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Smad4 sensitizes colorectal cancer to S-fluorouracil through cell
cycle arrest by inhibiting the PI3K/Akt/CDC2/survivin cascade
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Abstract. 5-Fluorouracil (5-FU), a cell cycle-specific
antimetabolite, is one of the most commonly used chemo-
therapeutic agents for colorectal cancer (CRC). Yet, resistance
to 5-FU-based chemotherapy is still an obstacle to the treat-
ment of this malignancy. Mutation or loss of Smad4 in CRC
is pivotal for chemoresistance. However, the mechanism by
which Smad4 regulates the chemosensitivity of CRC remains
unclear. In the present study, we investigated the role of
Smad4 in the chemosensitivity of CRC to 5-FU, and whether
Smad4-regulated cell cycle arrest is involved in 5-FU chemo-
resistance. We used Smad4-expressing CT26 and Smad4-null
SW620 cell lines as experimental models, by knockdown or
transgenic overexpression. Cells or tumors were treated with
5-FU to determine chemosensitivity by cell growth, tumori-
genicity assay and a mouse model. Cell cycle distribution was
examined with flow cytometric analysis, and cell cycle-related
proteins were examined by western blotting. Smad4 deficiency
in CT26 and SW620 cells induced chemoresistance to 5-FU
both in vitro and in vivo. Smad4 deficiency attenuated Gl1 or
G2 cell cycle arrest by activating the PI3K/Akt/CDC2/survivin
pathway. The PI3K inhibitor, LY294002, reversed the activa-
tion of the Akt/CDC2/survivin cascade in the Smad4-deficient
cells, while it had little effect on cells with high Smad4
expression. In conclusion, we discovered a novel mechanism
mediated by Smad4 to trigger 5-FU chemosensitivity through
cell cycle arrest by inhibiting the PI3K/Akt/CDC2/survivin
cascade. The present study also implies that LY294002 has
potential therapeutic value to reverse the chemosensitivity of
CRC with low Smad4 expression.
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Introduction

Colorectal cancer (CRC) is one of the most prevalent malig-
nancies in China and many other parts of the world. The
American Cancer Society recently reported that the rate of
incidence of and death due to CRC have undergone a rapid
decline in the past 30 years, owing to the improvement in early
detection and/or treatment (1). However, personalized thera-
peutic strategies targeting different pro-oncogenic factors and
overcoming drug resistance are still issues in CRC treatment.

Previous clinical research indicated that Smad4 is a predic-
tive biomarker for 5-fluorouracil (5-FU)-based chemotherapy
in patients with CRC (2-6). In addition, a recent in vitro
study provided evidence that Smad4 inactivation promotes
the resistance of CRC to 5-FU treatment and hypoxia-
induced cell death (7). Low Smad4 expression in human
CRC predicts early recurrence after curative therapy (4), less
response to 5-FU (2,3) and shorter overall and disease-free
survival time (2,3,8). However, the mechanism concerning the
promotive effect of Smad4 on drug sensitivity remains to be
elucidated. The PI3K/Akt pathway has been shown to play an
important role in promoting cell survival and inhibiting apop-
tosis. Owing to these effects, the PI3K/Akt pathway may affect
cellular responses to DNA damage and cell cycle checkpoints
induced by DNA damage. As crosstalk between Smad and
the non-Smad pathway exists, modification of the non-Smad
pathway by Smad4, including the PI3K/Akt pathway, may
effect drug sensitivity.

The present study suggests, for the first time, that Smad4
has an effect on the induction of chemosensitivity both in
murine CT26 cells and human SW620 cells, through G1
or G2 cell cycle arrest by inhibiting the PI3K/Akt/CDC2/
survivin pathway. LY294002 reversed the chemosensitivity
of CRC with low Smad4 expression by inhibiting the PI3K/
Akt/CDC2/survivin cascade. These findings imply that
Smad4 may be a candidate biomarker for the combined use
of LY294002 and 5-FU-based chemotherapy for patients with
CRC.

