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Abstract: Colorectal cancer (CRC) is one of the most commonly diagnosed cancers among
both males and females; the chemotherapy drug 5-fluorouracil (5-FU) is one of a doctors’
first lines of defense against CRC. However, therapeutic failures are common because of the
emergence of drug resistance. Connective tissue growth factor (CTGF) is a secreted protein
that binds to integrins, and regulates the invasiveness and metastasis of certain carcinoma cells.
Here, we found that CTGF was upregulated in drug-resistant phenotype of human CRC cells.
Overexpression of CTGF enhanced the resistance to 5-FU-induced cell apoptosis. Moreover,
downregulating the expression of CTGF promoted the curative effect of chemotherapy and
blocked the cell cycle in the G1 phase. We also found that CTGF facilitated resistance to 5-FU-
induced apoptosis by increasing the expression of B-cell lymphoma-extra large (Bcl-xL) and
survivin. Then we pharmacologically blocked MEK/ERK signal pathway and assessed 5-FU
response by MTT assays. Our current results indicate that the expression of phosphorylated
forms of MEK/ERK increased in high CTGF expression cells and MEK inhibited increases in
5-FU-mediated apoptosis of resistant CRC cells. Therefore, our data suggest that MEK/ERK
signaling contributes to 5-FU resistance through upstream of CTGF, and supports CRC cell
growth. Comprehending the molecular mechanism underlying 5-FU resistance may ultimately
aid the fight against CRC.

Keywords: connective tissue growth factor, 5-fluorouracil, mitogen-activated protein kinase/
extracellular regulated protein kinases, phosphatidyl inositol 3-kinase/serine/threonine kinase
Akt, colorectal cancer

Introduction

Colorectal cancer (CRC) is one of the most common cancers in the People’s Republic
of China in terms of both morbidity and mortality. Although surgical resection has
been the primary treatment modality, chemotherapy is still the important treatment
for CRC.! The chemotherapeutant, 5-fluorouracil (5-FU), causes cytotoxic damage by
way of targeting the metabolism of RNA bases. It is largely used in the medical care
of various kinds of cancers, including colorectal, bladder, lung, and liver cancers.>
However, the clinical responses to 5-FU vary greatly, and chemoresistance is a major
reason for CRC therapy failure. Therefore, it is very important to find molecular
markers that modulate CRC chemoresistance.?

Connective tissue growth factor (CTGF [CCN2]) is an extracellular matrix (ECM)-
associated molecule belonging to the family of growth factors termed the CCN, which
contains cysteine-rich 61 (CCN1), CTGF/CCN2, nephroblastoma overexpressed
(CCN3), Wnt-inducible secreted protein-1 (CCN4), rCopl (CCNS5), and Wisp-3
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(CCNG6). The CNN gene family is characterized by very high
levels of amino acid sequence identity ranging from 50% to
90%. All members of the CCN gene family are secretory
proteins. Each includes four obvious structural modules:
insulin-like growth factor-binding protein, von Willebrand
type C, thrombospondin 1, and COOH-terminal cysteine-rich
domain (CT). Each module shows homology to conserved
domains in several forms of ECM proteins. These modules
participate in protein binding and contain conserved disul-
fide bridges.* They have been known to influence several
important cellular functions, such as cell cycle regulation,
apoptosis, ECM production, angiogenesis, and migration.
Of late, there is accumulating evidence that CTGF expres-
sion is highly correlated with the development of cancers.’
Elevated CTGF expression has been observed in mammary
carcinomas,® spongioblastoma,® thyroid cancers,” and CRC.3
Taking into account that CTGF performs a significant role
in tumor metastasis and that metastatic cancerous cells usu-
ally exhibit resistance to apoptosis, we postulated that CTGF
expression would increase drug resistance in CRC cells. It is still
unclear whether CTGF expression would deregulate apoptosis
modulators or would confer drug tolerance in CRC cells. We
herein studied the influence of CTGF on the survival and chemo-
sensitivity of CRC cells and the signaling pathways involved.

