabbit IgG 1:2000 diluted, # 7074; Cell
Signal Technology, Danvers, MA, USA) for 40 min at
37 °C. After being stained with 3BI-3-diamino-
benzidine (DAB), it was stained with hematoxylin,
dehydrated, sealed, and observed.

IHC scores based on staining intensity and
percentage of positive tumor cells were performed by
two independent pathologists who did not know the
clinical data. The staining intensity scores were 0
(negative), 1 (weak), 2 (medium) and 3 (strong).
According to the percentage of the positive staining
area of the specimen in the entire tumor area or the
entire section, the staining degree was scored as 0
(0%), 1 (1-25%), 2 (26-50%), 3 (51-75%), 4 (76-100%).
The sum of the strength and range scores is used as
the final score of the CSRP2 (0-12). The final staining
score of more than 7 was regarded as high expression
and the score of less than 7 was regarded as the low
expression of CSRP2.
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RNA extraction and qPCR

Trizol reagent (Invitrogen, Carlsbad, CA) was
used to extract the total RNA of cells and fresh tissues.
PrimeScript RT kit (Promega, Madison, WI, USA) was
used to synthesize cDNA. qPCR was performed in
ABI7500 Real-time PCR system (Applied Biosystems,
Foster City, USA) using SYBR PreMix ex Taq
benchmark (Takala, Dalian, China) . The expression of
related genes was measured by the comparative
2-AACT method. The sequence of primers used to
amplify CSRP2 is 5'- TCACGATGAAGAGATCTAC
TGC -3’ (forward) and 5(f AGTGTTTGGATTTGTITG
TAGGC-3" (reverse). GAPDH was used as an
endogenous control.

Western blotting analysis

Protein from cell or tissue lysates was separated
by SDS-polyacrylamide gel electrophoresis (PAGE)
and electro-transferred onto a polyvinylidene
difluoride (PVDF) membrane (Pall Corp, Port
Washington, NY). Then the membranes were blocked
with 5% skimmed milk and incubated using primary
antibodies anti-CSRP2 (1:800 dilution, Sigma), anti-
GAPDH, anti-p130Cas, anti-p-p130Cas (Tyr410), anti-
PAK, anti-p-PAK, anti-LIMK, anti-p-LIMK, anti-
cortactin, anti-p-cortactin, anti-E-cadherin, anti-N-
cadherin, anti-vimentin, anti-p-catenin (Cell Signaling
Technology, Beverly, MA), anti-LATS1, anti-Yap
(Proteintech), anti-ERK1/2, anti-p-ERK1/2 (Thr202/
Tyr204), anti-p-Yap (Ser127) (Absci), anti-p-LATS1
(Thr1079/1041) (Bioss) at 4 °C. Then the membranes
were incubated with appropriate secondary anti-
bodies (anti-rabbit IgG, 1:3000 dilution, #7074; cell
signaling). Enhanced chemiluminescence (Pierce,
Rockford, 1L, USA) was used to detect the signal.

Lentiviral and plasmid transduction and
transfection

The lentiviral vector LV-CSRP2 (7 x 108 TU/mL)
(Gen Chem, Shanghai, China) containing puromycin
resistance gene, luciferase gene, and CSRP2
overexpression gene was transfected into human
adenocarcinoma cell lines HCT116 and RKO. At the
same time, the blank vector (CON285; 5 x 108 TU/mL)
containing puromycin resistance gene and luciferase
gene was used to transfect HCT116 and RKO as
negative control (NC). Besides, lentiviral vector LV-
CSRP2-RNAi (4 x 108 TU/mL) (Gen Chem, Shanghai,
China) containing puromycin resistance gene,
luciferase gene, and CSRP2 silencing gene was
transfected into human adenocarcinoma cell lines
SW480 and HCT15. And the blank vector (CON206; 8
x 108 TU/mL), containing puromycin resistance gene
and luciferase gene, was used to transfect SW480 and
HCT15 cells as negative control (NC). p130Cas-WT is

a wild-type p130Cas plasmid constructed by inserting
BCAR1 into vector PCDNA3.1 (You ming,
Guangzhou, China). p130Cas-F15 is a human p130Cas
mutant lentivirus (pSLenti-CMVBCAR1 (MUTs)
-PGK-Puro-WPRE) by mutating all 15 tyrosines
within the common motif YXXP in the P130Cas
substrate domain (SD) to phenylalanine(Heyuan,
Shanghai, China).POLO Deliver 3000 transfection
reagents were purchased from Shanghai Remos
Biotechnology Co., Ltd. Then, transduced cells were
selected for 14 days with 0.6mg/mL puromycin.
Protein and mRNA of transfected cells were extracted
for qPCR and WB analyses.

Cell proliferation assay

1 x 108 cells were seeded on 96-well plates and
cultured for 24h. 2-(2-Methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfothenyl)-2H-tetrazolium salt
(CCK-8, Dojindo, Rockville, USA) solution was added
to each well and incubated for 2h, then the
absorbance of each well was measured at 450 nm with
a Microplate Autoreader (Bio-Rad, Hercules, CA,
USA). The experiment was repeated 3 times.

Colony formation assay

The cells were inoculated on a 6-well plate (200
cells per well) and cultured for 2 weeks. Cells were
fixed 30 minutes with 4% paraformaldehyde and dye
with 1% Giemsa for 15 minutes. Count the number of
colonies with cells more than 50. Three independent
experiments were performed.

Cell wound healing assay

1.2 x10¢ cells were inoculated on a 6-well tissue
culture plate and incubated for 24 hours. Scratched
wounds were made with 10 pl pipettes, and then the
plate was washed for 3 times and cultured with
serum-free RPMI 1640. The wound closure was
observed at 0 h and 72 h, respectively. Images were
taken to evaluate the level of cell migration. The
ability of cell migration was quantified by measuring
the distance between the advancing edges of cells in
three randomly selected microscopic fields (x horizon
200) at each time point.

Transwell invasion assay

The upper chamber of the Transwell chamber
was pre-coated with Matrigel, and 2 x10°cells
suspended in serum-free media were placed in the
upper compartment of 8-pm-pore Transwells (BD
Biosciences, San José, CA, USA) and 10% FBS was
used as a chemo-attractant filled in the lower
compartment. The cells were cultured at 37 °C for 2
days. The cells successfully passing through the
8-pm-hole were stained with 0.5% crystal violet for 15
minutes, and 5 visual fields (x fields 200) were
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randomly selected under the microscope and the cells
were counted.

Immunofluorescent (IF) assay

The cells were fixed with 4% paraformaldehyde
for 15 minutes, washed three times, and then
thoroughly penetrated with 0.5% Triton X Triton 100
for 15 minutes, then washed three times with PBS and
sealed with 10% fetal bovine serum for 1 hour, then
the first antibody was incubated overnight at 4 °C,
and then incubated with green goat anti-rabbit
antibody and red goat anti-rabbit antibody. After
re-staining with 4-amino-6-diamino-2-phenylindole
(DAPI, Sigma), the images were captured using an
Olympus FV1000 confocal laser scanning microscope
(Olympus USA, NY, USA) and Karl Zeiss inverted
laser confocal microscope (LSM 880 with Airyscan,
Germany). Statistical analysis results by using Image J
software. The pseudopodia were observed by living
staining with phalloidin (Cytoskeleton, PHDHI)
staining and DAPI (nuclear staining) staining after the
cells were fixed and permeated.