Materials and methods

Cell lines, animals, reagents and antibodies. CT26 cells, an
undifferentiated murine adenocarcinoma-derived cell line
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from the BALB/c mouse, and human colon adenocarcinoma
cell line SW620 were maintained in RPMI-1640 containing
10% fetal bovine serum (FBS). Smad4 knockdown CT26
cells and SW620 cells expressing Smad4 were established as
previously described (9). Female BALB/c and athymic nude
mice (6 weeks of age) were used for the experiments. All
animal studies were approved by the Ethics Committee of
Huazhong University of Science and Technology. 5-FU was
obtained from Sigma. The PI3K inhibitor, LY294002, and the
MEK1/2 inhibitor, PD98059, were obtained from Calbiochem
(San Diego, CA, USA). Antibodies were purchased as follows:
anti-Smad4, anti-cyclin B1, anti-survivin, anti-CDC2, anti-
ERK (Santa Cruz Biotechnology, Santa Cruz, CA, USA);
anti-cleaved-caspase 3, anti-p-ERK, ant-p-Akt and anti-Akt
(Cell Signaling Technology, Inc., Danvers, MA, USA).

Cell counting assay. CT26 cells (2,000/well) or SW620 cells
(3,000/well) were seeded into 12-well plates and were cultured
in media with 10% FBS. Media were replaced every other day.
Cells were counted each day, and the average cell numbers
from triplicate measurements were plotted.

Cell isolation from tumor tissues. The liver metastasis model
was established by splenic injection of CT26 cells in BALB/c
mice as previously described (10). Liver metastases were
removed 4 weeks after cell inoculation and cut into small
pieces in phosphate-buffered saline (PBS). Tissues were
then incubated with collagenase (Sigma) medium for 3-4 h at
37°C, under shaking. Cells were centrifuged and washed with
Dulbecco's modified Eagle's medium (DMEM) 4-5 times,
and then suspended in complete DMEM in 10 ml for 2 min.
Eight milliliters was taken from the top for culture, and the
liver metastasis cell line (CT26 LM1) was established. LM1
cells were splenic injected into the mice, and LM2 cells were
established by repeating the experiment.

Soft agarose tumorigenicity assay. Semisolid (1 ml) 0.8% sea
plaque agarose was plated into 6-well plates, allowed to solidify
for at least 1 h. Then, CT26 (1.0x10*) and SW620 (2.5x10%)
cells were suspended in 1 ml of 0.4% agarose containing 7%
FBS and plated on the top of the agarose. After 48 h, the cells
were treated with media containing 20 M 5-FU. The media
were replaced with or without 5-FU every other day. Images
of the colonies were captured by phase contrast microscope
10 days after cell splitting.

Western blotting. Lysates from the CT26 or SW620 cells were
treated as indicated, and tumors from the animal models were
used for western blot analysis as previously described (11).

Flow cytometric analysis for cell cycle analysis. Cell cycle
distribution analysis was performed by flow cytometry as
previously described (12). Cells (1x10%/well) were split into
6-well plates and were incubated in serum-free media for 48 h
to synchronize the cell cycle. Then cells were treated with
kinase inhibitors and/or different concentrations of 5-FU for
48 h. Cells were harvested, washed twice with PBS and were
fixed in 70% cold ethanol, and stained with propidium iodide
(PI) in PBS containing RNase (both from Sigma). Stained
cells were analyzed.
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Tumorigenicity assay. CT26 (1x10°) or SW620 cells (2x10)
were injected subcutaneously into BALB/c or athymic nude
mice (n=5), respectively. 5-FU treatment was started as
soon as the tumor had reached palpable size. For the SW620
tumor xenografts, 5-FU (50 mg/kg) was administered i.p. on
a 3 times/week basis for three consecutive weeks, and for
CT26 allografts, 5-FU (100 mg/kg) was administered once a
week during the first two weeks and 50 mg/kg once a week
thereafter as previously described (13,14). Tumor volume was
calculated as previously described (10). Mice were sacrificed
according to IACUC guidelines.