Materials and methods

Cell culture

All the cell lines (NCM460, HT-29, SW620, HCT116, and
LOVO) were purchased from IMCAS-BRC (Shanghai,
People’s Republic of China) and China Center of Industrial
Culture Collection (Beijing, People’s Republic of China).
NCM460 and HT29 cells were maintained in Roswell
Park Memorial Institute 1640 (Thermo Fisher Scientific,
Waltham, MA, USA) with 10% fetal bovine serum (FBS;
Thermo Fisher Scientific); SW620 cells were maintained
in Dulbecco’s Modified Eagle’s Medium (Thermo Fisher
Scientific) with 20% FBS; HCT116 and LOVO cells were
maintained in DMEM with 10% FBS. All cells were main-
tained in 1% penicillin/streptomycin and cultured in humidi-
fied incubators at 37°C with 5% CO,.

To establish the drug-resistant cell subline HT-29/5-FU
(HT-29-FU) and SW620/5-FU (SW620-FU), HT-29 and
SW620 cells were exposed to stepwise increase of 5-FU
(Sigma-Aldrich, St Louis, MO, USA) concentrations from
10 to 200 uM. When no significant cell deaths were noted
after 5-FU treatment, the cells were checked by a cell survival
assay (MTT) in the presence of 5-FU.

Construction and transfection of

recombinant expression plasmids

The complete CTGF open reading frame was amplified
by polymerase chain reaction (PCR). PCR amplifica-
tion was performed in 0.2 mM dNTPs, 1.5 mM MgCl,,
40 U/mL of Pfu DNA polymerase (Thermo Fisher Scien-
tific), and 1 nmol of each PCR primer (sense: CCCAAGCT
TATGACCGCCGCCAGTATGG, and antisense: CCGG
AATTCTCATGCCATGTCTCCGTACATCTT), which
were designed to amplify the full-length CTGF cDNA.
PCR products were purified from agarose gels using
the Viogene gel/PCR DNA Isolation System (Viogene,
Sunnyvale, CA, USA). The complete CTGF was cloned into
the topoisomerase-activated pcDNA3.1 vector (Invitrogen,
Carlsbad, MA, USA).

Cells were plated in antibiotic-free media. The next
day, the cells were transfected using Lipofectamine 2000
(Invitrogen) with pcDNA3.1, pcDNA3.1-CTGF, CTGF-
siRNA Sc-39329; Santa Cruz Biotechnology, Dallas, TX,
USA or control siRNA Sc-37007; Santa Cruz Biotechnology
according to the manufacturer’s protocol, respectively.

MTT assay

Cell viability was measured by MTT method. Cells were
seeded at a concentration of 5,000 cells per well in 96-well
plates. After treatment with 5-FU for 48 hours, the cultures
were washed with phosphate-buffered saline three times.
Subsequently, 0.5 mg/mL MTT solution was added to each
well and incubated at 37°C for 30 minutes. In order to dissolve
formazan crystals, the culture medium was replaced with
equivoluminal dimethyl sulfoxide. While mixing and shaking
the whole sample at 25°C for 15 minutes, absorbance of each
well was detected with a microplate reader at 550 nm.