Co-immunoprecipitation (co-IP) assay

A total of 1 x 106 HCT116/CSRP2 cells (cells with
overexpression of CSRP2 lentiviral) were inoculated
in 10 cm plates. After 48 hours of culture, the cells
were washed with cold PBS. The cold RIPA buffer is
then added to the dish and the cells are scraped off
with a pre-cooled scraper. Transfer the suspension to
a new EP tube, oscillate for 15 min, and then
centrifuge at 4 °C 1400 g for 15 min. Agarose beads
were added to the protein (100 pL protein an
agarose/1 mL protein). After shaking for 10 minutes
at 4 °C, the sample was centrifuged at 1400 pg at 4 °C
for 15 min, to remove protein G beads. The anti-
CSRP2 (or anti-p130Cas) antibody was then rotated
and incubated overnight at a temperature of 4 °C, and
protein A was added the next day to capture the
antigen-antibody complex. The complex was rotated
and incubated overnight at 4 °C. After washing with
washing buffer, the samples were centrifuged at 4 °C
1400 g for 2 min and repeated 6 times. The sample was
boiled and denatured for 5 minutes and then washed
with SDS-PAGE loading buffer. Finally, the samples
were separated by SDS-PAGE and analyzed by WB.

Pulldown assay for RhoA, Cdc42 and Racl
activity

The active Racl/Cdc42/RhoA (GTP binding
form) was isolated according to the scheme provided
by cytoskeletons “RhoA/Racl/Cdc42 Activation
Assay Combo Biochem Kit” (stock number: BK034,
BK035, BK036). For the Racl activation inhibitor
NSC23766 treatment, the cells were incubated in the
medium containing 50uM NSC23766 for 24 hours.

Cdc42, Racl, and RhoA antibodies were used to detect
the total amount and activity of total Cdc42, Racl and
RhoA in the kit.

Scanning electron microscopy (SEM)

Cover slides were added to the 24-well plate in
advance to make the cells grow on the cover slides.
When the fusion degree reaches about 50%, stop the
culture of the sample, wash it with low temperature
PBS, add 2.5% glutaraldehyde and fix it at room
temperature for 1 hour. Then place it at 4 °C for 3
hours or overnight (pay attention to prevent drying).
Then, it was dehydrated in increasing concentrations
of acetone, and critical-point dried, fixed to stubs with
colloidal silver, sputtered with gold using a MED 010
coater and examined wunder an S-3000N
scanning electron microscope (HITACHI Company,
Japan) [13].

Tumourigenesis in nude mice

BALB/C-nu/nu nude mice (3-4 weeks old) were
provided by the Experimental Animal Center of
Southern Medical University and certified by
Guangdong Provincial Science Bureau. HCT116 cells
stably overexpressing CSRP2 lentivirus (2 x 10°) and
control cells (6 mice in each group) or CSRP2 stably
knockdown SW480 cells and control cells (6 mice in
each group) were injected subcutaneously into the left
and right hind legs of mice. Use a digital caliper to
estimate the tumor volume (volume = (length x
width?) /2) from two vertical axes every four days,
and take a general picture of the tumor. The primary
tumor was surgically resected, dehydrated, fixed,
embedded in paraffin, and sectioned. The sections
were stained with hematoxylin-eosin and observed
under the microscope.

Mouse model of orthotopic liver metastasis

As mentioned earlier, a mouse model of
orthotropic metastasis of colorectal cancer was
established [14, 15]. Balb/C-nu/nu nude mice (3-4
weeks old) (Animal Center, Southern Medical
University, Guangzhou, China) were anesthetized
and disinfected. After laparotomy, the cells (2 x 100 /
mouse) were injected into the subserous layer of
cecum in nude mice. The mice were killed on the 60nd
day after surgery, and the intestinal and liver tissues
were separated, and the metastasis was observed by
histological analysis.

In vivo imaging of firefly Luc activity

A scheme of non-invasive detection of luciferase
activity in nude mice expressing Luc by
bioluminescence using an instrument (FX Pro, USA)
[16].
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P130Cas and Racl rescue experiments

p130Cas-WT plasmid, p130 Cas-F15 and Racl
activation inhibitors (NSC23766, Selleck Chemicals,
Houston, TX, USA) were added to cells SW480/
shCSRP2, HCT15/shCSRP2 and its control cells
respectively. WB analysis of p130Cas phosphorylation
(20 minutes after culture) and Biochem Kit analysis of
Racl activation test (24 hours after culture) was
performed. The cells were then harvested for the same
cell function test as before.

Ethics approval and consent to participate

All experiments performed in this study are
following the ethical standards of Southern Medical
University (Guangzhou, China) and the Declaration
of Helsinki. Informed consent does not apply to all
data that were going to be analyzed anonymously. All
animal experiments were approved by the Animal
Care and Use Committee of Southern Medical
University and complied with the guidelines for the
ethical treatment of animals.

Statistical analysis

All data were analyzed by SPSS19.0 statistical
software package. qPCR was analyzed by #-test and
one-way ANOVA. The comparison between groups
was statistically significant by a 2-tailed paired
Student f-test. Pearson’s chi-squared (x?) test was
used to analyze the correlation between the
expression of CSRP2 and clinical-pathological factors.
For patients with different levels of CSRP2 expression,
the Kaplan-Meier method was used to draw the
survival curve. It is considered that P < 0.05 is
statistically significant.

Results

CSRP2 is downregulated in CRC and
associated with advanced tumor progression
and poor prognosis of CRC

qPCR and WB analysis showed that the
expression level of CSRP2 in CRC cell lines, including
SW480, HCT15, SW620, LoVo, RKO, HCT116, and
SW1116, was down-regulated compared with a
normal colon cell line (FHC) (Figure 1A-B). We
employed the oncogene chip database and web-based
data mining platform Oncomine to identify the
expression level of CSRP2 in CRC tissues. The results
showed that CSRP2 was significantly down-regulated
in CRC tissues compared with adjacent normal tissues
(P < 0.001) (Figure 1C). To validate this observation,
we used qPCR and WB to analyze the expression of
CSRP2 in 20 pairs of fresh CRC tissues and matched
adjacent normal mucosa. The expression level of
CSRP2 mRNA and protein in CRC tissues was

significantly lower than normal tissues (P < 0.01)
(Figure 1D-F). We further used immunohisto-
chemistry (IHC) to analyze the expression level of
CSRP2 in 215 paraffin-embedded CRC tissue samples
collected from Nanfang Hospital. CSRP2 was mainly
expressed in the cytoplasm and cell membrane of
CRC cells (Figure 1G). Compared with adjacent
normal tissues, a significantly decreased expression of
CSRP2 was observed in 67.4% (145/215) of CRC
tumors (Figure 1G). The total score of CSRP2
expression in CRC was significantly lower than that in
adjacent normal mucosa (P < 0.001) (Figure 1H).