MTT cell proliferation assay and ICs, calculation. CT26 and
SW620 cells (5x10%) were plated into 96-well flat-bottomed
microtiter plates and were incubated overnight. Cells were
treated with the indicated concentrations of 5-FU for 72 h.
The number of viable cells was determined by MTT assay
following the kit protocol (CTO01; Millipore). The percent
viability was calculated as: [Absorbance of drug-treatment)/
(control absorbance)] x 100%. ICs, values were calculated
using linear or logarithmic regression (R*>0.9).

Cell migration assay. Cells (2x10%)in 100 ul serum-free media
were seeded to the upper chamber of 8-ym pore Transwells
coated with collagen. Cells were allowed to migrate towards
10% FBS containing medium in the lower chamber for 5 h.
Cells on the upper side of the membrane were removed with
a cotton swab. Cells that passed through the Transwells were
fixed with 4% paraformaldehyde and stained with 1% crystal
violet. Cells in five random fields (magnification, x200) in each
well were counted.

Statistical analysis. The Student's t-test was used to deter-
mine the statistical differences among the analyzed groups.
Calculations were performed using Prism 5.0 software for
Macintosh (GraphPad Software, San Diego, CA, USA). P<0.05
was considered to indicate a statistically significant result.

Results

Highly malignant CRC cells exhibit lower Smad4 expression.
A highly aggressive and highly metastatic mouse cell line was
generated using a splenic injection model of liver metastasis.
CT26 cells have less potential to produce liver metastasis.
To develop this highly metastatic cell line, CT26 cells were
injected into the spleen of BALB/c mice, and 4 weeks later the
mice were sacrificed, liver metastases were harvested and the
cell line was established. Following this procedure, a highly
metastatic CT26-LM2 cell line was established after 2 cycles
of stepwise selection (Fig. 1A). The aggressiveness of the LM2
cells was tested by in vitro migration assays using Boyden
chambers. We found that the LM2 cells exhibited a 2.7-fold
increase in the level of cell migration as compared to the CT26
parental cells (Fig. 1B). Therefore, these results confirmed that
the LM2 cells are highly aggressive. We next examined the
Smad4 expression in the CT26 parental and LM2 cells. Smad4
expression in the LM2 cells was sharply lower when compared
with the parental CT26 cells (Fig. 1C). These results indicated
that lower Smad4 expression predicts higher malignancy in
CRC.



ONCOLOGY REPORTS 35: 1807-1815, 2016

1809

A D
s & O
CT26 © 2 & & &
- RO c;‘\ 406\ &
v Splenic injection
- - <+ Smad4
Liver -
metastasis -—" e ar = @ e <+ [-actin
Isolation of
tumor cells E
—~ 200 -
v g ——CT26 i
* 150 - Vector ’
CT26 LM2 ‘;l‘ --&--Smad4 sh .
B o 100 - ,,-F
E 50 1 "c'! 50 - x _
£40 1 2 —s
.E‘ 01 ., Day 4 Day 5 Day6 Day7
o 20 1 T
S 12 — F <100
76 2 e —o— SW620
¢ W E 80 { - yeoor !
1]
= 4 ==&--Smad4
C «"IS’ \!3’ 8 o0 -
[¢) A% "6 40

Day4 Day 5 Day6 Day 7

Figure 1. Smad4 reduces tumor malignancy in CRC cells. (A) Liver metastatic CT26 cell line LM2 was established by in vivo selection for two cycles. (B) Cell
migration assay. Parental CT26 and LM?2 cells were allowed to migrate through 8-ym pore Transwells and pass through a collagen layer in the Transwell
chamber. Migratory cells in five random fields in each well were counted. Each data point represents the mean + SD number from three wells. (C and D) Smad4
expression in CT26 parental and LM2 cells (C), and in Smad4-knockdown CT26 cells (Smad4 sh) and Smad4-overexpressing SW620 cells (Smad4) (D) was
tested by western blotting. (E and F) Cell counting assays. CT26 and SW620 cells were cultured in 12-well plates with 7% FBS for 7 days, and cells were
counted every day. Each data point represents the mean + SD number from three wells. "P<0.001.