Western blotting analysis

Cells were lysed in radioimmunoprecipitation assay buffer,
which was supplemented with protease and phosphatase
inhibitors. Protein extracts were resolved by sodium dodecyl
sulfate polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes. After blocking with 4% bovine
serum albumin for 1 hour at room temperature, the blots
were incubated with primary antibodies (focal adhesion
kinase [FAK; Abcam, Cambridge, MA, USA, Immunoway,
YMO0260, 1:1,000], p-FAK [Immunoway, YP1025, 1:500],
MEK [Santa Cruz Biotechnology, Sc-6250, 1:500], p-MEK
[Santa, Sc-271914, 1:200], ERK1/2 [Immunoway, YT 1626,
1:200], p-ERK1/2 [Immunoway, YP1197, 1:500], P13K
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[Abcam, Ab86714, 1:500], AKT [Assay, C10531, 1:200],
p-AKT [Immunoway, YP0590, 1:200], FOXM1 [Abcam,
ADb175798, 1:1,000], RhoA [Abcam, Ab68826, 1:1,000],
B-cell lymphoma-extra large [Bel-xL; Abcam, Ab32370,
1:200], Survivin [Abcam, Ab24479, 1:200], CTGF
[Proteintech, Rosemont, IL, USA, 23903-1-AP, 1:100]) for
overnight. B-actin monoclonal AC-15 (Sigma-Aldrich) at
1:10,000 was used as a loading control. Odyssey Imaging
System and ImageQuant software (Beckman Coulter Inc.,
Brea, CA, USA) was used to visualize the blots and obtain
the quantitative data.

Quantitative real-time PCR

Total RNA was extracted using the RNeasy purification
kit (Qiagen, Valencia, CA, USA) and treated with DNase
(Invitrogen). The reverse transcription reaction was per-
formed using 2 pg of total RNA that was reverse transcribed
into cDNA using random primers. A total of 100 ng cDNA
was added per 25 UL reaction, along with sequence-specific
primers and Tag-Man probes. Sequences for target gene
primers (sense: CTCCTGCAGGCTAGAGAAGC, and
antisense: GATGCACTTTTTGCCCTTCTT) and probes
were purchased commercially (B-actin was used as the
internal control; Applied Biosystems, Carlsbad, CA, USA).
Quantitative PCR assays were carried out in triplicate using
a StepOnePlus sequence detection system.”®

Cell cycle analysis and apoptosis

detection

Cells were harvested for cell cycle analysis. Using
Dulbecco’s phosphate-buffered saline (DPBS) +10% FBS,
cells were washed twice, fixed in ice-cold 80% ethanol,
and stored at —20°C for at least 24 hours. Fixed cells were
incubated in 50 puL of propidium iodide buffer (20 pg/mL
propidium iodide [Sigma-Aldrich], 0.1% Triton-X 100,
200 pug/mL RNaseA [Promega Corporation, Fitchburg, WI,
USA] in DPBS) for 30 minutes in the dark. The cells were
then resuspended in 400 uL of DPBS for flow analysis.

Statistics

All statistical analyses were performed using the SPSS
(version 17.0; SPSS Inc., Chicago, IL, USA) and GraphPad
software (GraphPad Software, Inc., La Jolla, CA, USA).
The values given are mean + standard error of the mean
(SEM). P-values were determined for experimental versus
control treatments by two-tailed Student’s #-test, *P<<0.05,
**P<0.01, ***P<0.001.

Results

5-FU increases CTGF expression in
CRC cells

CTGF has been shown to play an important role in CRC
cancer metastasis and is also associated with increase in
tumor size. Because highly metastatic cancer cells exhibit
a drug-resistant phenotype, we speculated that CTGF
expression may be involved in promoting drug resistance in
CRC cells. To investigate the effect of CTGF expression and
the chemotherapy response in CRC cells, we first established
HT-29-FU (5-FU/HT-29) and SW620-FU (5-FU/SW620)
cell lines from parental HT-29 and SW620 cells and checked
them by MTT assay. The results showed the 50% inhibi-
tive concentration (IC,)) values of HT-29 and HT-29-FU
were 14.21 and 66.71 uM, respectively, and the resistance
index was 4.69 (Figure 1A); the IC,  values of SW620
and SW620-FU were 17.46 and 67.86 UM, respectively, and
the resistance index was 3.88 (Figure 1A). This indicated
that HT-29-FU and SW620-FU cell lines were established
successfully. Furthermore, we examined CTGF expression
of CRC cell lines (HT-29 and SW620) and 5-FU-resistant
CRC cell lines (HT-29-FU and SW620-FU) with Western
blot and quantitative PCR. The protein and mRNA expression
of CTGF were significantly increased in 5-FU-resistant CRC
cell lines compared with their parent cells (Figure 1B and C).
These findings suggested that CTGF is upregulated during
chemotherapy in CRC cells.