The clinical data of the patients were analyzed to
investigate the correlation between the expression of
CSRP2 and the clinicopathological features of CRC.
The results showed that the expression of CSRP2
protein was negatively correlated with lymph node
status (P < 0.001), distant metastasis (P < 0.05) (Figure
1]), vascular invasion (P < 0.001), and clinical stage (P
< 0.001) (Figure 1I). There was no significant
difference between its expression and age, sex, tumor
size, tumor location, and differentiation (P > 0.05,
Supplementary Table S1 and Table S2). By analyzing
the tumor size in patients with clinical stage I+ II and
stage III + IV, we found that CSRP2 expression in
stage I + II, but not in stage IIl + IV, was related to
tumor size (Supplementary Table S3). Also, the
Kaplan-Meier survival analysis showed that the
overall survival rate and disease-free survival rate of
the low CSRP2 expression group were lower than
those of the high expression group (P < 0.001, P <0.01,
Figure 1K-L).

Overexpression of CSRP2 inhibits aggressive
phenotype and tumorigenicity of CRC cells

To study the possible function of CSRP2 in the
progression of CRC, two CRC cell lines with stable
overexpression of CSRP2, HCT116/CSRP2, and
RKO/CSRP2, were established. HCT116 and RKO
transfected with an empty lentiviral vector were used
as the negative controls. WB and qPCR analysis
confirmed that the transfection was effective (Figure
2A-B). CCK8 and colony formation assays showed
that CSRP2 overexpression inhibited proliferation of
HCT116 and RKO cells (Figure 2C-D). Also,
overexpression of CSRP2 significantly inhibited the
migration and invasion of CRC cells detected by
wound healing and Transwell invasion assays (P <
0.05, Figure 2E-F). Furthermore, the effect of CSRP2
on tumor growth in vivo was analyzed following
subcutaneous injection of HCT116/CSRP2 cells and
control cells in nude mice. As shown in Figure 2G, the
tumors derived from HCT116/CSRP2 cells developed
slower than the negative control with a smaller tumor

volume (Figure 2G; n = 6; P < 0.05). In addition, IHC
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staining confirmed that the Ki-67 proliferation index
of tumors derived from HCT116/CSRP2 cells was
lower than from HCT116/ Vector cells (Figure 2H; P <
0.001).

Down-regulation of CSRP2 promotes
aggressive phenotypes and tumorigenicity of
CRC cells

To clarify the effect of CSRP2 knockdown on

CRC cells, lentiviral vectors carrying sOpecifically
targeted CSRP2 were used to silence the expression of
endogenous CSRP2 in SW480 and HCT15 cells (Figure
3A-B). As shown in Figure 3C-3F, the knockdown of
CSRP2 promoted the ability of cell proliferation,
migration, and invasion. The subcutaneous tumor
model showed that the tumors derived from
SW480/shCSRP2 cells developed slower than those
derived from SW480/Control with a larger tumor
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volume (Figure 3G; n= 6; P < 0.05). Moreover, the
Ki-67 proliferation index of tumors derived from
SW480/shCSRP2 cells was higher than those derived
from SW480/ Control cells (Figure 3H; P < 0.001).

CSRP2 suppresses tumorigenicity and
metastasis of CRC in vivo

To verify the effect of endogenous CSRP2 on the
metastatic ability of CRC, we injected SW480/ Control
cells and SW480/shCSRP2 cells into the subserosa of
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the cecum in nude mice to establish the orthotopic
liver metastasis model. Luciferin substrate was
injected into the abdominal cavity of nude mice on
day 30 and 60. Subsequently, luciferase-labeled
SW480/shCSRP2 cells were detected by bio-
luminescence in vivo imaging. We found that all 7
pairs of metastases were successfully modeled in
mice. The bioluminescence signal of the SW480/
shCSRP2 group was stronger than that of the control
group with liver metastasis in 4 mice (57.1%)
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Figure 2. CSRP2 suppresses CRC cell proliferation, migration and invasion. (A) Overexpression of CSRP2 was confirmed in HCT116 and RKO cells by WB. (B)
Overexpression of CSRP2 was confirmed in HCT116 and RKO cells by qPCR. (C) CCK8 assay assessed the proliferation ability of CSRP2-overexpressed CRC cells. (D) Colony
formation assay assessed the proliferation ability of CSRP2-overexpressed CRC cells. (E) Transwell invasion assay assessed invasive ability of CSRP2-overexpressed CRC cells. (F)
Wound healing assay assessed migration capability of CSRP2-overexpressed CRC cells. (G) The determination of subcutaneous tumor of nude mice respectively constructed by
CSRP2-overexpressed CRC cells and control cells. (H) H&E, Ki-67 and E-cadherin staining of subcutaneous tumor. Data are shown as mean + SEM.
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compared to only 1 mouse (14.3%) in the control = SW480/shCSRP2 group was significantly larger than
group (Figure 3I). The nude mice were killed 60 days  the control group (Figure 3J; P < 0.05). The intestinal
later and the intestinal and liver tissues of the nude  and liver tissues were stained with H&E and the
mice were dissected. The size of colon tumors in the  metastasis was confirmed by microscopy (Figure 3K).
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Figure 3. CSRP2 depletion promotes the progression of CRC cells in vitro and in vivo. (A) Western blot analysed confirmed the successful construction of stable
CSRP2 depletion in SW480 and HCTI5 cells. (B) qPCR analysed confirmed the successful construction of stable CSRP2-depletion in CRC cells. (C) CCKS8 assay assessed the
proliferation ability of CSRP2-depleted CRC cells. (D) Colony formation assay assessed the proliferation ability of CSRP2-depleted CRC cells. (E) Transwell invasion assay
assessed invasive ability of CSRP2-depleted CRC cells. (F) Wound healing assay showed migration capability of CSRP2-depleted CRC cells. (G) The determination of
subcutaneous tumor of nude mice respectively constructed by CSRP2-depleted CRC cells and control cells. (H) H&E, Ki-67 and E-cadherin staining of subcutaneous tumor. (I)
Representative photographs of liver metastasis of CSRP2-depleted SW480 cells and control cells on 30 and 60 days post-inoculation by in vivo fluorescence imaging (left).
Summary results of nude mice presenting with liver metastasis between CSRP2-depleted SWW480 group and control group (right). (J) Dissection of intestinal and liver in in situ
implant CRC nude mice. (K) The intestinal and liver tissues were stained with H&E and observed under the light microscope. Data are shown as mean + SEM.
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Figure 4. CSRP2 inhibits EMT and modulates p130Cas phosphorylation and Racl activation in CRC cells. (A) Western blot was performed to detect the EMT
marker proteins expression alteration of CSRP2-overexpressed or -depleted cells compared to control cells. (B) IF staining analyzed the EMT marker proteins expression
alteration of CSRP2-overexpressed or -depleted cells compared to control cells. (C) Interaction between CSRP2 and p130Cas was confirmed by co-immunoprecipitation assay.
(D) IF staining assay with Z-stack was used to confirme the interaction between CSRP2 and p130Cas. Using co-location scatter diagram and PCC to analyze co-location (PCC:
Pearson correlation coefficient). (E) Western blot was performed to detect the protein expression changes of pI30Cas and phosphorylated p130Cas (p-p130Cas) between
CSRP2-overexpressed or -depleted cells and control cells. (F) Immunohistochemical detection of the correlation between CSRP2 and p-p130Cas in serial sections of the same
CRC tissues and adjacent normal mucosa. (G) The chart is the statistics of correlation coefficient of figure F. (H) Protein expression alterations of Racl, RhoA, Cdc42, and their
active form, were detected by western blot in CSRP2-overexpressed or-depleted cells and control cells.