Overexpression of CTGF enhances

resistance to 5-FU-promoting cell death

To examine the potential role of CTGF on the regulation
of chemoresistance to 5-FU, we first confirmed that the
pCDNA3.1-CTGF vector and CTGF small interfering
RNA (CTGF-siRNA) were overexpressing and interfer-
ing with the protein and mRNA of CTGF in HT-29 and
SW620 cells detected by Western blot and quantitative PCR
(Figure 2A—E). Previous studies have demonstrated that
CTGF expression confers resistance to chemotherapeutants
in glioblastoma’ and ovarian cancer.!® Then, in our study,
we detected the cell viability of HT-29-FU and SW620-FU
cells by MTT assay when HT-29-FU and SW620-FU cells
were transfected with pPCDNA3.1-CTGF and CTGF-siRNA
vectors. The IC, values of 5-FU were examined. Overex-
pression of CTGF significantly enhanced the IC,; values
(HT-29-FU: 62.97-86.77 uM; SW620-FU: 66.46-89.50 uM),
and silencing of CTGF dramatically reduced the IC, values
(HT-29-FU: 59.90-43.24 uM; SW620-FU: 62.87-47.05 uM).
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5-FU, 5-fluorouracil.

These results revealed that upregulation of CTGF promoted
resistance to 5-FU in human CRC 5-FU resistance cells,
overexpression of CTGF protected 5-FU-induced cell death
(Figure 2F and G). Therefore, CTGF expression is associ-
ated with a chemoresistant phenotype of CRC cells. Next, to
examine why inhibition of CTGF reduced resistance to 5-FU,
the effects of CTGF on cell cycle were examined. We found
that downregulation of CTGF in CRC 5-FU resistance cells
blocked the cell cycle at the G1 phase (Figure 3A-D). These
data suggest that CTGF plays an important role in increasing
the resistance of CRC cells to 5-FU.

Bcl-xL and survivin are involved in

CTGF-mediated chemoresistance
Mitochondrial pathway plays a central role in the regula-
tion of 5-FU-mediated apoptotic cell death.!" Bcl-xL is an

antiapoptotic member of the Bcl-2 family, which is located
at the outer mitochondrial membrane and regulates outer
mitochondrial membrane channel opening. To further
investigate whether mitochondrial signaling is involved in
CTGF-mediated resistance, Bcl-xL protein expression was
examined. We found that overexpression of CTGF upregu-
lates Bel-xL expression (Figure 4A and B). Survivin is the
tiniest member of inhibitors-of-apoptosis gene family, and
the expression of survivin has been reported to be a marker
of poor prognosis, which is selectively expressed in various
kinds of benign and malignant tissues, but not in normal
tissue.'>!* Overexpression of CTGF also upregulated survivin
expression in human CRC (Figure 4A and B). According to
these results, Bel-xL and survivin are important downstream
factors in CTGF and enhance the sensitivity of CRC cells
to 5-FU.
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CTGEF activates MEK/ERK survival
signaling pathways to subsequently
protect 5-FU-induced cell apoptosis

Resistance to chemotherapy drugs not only can reduce
the rate of cell apoptosis but also promote cell survival.'
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and FOXMI significantly increased (Figure 5A, C-G),
and p-PI3K and p-AKT protein had no significant change
in chemoresistant cell lines and parental cells detected by
Western blot. These findings revealed that overexpres-
sion of CTGF did not activate other survival signaling
molecules, such as PI3K/Akt and RhoA (Figure 5B, G-I).
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and PI3K/AKT inhibitor (LY294002) in 5-Fu resistance
cells, and transfected the plasmid of pCDNA3.1-CTGF
to above cells. The CTGF-mediated chemoresistance of
CRC cells were evaluated by Western blot and MTT assay.
Western blot results showed PD98059 inhibitor dramatically
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cells of HT-29 and SW620. Each experiment was repeated three times. Statistical analyses results are expressed as mean £ SEM. *P<<0.05 as compared with control group.