CSRP2 inhibits EMT and modulates
phosphorylation of p130Cas and activation of
Racl in CRC cells

Liver metastasis is considered the leading cause
of death in patients with CRC. Studies have shown
that abnormal EMT-related markers are an important
cause of tumor cell growth, migration, and invasion
[17]. WB showed that with an increase in the CSRP2
protein, the expression of epithelial marker E-

cadherin was up-regulated, while that of N-cadherin,
B-catenin, and vimentin was down-regulated.
Opposite results were observed with the inhibition of
CSRP2 (Figure 4A). Immunofluorescence (IF) analysis
further confirmed that overexpression of CSRP2
inhibited EMT in CRC cells (Figure 4B;
Supplementary Figure S1A-B). More significantly,
CSRP2 could inhibit the invasion and migration of
CRC cells in vitro (Figure 2E-F and Figure 3E-F) and
liver metastases of tumors in vivo (Figure 31 and K).
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These results implied that CSRP2 might impede the
invasion and metastasis of CRC cells by inhibiting
EMT.

Next, we explored the mechanism of CSRP2
inhibition of EMT involved in the progression of CRC.
An interaction between CSRP2 and p130Cas in mouse
vascular smooth muscle was previously reported [18].
Studies have also reported an abnormal activation of
the p130Cas/BCAR1 signaling network in various
cancers that may lead to the upregulation of
regulatory pathways, which can promote cell
transformation [19]. We, therefore, explored whether
CSRP2 interacts with pl130Cas in CRC cells and
whether CSRP2 participates in the progression of CRC
by affecting the expression and/or phosphorylation
activity of pl30Cas. We detected an interaction
between CSRP2 and pl30Cas by co-immuno-
precipitation (Co-IP) (Figure 4C). The IF assay further
confirmed the co-localization of CSRP2 and p130Cas
(Figure 4D; Supplementary Figure S1B). WB and IF
assay showed no significant change in total p130Cas
in CRC cells by either overexpressing or silencing
CSRP2 (Figure 4D-E; Supplementary Figure S1C).
However, p130Cas often  functions via
phosphorylation. There are three most common
tyrosine kinase sites, Tyrl65, Tyr249, and Tyr410, in
the substrate domain, which play important roles in
cytoskeleton remodeling, migration, and invasion [20,
21]. We used antibodies of the phosphorylated Tyr410
site to detect the phosphorylation level of p130Cas
and found that the phosphorylated pl130Cas
(p-pl30Cas) was down-regulated in CRC cells
overexpressing CSRP2, while the p-p130Cas was
up-regulated in CRC cells lacking in CSRP2 (Figure
4E; Supplementary Figure SID-E). Also, the
phosphorylation level of p130Cas in the samples with
low expression of CSRP2 was increased, as detected
by IHC using serial sections of tumors. This result was
confirmed by WB with proteins extracted from fresh
CRC tissues. Furthermore, E-cadherin was down-
regulated and vimentin was up-regulated in fresh
CRC tissues with low expression of CSRP2 (Figure
4F-G; Supplementary Figure S2A).

It has been reported that phosphorylation of
pl30Cas leads to the activation of the Rho GTPase
Racl [22]. In many cancers, such as medulloblastoma,
breast, ovarian, and various other cancers, p130Cas
activates Racl and affects cancer progression [23-25].
We speculated that the up- or down-regulation of
CSRP2 would activate Racl in CRC. Racl activation
kit was used to monitor the activation of Racl, and the
results showed that the activated form of Racl
(Racl-GTP) was decreased following overexpression
of CSRP2, while it was increased after silencing
CSRP2 (Figure 4H). There was no significant

difference in the activation of two other Rho GTPases,
RhoA and Cdc42, between CSRP2 overexpression or
its silencing in CRC and control cell lines (Figure 4H).
Since p130Cas phosphorylation is often activated by
Src, dasatinib, a Src inhibitor [26], was added to
CSRP2-silenced cell lines, SW480/shCSRP2 and
HCT15/CSRP2, and their control groups. The results
showed that dasatinib could reverse the phos-
phorylation level enhanced by p130Cas after silencing
CSRP2 and also reversed the enhanced invasive
ability of cells (Supplementary Figure S2B-C).

CSRP2 suppresses EMT through the Hippo,
ERK, and PAK signaling pathways in CRC

Previous studies have shown that RhoA/Racl
GTPase is an important link with Hippo, ERK, and
PAK signaling pathways involved in tumor
progression [27-34]. The Hippo signaling pathway is
an evolutionarily conserved kinase cascade pathway,
a key regulator of development and homeostasis in
tissues, and its dysregulation contributes to cancer
development [32, 33]. We hypothesized that CSRP2
affects the development of CRC by activating the
Hippo pathway. The WB analysis showed no
significant change in total LATS1 and YAP proteins
following  overexpression of CSRP2,  while
phosphorylated LATS1 and YAP were up-regulated.
The opposite result was obtained after silencing
CSRP2 (Figure 5A).

Several recent studies have shown that
activation of Racl could promote EMT and tumor
progression by activating the ERK signaling pathway
[31, 34]. Racl also influenced pseudopodia changes
through the PAK-LIMK signaling pathway, leading to
cell migration, invasion, and EMT [27, 28, 35]. We
explored whether CSRP2 affected the PAK-LIMK and
ERK signaling pathways to regulate EMT and
metastasis of CRC. WB showed that CSRP2 did not
affect the expression of ERK1/2, PAK, LIMK, and
cortactin, but down-regulated the phosphorylated
forms of these proteins (Figure 5B). The PAK-
LIMK-cortactin signaling pathway was reported to
mainly promote cell pseudopodia [27, 36-38]. Our IF
results showed that the size of plasma membrane
bubbles of shCSRP2 cells decreased significantly, and
the pseudopodia (microspikes) became weaker,
shorter, and sparser than the control group (Figure
5C-D). SEM also found that shCSRP2 cells had
significantly elongated and enlarged pseudopodia,
while the control cells had only a few short
pseudopodia (Figure 5E-F). Collectively, these data
suggested that CSRP2 might suppress EMT through
the Hippo, ERK, and PAK signaling pathways in
CRC.
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Figure 5. CSRP2 affectes the Hippo, ERK, and PAK signaling pathways and the pseudopodia formation in CRC cells. (A) WB was performed to detect the
activation of Hippo and ERK pathways in CSRP2-overexpressed or -depleted CRC cells and control cells. (B) WB was performed to detect the activation of PAK, LIMK and
cortactin in CSRP2-overexpressed or -depleted CRC cells and control cells. (C) IF staining analyzes the pseudopodia of CSRP2-overexpression CRC cells. (D) Phalloidin IF
staining analyzes the pseudopodia of CSRP2-depletion CRC cells. (E) The pseudopodia of CSRP2-overexpression CRC cells was detected by scanning electron microscope; (F)

The pseudopodia of CSRP2 depletion cells was detected by SEM.