**P<0.01. ¥**P<0.001.

Abbreviations: CTGF, connective tissue growth factor; SEM, standard error of the mean.
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decreased the apoptosis related protein expression of Bel-xL  groups (HT-29-FU: 44.46 uM and SW620-FU: 53.68 uM)
and survivin (Figure 6A—C), and there was no significant ~ was lower than control groups (HT-29-FU: 85.52 uM and
changes in LY294002 treated groups. The MTT assay SW620-FU: 89.10 uM) in HT-29-FU and SW620-FU
showed the IC,  of FAK/MEK/ERK inhibitor treated  cells with CTGF overexpression. The LY294002 inhibitor
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0.66 0.16 059 1.07 0.74 1.15
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@ pcDNA3.1-CTGF  a pcDNA3.1-CTGF + LY294002 o pcDNA3.1-CTGF + PD98059

Figure 6 FAK/MEK/ERK inhibitor promoted 5-FU-induced cell death.

Notes: HT-29-FU and SW620-FU CRC cells were transfected with control or pPCDNA3.|-CTGF vector. (A—C) Bcl-xL and survivin protein expressions were examined
after MEK/ERK (PD98059) or PI3K/Akt inhibitor (LY294002) treated. (D and E) Cells were pretreated with PD98059 (10 mM) or LY294002 (10 mM), followed by stimulation
with 5-FU for 48 hours. Cell survival ability and apoptosis were examined by MTT assay. The IC, of PD98059 treated groups was 44.46 UM (HT-29-FU) and 53.68 uM
(SW620-FU). The IC,; of control groups was 85.52 and 89.10 uM in HT-29-FU and SW620-FU cells, respectively, with CTGF overexpression. The IC; of LY294002 inhibitor
treatment groups was 89.05 uM (HT-29-FU) and 81.10 uM (SW620-FU). Each experiment was repeated three times. Statistical analyses results were expressed as mean *
SEM. *P<<0.05 as compared with control group. **P<0.01.

Abbreviations: Bcl-xL, B-cell lymphoma-extra large; CTGF, connective tissue growth factor; CRC, colorectal cancer; SEM, standard error of the mean;
5-FU, 5-fluorouracil.
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treatment groups (HT-29-FU: 89.05 uM and SW620-FU:
81.10 uM) showed no significant difference compared with
control groups. These results indicated that FAK/MEK/ERK
inhibitor promoted 5-FU-induced cell death, and the PI3K/
AKT inhibitor had no effect (Figure 6D and E). Therefore,
our results suggest that FOXM1 contributes to 5-FU resis-
tance downstream of MEK/ERK signaling, subsequently
conveying resistance to cell apoptosis.

Discussion

CRC remains one of the leading causes of morbidity and
mortality worldwide with high disease incidence.'® Che-
motherapy is one of the main methods of treating CRC
and occupies an important position. However, CRC cells
are often less sensitive or gradually become resistant to the
drugs. It is therefore important to research the function of
drug resistance to chemotherapeutic agents. Previous studies
have reported CTGF overexpression in CRC cells compared
to adjacent tissues, and high CTGF expression inhibits
metastasis and acts as an independent prognostic marker
in CRC.®!"* Moreover, our analysis suggests that overex-
pressed CTGF in CRC cells increased the tolerance to 5-FU
by 5-FU-mediated apoptosis and facilitating carcinoma cell
survival. The overexpression of CTGF specifically upregu-
lated Bcl-xL and survivin expression. CTGF also promoted
FAK, MEK, and ERK survival signal pathways to improve
cell survival rate during 5-FU therapy. Taken together, we
are of the opinion that CTGF plays an indispensable role in
CRC development by supporting cancer cell survival and
drug tolerance. To make sense of the relationship between
CTGF and chemoresistance of CRC cells, the chemoresistant
phenotype of CRC cells were constructed. Overexpression
of CTGF defended 5-FU-mediated cell death in these CRC
cells. Therefore, over expression of CTGF promoted the
chemoresistance of CRC cells.