CSRP2 suppresses CRC progression via
p130Cas/Racl-modulated Hippo, ERK, and
PAK signaling pathways

To further clarify the above mechanism, we used
wild-type pl130Cas (p130Cas-WT) and mutant
p130Cas (p130Cas-F15) to transfect SW480/shCSRP2,
HCT15/shCSRP2 and control cells, [39], and detected
a variety of changes in many relevant proteins. We
found that the phosphorylation level of p130Cas in
pl30Cas-F15- transfected SW480/shCSRP2 and
HCT15/shCSRP2 cells was significantly decreased
(Figure 6A) while there was no change in the
decreased CSRP2 expression (Figure 6C). Also, the
elevated Racl-GTP was decreased (Figure 6B) but the
total protein levels of LATS1 and YAP showed no
significant difference, albeit their corresponding

phosphorylation levels were increased. Finally, the
total protein level of ERK1/2 remained unchanged
but the up-regulated p-ERK1/2 level was decreased
(Figure 6C). Meanwhile, EMT epithelial marker
E-cadherin was up-regulated, while interstitial
markers N-cadherin, p-catenin, and vimentin were
down-regulated (Figure 6C). IF analysis also showed
that p130Cas-F15 inhibited the EMT in CRC cells
(Figure 6D; Supplementary Figure S2D). The total
proteins of PAK, LIMK and cortactin in the PAK
signaling pathway were not changed significantly,
but the corresponding phosphorylation levels were
decreased (Figure 6E). The pseudopodia formation in
p130Cas-F15 cells was weaker, shorter, and sparser
than in the p130Cas-WT cells, as is evident from the IF
analysis (Figure 6F). The SEM results were similar to
those of IF (Figure 6G). Transwell invasion assay
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showed that the invasive ability of SW480/shCSRP2
and HCT15/shCSRP2 cells treated with p130Cas-F15
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Figure 6. CSRP2 regulates Hippo, ERK, and PAK signaling pathways through p130cas/Racl mediation to inhibit CRC cell invasion and EMT. (A) WB was
performed to deteced the expression of total p130Cas and p-p130Cas in CSRP2-depleted CRC cells and control cells treated with wild-type and mutant p130Cas. (B) Racl
activation was detected by WB. (C) WB was performed to detect the activation of LATSI, YAP in Hippo signal pathways and the activation of ERK in ERK signal pathways, and
the protein expression changes of EMT markers. (D) The expression of E-cadherin and vimentin were analyzed by IF. (E) WB was performed to detect the activation of PAK,
LIMK and cortactin in the skeleton signal pathway. (F) Phalloidin IF staining analyzes the pseudopodia. (G) The changes of pseudopodia were detected by SEM. (H) Transwell

invasion assay was performed to analyze the invasive ability of cells.
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Figure 7. CSRP2 regulates Hippo, ERK, and PAK signaling pathways to suppresses CRC cell invasion and EMT via Racl. (A) Racl activation was detected by
WB in CSRP2- depleted CRC cells and control cells treated with Racl inhibitor NSC23766. (B) WB was performed to detect the activation of LATSI, YAP in Hippo signal
pathways and the activation of ERK in ERK signal pathways, and the changes of EMT markers. (C) The expression of E-cadherin and vimentin were analyzed by IF. (D) WB was
performed to detect the activation of PAK, LIMK and cortactin in the skeleton signal pathway. (E) Phalloidin IF staining analyzes the pseudopodia. (F) The changes of pseudopodia
were detected by scanning electron microscope. (G) Transwell invasion assay was used to analyze the changes of invasive ability of cells; (H) Schematic diagram showing the
mechanism of action of CSRP2 in CRC. CSRP2 could inhibit the activation of Racl by inhibiting the p-p130cas, thus promoting the activation of the Hippo pathway, and
simultaneously inhibiting the PAK-LIMK-cortactin and ERK signal pathway, thereby inhibiting the EMT and metastasis of CRC.

Invasion & Metastasis

Furthermore, we treated SW480/shCSRP2 and  NSC23766 in CSRP2 significantly reduced the level of
HCT15/shCSRP2 cells with NSC23766, an inhibitor of ~ Racl-GTP in CSRP2-downregulated CRC cells (Figure
Racl activation [40]. The results showed that 7A), but there was no significant change in CSRP2,
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pl30Cas, and p-p130Cas. There was also no
significant difference in the total protein levels of
LATS1 and YAP, but the corresponding
phosphorylation levels were increased. On the other
hand, although the total protein level of ERK1/2
remained unchanged, the level of up-regulated
p-ERK1/2 decreased (Figure 7B). The EMT epithelial
marker E-cadherin was up-regulated, while
interstitial markers N-cadherin, p-catenin, and
vimentin were downregulated (Figure 7B). IF assay
also showed that E-cadherin, an EMT epithelial
marker, was up-regulated, while vimentin, a stromal
marker, was downregulated (Figure 7C). The total
proteins of PAK, LIMK, and cortactin in the PAK
signaling pathway had no significant change, but the
corresponding phosphorylation levels decreased
(Figure 7D). Both IF and SEM analyses showed that
the pseudopodia of cells treated with NSC23766 were
decreased (Figure 7E & 7F; Supplementary Figure
S2E). The invasion ability of SW480/shCSRP2 and
HCT15/shCSRP2 cells treated with NSC23766 was
significantly weaker than that of control cells, as was
evident by the Transwell invasion assay (Figure 7G).
These observations confirmed that CSRP2 could

suppress CRC progression via pl30Cas/Racl-
modulated Hippo, ERK, and PAK signaling
pathways.

Discussion

As a major cause of death in CRC patients,
metastasis has attracted much attention in CRC
research. However, the molecular mechanisms
underlying CRC metastasis remain largely obscure. In
this study, we first detected the role of CSRP2 in the
development of CRC and studied the molecular
mechanisms by which CSRP2 regulates CRC
metastasis.

CSRP2 belongs to the three-member protein
(CSRP1-3) CSRP family, which contains two
functional Lim domains linked to amino acid-rich
repeats that are closely related to their function.
CSRPs are associated with the cytoskeletal regulation
by interacting with the actin cross-linking protein,
a-actin, the adhesion plaque protein zyxin, and the
scaffold protein pl30Cas [18, 41-43]. Co-
sedimentation and ELISA assays suggested a direct
association of CSRP2 with F-actin [44, 45].
Furthermore, CSRP2 could also sequester the scaffold
protein pl130Cas at focal adhesions, control
lamellipodia formation, and reduce vascular smooth
muscle cell motility [18, 46]. These observations
suggested that CSRP2 may be involved in the
cytoskeletal regulation and cell motility, processes
that are associated with cancer metastasis.

Although there is limited information on the role

of CSRP2 in cancers, few studies suggested that it
plays an important role in some cancers, such as
gastric cancer, HCC and breast cancer [9-11].
Intriguingly, CSRP2 appears to have different
functions in these three cancers. CSRP2 is thought to
inhibit the invasion and metastasis of cancer cells in
gastric cancer and may be related to the progression
and dedifferentiation of HCC, but has an opposite
role in breast cancer. Therefore, the underlying
mechanisms of CSRP2 function in various cancers
need to be carefully examined [9, 10]. So far, the role
and molecular mechanism of CSRP2 in CRC remain
unknown. Using various methods, including
bioinformatics analysis, biochemical experiments, and
statistical analysis, we found that CSRP2 is
significantly down-regulated in CRC, and its low
expression is associated with metastasis and poor
prognosis in patients with CRC. To further study the
biological function of CSRP2 in CRC, we performed
gain- and loss-of-function experiments in CRC cells.
Our results revealed that CSRP2 could inhibit the
proliferation, migration, invasion, and tumorigenicity
of CRC cells. These findings suggested that CSRP2
may be a tumor suppressor gene in the development
and progression of CRC.

EMT is a key mechanism involved in the
complex process of tumor invasion and metastasis.
During cancer progression, EMT can alter adhesion of
epithelial cancer cells that invade the surrounding
tissues and migrate to distant sites, thus contributing
to tumor metastasis. Our data showed that
overexpression of CSRP2 increased the level of
E-cadherin and decreased that of vimentin, p-catenin,
and N-cadherin in CRC cells, while silencing of
CSRP2 induced opposite results. These data
demonstrated that CSRP2 could inhibit EMT in CRC
cells by suppressing the invasion and migration of
CRC cells.

Mechanistically, we analyzed the regulation of
CSRP2/p130Cas/Racl regulatory network. P130Cas
is a universal scaffold molecule that contains several
structural motifs, including a Src homology 3 (SH3)
domain, a proline-rich domain, a substrate domain
with 15 YxxP repeats (YxxP 15), and a C-terminal
homologous domain of the Cas family. The main
post-translational modification of p130Cas is the
phosphorylation of tyrosine and serine/threonine
residues at the three most common tyrosine kinase
sites, Tyrl65, Tyr249, and Tyr410. Accumulating
evidence has revealed that the phosphorylation of
p130Cas and its interactions with other proteins can
regulate the cytoskeletal rearrangement, enhance cell
migration and invasion, promote tumorigenesis and
EMT, and thus play a crucial role in tumor
progression [19, 47]. Recent studies have revealed that
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the phosphorylation of p130Cas is closely related to
Racl activation [48, 49] and can promote actin
polymerization and recruitment of high-affinity
integrin receptors necessary for the expansion of
lamella and cell migration [30]. Racl is an important
member of the GTPase Rho family, the intracellular
coordinator of cell migration signals, and is involved
in tumorigenesis, proliferation, invasion, and
metastasis through multiple signaling pathways in
various cancers [50, 51]. Previously, the interaction
between CSRP2 and p130Cas has been reported [18].
Our results suggested that CSRP2 suppressed
Raclactivation by inhibiting the phosphorylation of
p130Cas, resulting in the suppression of EMT in CRC.
Our study also demonstrated that dasatinib, a
chemotherapy drug used in the clinic and an inhibitor
of pl30Cas, could impede the enhanced
phosphorylation of p130Cas after CSRP2 knockdown.

Numerous studies have shown that Racl is
intricately linked with Hippo, ERK, and PAK
signaling pathways in tumor progression [27-34].
Racl activation is believed to stimulate the PAK/
LIMK/ cortactin axis and affect the actin cytoskeleton
[35], causing changes in cell pseudopodia, an
important morphological feature of EMT. Our study
showed that CSRP2 could block the activation of
PAK/LIMK/cortactin axis by inhibiting Racl
activation, thus preventing the polymerization of
F-actin and formation of long and thick pseudopodia
(microspikes). Therefore, we believe that CSRP2
negatively impacts EMT by inhibiting the PAK/
LIMK/ cortactin axis.

It has been reported that p130Cas is associated
with LIM proteins zyxin, TRIP6, and Ajuba, and
controls cell migration by regulating downstream
signaling events [22, 41]. As a LIM protein, zyxin can
affect the activation of Hippo [52]. The core
components of the Hippo pathway are MST1/2,
SAV1, LATS1/2 (Wts in Drosophila), and MOBI.
Among them, SAV1 and MOBI are adapter proteins,
which can bind to MST1/2 and LATS1/2 respectively
and enhance their phosphorylation. YAP is the main
effector molecule downstream of the bypass pathway
and can be directly phosphorylated by LATS1/2. The
Hippo pathway negatively regulates YAP activity
through this cascade phosphorylation and then
regulates cell proliferation, invasion, and metastasis
in cancer [53]. Herein, we found that, by promoting
the phosphorylation of YAP, CSRP2 could inhibit
EMT and invasion in CRC cells through Racl.

It has previously been shown that Racl can
regulate the ERK signal to cope with endoplasmic
reticulum stress [31]. In mammalian cells, the
intracellular signal transduction pathways associated
with ERK are considered classical MAPK signal

transduction pathways, which play an important role
in the development of tumors [54]. Our data
suggested that CSRP2 can inhibit the ERK signaling
pathway via Racl, suppressing EMT and invasion in
CRC cells. To the best of our knowledge, our study is
the first to elucidate the role of CSRP2 in CRC
progression and illustrate the CSRP2/p130Cas/Racl
regulatory network in EMT and metastasis of CRC.
Nevertheless, the specific upstream mechanism
causing CSRP2 downregulation in CRC and
regulation of its downstream targets need to be
further illustrated.

Conclusions

In this study, we detected down-regulation of
CSRP2 in most CRC specimens and CRC cell lines
associated with the progression and poor prognosis of
CRC. CSRP2 suppressed the proliferation, migration,
and invasion of CRC cells. Mechanistic studies
showed that CSRP2 could inhibit the phosphorylation
of pl30Cas and activation of Racl, which then
activated the Hippo pathway and inhibited PAK-
LIMK-cortactin and ERK signaling pathways, thereby
impeding EMT and metastasis of CRC. Thus, our
results revealed a novel mechanism of the CSRP2/
P130Cas/Racl regulatory axis involved in the
regulation of CRC metastasis (Figure 7H).

Abbreviations

CRC: colorectal cancer; CSRP2: cysteine-rich
protein 2; COIP: co-immunoprecipitation assay; EMT:
epithelial-mesenchymal transition; IHC: immuno-
histochemical; IF: immunofluorescent assay; qPCR:
real-time quantitative PCR; WB: western blot.