CTGF can regulate the activity of diverse growth factors
or integrins."”? CTGF was found to activate the cellular
proliferation, migration, and fibrogenesis.?! CTGF has also
been proven to participate in certain types of cancers of
drug-resistance. For instance, in human osteosarcoma, over-
expression of CTGF significantly increased the resistance
to cisplain- and paclitaxel-mediated cell apoptosis.?*?* In
glioblastoma multiforme, overexpression of CTGF caused
the U343 glioblastoma multiforme cells to survive for longer
than 40 days in serum-free medium and resist antitumor
drugs, including tumor necrosis factor, tumor necrosis
factor-related apoptosis-inducing ligand, VELCADE (bort-
ezomib, proteasome inhibitor), and temozolomide.* CTGF

also suppresses cell growth and resistance to apoptosis on
exposure to doxorubicin and paclitaxel in breast cancer.®
However, the function of CTGF is undiscovered in human
CRC drug-resistance. In this study, using Western blot,
quantitative PCR, and cell cycle analysis, we found that 5-FU
enhanced CRC cell death through an apoptotic mechanism.
We also found that overexpression of CTGF enhanced the
tolerance to 5-FU-induced cell apoptosis. Our study has pro-
vided the important evidence that CTGF provides intensive
chemoresistance to 5-FU in CRC. As a consequence, CTGF
may be a novel chemical therapy target in CRC.

Survivin has been found overexpressed in bladder, lung,
liver carcinoma, and metrocarcinoma cancers,?* and inhibited
tumor formation and angiogenesis in some cancers.” So,
survivin plays an important role in inhibiting the apoptosis
pathway and sensitizing cancer cells to chemotherapeutic
agents.”?¢ Bel-xL is a member of Bcl-2 protein family and
decrease in Bcl-xL expression is necessary for treating apop-
tosis and increasing chemosensitivity in tumor cells.?’ In our
research, we found that CTGF enhanced the expression of
Bcel-xL and survivin in CRC drug-resistance cells. Further-
more, PD98059 inhibitor treated in CTGF overexpressing
CRC drug-resistance cells inhibited the protein expression of
Bcl-xL and survivin. These results show that CTGF promoted
resistances to 5-Fu-mediating cell apoptosis by activating
the defects in apoptotic pathway to produce resistance to
apoptosis, and Bcl-xL and survivin are critical regulating
factors during this process.

FAK is a possible signal molecule that is involved in
activating the integrin-mediated signal. ERK and MEK
proteins are often upregulated in answer to DNA-damaging
chemotherapeutants, such as 5-FU.% Our study found that
CTGF enhanced the activity of FAK, MEK, and ERK pro-
teins. However, CTGF did not influence phosphorylation of
PI3K and the Akt signaling cascade. Moreover, FAK and
MEK inhibitors reversed CTGF-mediated resistance to 5-FU.
It is our opinion that CTGF activated FAK, MEK, and ERK
survival signal pathways and subsequently inhibited 5-FU-
mediated cell apoptosis in CRC.

In conclusion, we demonstrated that overexpressing
CTGF significantly promoted chemoresistance in CRC
cells, which decreased apoptosis and enhanced tolerance
to 5-FU therapy, and downregulation of CTGF expression
increased chemosensitivity of CRC cells. Thus, we conclude
these results support an investigation of CTGF as a strategic
target for CRC treatment, CTGF increases tolerance to
5-FU-induced cell apoptosis through FAK/MEK/ERK signal
pathway in CRC.
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