Supplementary Material

Supplementary figures and tables.
http:/ /www.thno.org/v10p11063s1.pdf

Acknowledgments

This work was supported by the National
Natural Science Foundation of China (grant number
81272763, 81672466 and 81972334) and the Natural
Science Foundation of Guangdong Province (grant no.
2017A030313550 and 2019A1515011205).

Contributions

J. Z and J. G led study design and prepared the
manuscript; L. C, X. L, and J. C contributed to the
experimental. L. C designed research and analyzed
the data. S. D performed the statistical analysis. X. L
assisted in tissue sample collection. J. L prepared
Figures. X. L and W. H performed data analysis and
interpretation. All authors read and approved the
final manuscript.

http://lwww.thno.org



Theranostics 2020, Vol. 10, Issue 24

11078

Competing Interests

The authors have declared that no competing

interest exists.

References

1.

2.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Cassidy S, Syed BA. Colorectal cancer drugs market. Nat Rev Drug Discov..
2017; 16: 525-6.

Duan S, Huang W, Liu X, Liu X, Chen N, Xu Q, et al. IMPDH2 promotes
colorectal cancer progression through activation of the PI3K/AKT/mTOR and
PI3K/ AKT/FOXOL1 signaling pathways. ] Exp Clin Cancer Res. 2018; 37: 304.
Louis HA, Pino JD, Schmeichel KL, Pomies P, Beckerle MC. Comparison of
three members of the cysteine-rich protein family reveals functional
conservation and divergent patterns of gene expression. ] Biol Chem. 1997;
272: 27484-91.

Arber S, Caroni P. Specificity of single LIM motifs in targeting and LIM/LIM
interactions in situ. Genes Dev. 1996; 10: 289-300.

Hoffmann C, Mao X, Dieterle M, Moreau F, Al Absi A, Steinmetz A, et al.
CRP2, a new invadopodia actin bundling factor critically promotes breast
cancer cell invasion and metastasis. Oncotarget. 2016; 7: 13688-705.

Wang SJ, Wang PZ, Gale RP, Qin YZ, Liu YR, Lai YY, et al. Cysteine and
glycine-rich protein 2 (CSRP2) transcript levels correlate with leukemia
relapse and leukemia-free survival in adults with B-cell acute lymphoblastic
leukemia and normal cytogenetics. Oncotarget. 2017; 8: 35984-6000.

Jain MK, Fujita KP, Hsieh CM, Endege WO, Sibinga NE, Yet SF, et al.
Molecular cloning and characterization of SmLIM, a developmentally
regulated LIM protein preferentially expressed in aortic smooth muscle cells.
J Biol Chem. 1996; 271: 10194-9.

Wei J, Gorman TE, Liu X, Ith B, Tseng A, Chen Z, et al. Increased neointima
formation in cysteine-rich protein 2-deficient mice in response to vascular
injury. Circ Res. 2005; 97: 1323-31.

Hoffmann C, Mao X, Brown-Clay J, Moreau F, Al Absi A, Wurzer H, et al.
Hypoxia promotes breast cancer cell invasion through HIF-lalpha-mediated
up-regulation of the invadopodial actin bundling protein CSRP2. Sci Rep.
2018; 8:10191.

Wang J, Guan X, Zhang Y, Ge S, Zhang L, Li H, et al. Exosomal miR-27a
Derived from Gastric Cancer Cells Regulates the Transformation of
Fibroblasts into Cancer-Associated Fibroblasts. Cell Physiol Biochem. 2018; 49:
869-83.

Midorikawa Y, Tsutsumi S, Taniguchi H, Ishii M, Kobune Y, Kodama T, et al.
Identification of genes associated with dedifferentiation of hepatocellular
carcinoma with expression profiling analysis. Jpn J Cancer Res. 2002; 93:
636-43.

Thiery JP. Epithelial-mesenchymal transitions in tumour progression. Nat
Rev Cancer. 2002; 2: 442-54.

Cai J, Li B, Liu K, Li G, Lu F. Macrophage infiltration regulates the adipose
ECM reconstruction and the fibrosis process after fat grafting. Biochem
Biophys Res Commun. 2017; 490: 560-6.

Tseng W, Leong X, Engleman E. Orthotopic mouse model of colorectal cancer.
J Vis Exp. 2007;484.

Zhu GF, Xu YW, Li J, Niu HL, Ma WX, Xu J, et al. Mir20a/106a-WTX axis
regulates RhoGDIla/CDC42 signaling and colon cancer progression. Nat
Commun. 2019; 10: 112.

Du T, Jia ], Lin X, Xie R, Li J, Xiao D, et al. Generation of Rm21LG transgenic
mice: a powerful tool to generate conditional overexpression of miR-21 that is
involved in oncogenesis. Biotechnol Lett. 2014; 36: 9-20.

Heerboth S, Housman G, Leary M, Longacre M, Byler S, Lapinska K, et al. EMT
and tumor metastasis. Clin Transl Med. 2015; 4: 6.

Chen CH, Ho YC, Ho HH, Chang IC, Kirsch KH, Chuang Y], et al.
Cysteine-rich protein 2 alters p130Cas localization and inhibits vascular
smooth muscle cell migration. Cardiovasc Res. 2013; 100: 461-71.
Tikhmyanova N, Little JL, Golemis EA. CAS proteins in normal and
pathological cell growth control. Cell Mol Life Sci. 2010; 67: 1025-48.

Sharma A, Mayer BJ. Phosphorylation of p130Cas initiates Rac activation and
membrane ruffling. BMC Cell Biol. 2008; 9: 50.

Palanisamy AP, Suryakumar G, Panneerselvam K, Willey CD, Kuppuswamy
D. A Kinase-Independent Function of c¢-Src  Mediates pl130Cas
Phosphorylation at the Serine-639 Site in Pressure Overloaded Myocardium. J
Cell Biochem. 2015; 116: 2793-803.

Pratt S], Epple H, Ward M, Feng Y, Braga VM, Longmore GD. The LIM protein
Ajuba influences p130Cas localization and Racl activity during cell migration.
J Cell Biol. 2005; 168: 813-24.

Penzes K, Baumann C, Szabadkai I, Orfi L, Keri G, Ullrich A, et al. Combined
inhibition of AXL, Lyn and p130Cas kinases block migration of triple negative
breast cancer cells. Cancer Biol Ther. 2014; 15: 1571-82.

Ward JD, Ha JH, Jayaraman M, Dhanasekaran DN. LPA-mediated migration
of ovarian cancer cells involves translocalization of Galphai2 to invadopodia
and association with Src and beta-pix. Cancer Lett. 2015; 356: 382-91.

Nalla AK, Asuthkar S, Bhoopathi P, Gujrati M, Dinh DH, Rao JS. Suppression
of uPAR retards radiation-induced invasion and migration mediated by
integrin betal /FAK signaling in medulloblastoma. PLoS One. 2010; 5: e13006.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Gemperle J, Dibus M, Koudelkové L, Rosel D, Brabek J. The interaction of
p130Cas with PKN3 promotes malignant growth. Mol Oncol. 2019; 13: 264-89.
Byrne KM, Monsefi N, Dawson JC, Degasperi A, Bukowski-Wills JC, Volinsky
N, et al. Bistability in the Racl, PAK, and RhoA Signaling Network Drives
Actin Cytoskeleton Dynamics and Cell Motility Switches. Cell Syst. 2016; 2:
38-48.

Zhang JG, Zhou HM, Zhang X, Mu W, Hu JN, Liu GL, ef al. Hypoxic induction
of vasculogenic mimicry in hepatocellular carcinoma: role of HIF-1 alpha,
RhoA/ROCK and Racl/PAK signaling. BMC cancer. 2020; 20: 32.

Karvonen H, Barker H, Kaleva L, Niininen W, Ungureanu D. Molecular
Mechanisms Associated with ROR1-Mediated Drug Resistance: Crosstalk
with Hippo-YAP/TAZ and BMI-1 Pathways. Cells. 2019; 8:812.

Zhou Y, Wang Y, Zhou W, Chen T, Wu Q, Chutturghoon VK, et al. YAP
promotes multi-drug resistance and inhibits autophagy-related cell death in
hepatocellular carcinoma via the RAC1-ROS-mTOR pathway. Cancer Cell Int.
2019; 19: 179.

Bright MD, Clarke PA, Workman P, Davies FE. Oncogenic RAC1 and NRAS
drive resistance to endoplasmic reticulum stress through MEK/ERK
signalling. Cell Signal. 2018; 44: 127-37.

Chen W, Wang H, Liu Y, Xu W, Ling C, Li Y, et al. Linc-RoR promotes
proliferation, migration, and invasion viz the Hippo/YAP pathway in
pancreatic cancer cells. ] Cell Biochem. 2020; 121: 632-41.

Qu Y, Zhang L, Wang J, Chen P, Jia Y, Wang C, et al. Yes-associated protein
(YAP) predicts poor prognosis and regulates progression of esophageal
squamous cell cancer through epithelial-mesenchymal transition. Exp Ther
Med. 2019; 18: 2993-3001.

Fang D, Chen H, Zhu JY, Wang W, Teng Y, Ding HF, ef al
Epithelial-mesenchymal transition of ovarian cancer cells is sustained by Rac1l
through simultaneous activation of MEK1/2 and Src signaling pathways.
Oncogene. 2017; 36: 1546-58.

Bu F, Min JW, Munshi Y, Lai Y], Qi L, Urayama A, et al. Activation of
endothelial ras-related C3 botulinum toxin substrate 1 (Racl) improves
post-stroke recovery and angiogenesis via activating Pak1 in mice. Exp Neurol.
2019; 322: 113059.

Jeannot P, Nowosad A, Perchey RT, Callot C, Bennana E, Katsube T, et al.
p27(Kipl) promotes invadopodia turnover and invasion through the
regulation of the PAK1/Cortactin pathway. ELife. 2017;6.

Gasparski AN, Wilson JT, Banerjee A, Beningo KA. The Role of PAK1 in the
Maturation of Invadopodia During Transient Mechanical Stimulation.
Front Cell Dev Biol. 2019; 7: 269.

Liu G, Bao Y, Liu C, Zhu Q, Zhao L, Lu X, et al. IKKe phosphorylates kindlin-2
to induce invadopodia formation and promote colorectal cancer metastasis.
Theranostics. 2020; 10: 2358-73.

Evans IM, Yamaji M, Britton G, Pellet-Many C, Lockie C, Zachary IC, ef al.
Neuropilin-1 signaling through p130Cas tyrosine phosphorylation is essential
for growth factor-dependent migration of glioma and endothelial cells.
Mol Cell Biol. 2011; 31: 1174-85.

Zhao X, Fu J, Xu A, Yu L, Zhu J, Dai R, et al. Gankyrin drives malignant
transformation of chronic liver damage-mediated fibrosis via the Racl/JNK
pathway. Cell Death Dis. 2015; 6: e1751.

Yi]J, Kloeker S, Jensen CC, Bockholt S, Honda H, Hirai H, et al. Members of the
Zyxin family of LIM proteins interact with members of the p130Cas family of
signal transducers. ] Biol Chem. 2002; 277: 9580-9.

Fraley SI, Feng Y, Giri A, Longmore GD, Wirtz D. Dimensional and temporal
controls of three-dimensional cell migration by zyxin and binding partners.
Nat Commun. 2012; 3: 719.

Lin DW, Chang IC, Tseng A, Wu ML, Chen CH, Patenaude CA, et al.
Transforming growth factor beta up-regulates cysteine-rich protein 2 in
vascular smooth muscle cells via activating transcription factor 2. J Biol Chem.
2008; 283: 15003-14.

Kihara T, Shinohara S, Fujikawa R, Sugimoto Y, Murata M, Miyake J.
Regulation of cysteine-rich protein 2 localization by the development of actin
fibers during smooth muscle cell differentiation. Biochem Biophys Res
Commun. 2011; 411: 96-101.

Grubinger M, Gimona M. CRP2 is an autonomous actin-binding protein.
FEBS Lett. 2004; 557: 88-92.

Camacho Leal MDP, Costamagna A, Tassone B, Saoncella S, Simoni M,
Natalini D, et al. Conditional ablation of p130Cas/BCAR1 adaptor protein
impairs epidermal homeostasis by altering cell adhesion and differentiation.
Cell Commun Signal. 2018; 16: 73.

Defilippi P, Di Stefano P, Cabodi S. p130Cas: a versatile scaffold in signaling
networks. Trends Cell Biol. 2006; 16: 257-63.

Liu W, Yue F, Zheng M, Merlot A, Bae DH, Huang M, et al. The
proto-oncogene c-Src and its downstream signaling pathways are inhibited by
the metastasis suppressor, NDRG1. Oncotarget. 2015; 6: 8851-74.

Nagai Y, Osawa K, Fukushima H, Tamura Y, Aoki K, Ohya K, et al. p130Cas,
Crk-associated substrate, plays important roles in osteoclastic bone resorption.
] Bone Miner Res. 2013; 28: 2449-62.

De P, Aske JC, Dey N. RACI Takes the Lead in Solid Tumors. Cells. 2019;
8:382.

Yang H, Zhang H, Yang Y, Wang X, Deng T, Liu R, et al. Hypoxia induced
exosomal circRNA promotes metastasis of Colorectal Cancer via targeting
GEF-H1/RhoA axis. Theranostics. 2020; 10: 8211-26.

Zhou ], Zeng Y, Cui L, Chen X, Stauffer S, Wang Z, et al. Zyxin promotes colon
cancer tumorigenesis in a mitotic phosphorylation-dependent manner and

http://lwww.thno.org



Theranostics 2020, Vol. 10, Issue 24

11079

through CDK8-mediated YAP activation. Proc Natl Acad Sci U S A. 2018; 115:
E6760-€9.

53. Cao J, Huang W. Two faces of Hippo: activate or suppress the Hippo pathway
in cancer. Anticancer Drugs. 2017; 28: 1079-85.

54. Maik-Rachline G, Seger R. The ERK cascade inhibitors: Towards overcoming
resistance. Drug Resist Updat. 2016; 25: 1-12.

http://lwww.thno.org