Smad4 inhibits the proliferation of CRC.In order to investigate
the role of Smad4 in CRC progression and drug sensitivity,
we established a Smad4-knockdown mouse CRC cell line
(CT26 Smad4 sh) and a Smad4-overexpressed human CRC
cell line (SW620 Smad4). Smad4 expression was examined by
western blotting (Fig. 1D). Cell proliferation was assessed by a
cell counting assay. Smad4 deficiency significantly promoted
cell proliferation in the CT26 cells (Fig. 1E), while Smad4
overexpression reduced the cell proliferation in the SW620
cells (Fig. 1F). In summary, Smad4 reduces cell proliferation
in CRC, which is consistent with our previous study (9).

Smad4 promotes the chemosensitivity of CRC to 5-FU
in vitro and in vivo. To determine whether Smad4 affects
the chemosensitivity of CRC cells, we first treated the CRC
cells with 5-FU. After a 48-h treatment with 5-FU, the CT26
empty vector group presented a large number of floating cells,
while the Smad4-knockdown group showed few floating
cells (Fig. 2A). Consistent with this result, 5-FU killed
more cells in the Smad4-overexpressing SW620 cells when
compared with that in the empty vector group (Fig. 2B). We
next treated the CRC colonies in soft argarose with 5-FU,
and achieved the confirmed result (Fig. 2C and D). MTT
cell proliferation assay was applied to check the ICs, value
to 5-FU in the different cells. The ICs, value to 5-FU in the

CT26 Smad4-knockdown group was >5 times higher when
compared with the CT26 vector control group (Fig. 2E). In
contrast, in the Smad4-overexpressing SW620 cells, the ICy,
value of 5-FU was >2.6 times lower when compared with the
IC, value in the vector control group (Fig. 2F).

We next treated the mice bearing CRC tumors with 5-FU
to investigate the effect of Smad4 on 5-FU drug sensitivity
in vivo. At the end of the experiment, the mice were sacrificed
according to the IACUC standard and tumors were removed
and measured. 5-FU reduced the tumor volume by 4.2 times
in the CT26 empty vector group, while it reduced the tumor
volume by only 0.2 times in the CT26 Smad4-knockdown
group (Fig. 3A). In the SW620 empty vector control group,
the tumor volume was reduced only by 0.2 times following
5-FU treatment. In the SW620 Smad4-overexpressing group,
the tumor volume was reduced by 5.9 times following 5-FU
treatment (Fig. 3B). These results provide evidence that Smad4
promotes chemosensitivity to 5-FU in CRC.

Smad4 deficiency in CRC activates Akt and ERK, and
attenuates cell cycle arrest in the Gl and G2 phases. As
crosstalk between Smad and the non-Smad pathway exists,
and several non-Smad pathways were reported to affect
chemosensitivity, we examined the activation of Akt and ERK
in the Smad4-knockdown or overexpressing cells. Consistent
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Figure 2. Smad4 promotes the chemosensitivity of CRC cells to 5-FU in vitro. (A) CT26 and (B) SW620 cells were cultured in 6-well plates. 5-FU treatment
was initiated once the cells were 30% confluent. Images of the cells were captured by phase contrast microscopy 48 h after treatment of the CT26 cells, and
72 h after treatment of the SW620 cells. (C) CT26 and (D) SW620 cells were grown in 4% soft agarose, and 5-FU treatment was initiated 48 h after splitting.
Images were captured of the growing colonies. (E) CT26 and (F) SW620 cells were cultured in microtiter plates and incubated overnight. Cells were treated
with different concentrations of 5-FU for 72 h. The number of viable cells was determined by the MTT assay. ICs, values were calculated using linear or
logarithmic regression (R>>0.9). Values are presented as the mean = SD from three independent experiments. “P<0.001.

with our previous study, Akt was activated in the Smad4
knockdown CT26 and Smad4-null SW620 cells. Moreover,
ERK was also activated in the Smad4-deficient cells (Fig. 4A).
As 5-FU s acell cycle-specific drug, we next tried to investigate
whether the Akt or ERK pathway modified by Smad4 affects
cell cycle-related proteins.

CDC2 (CDKJ) is a cyclin-dependent protein kinase, which
regulates the G2-M mitotic cell cycle checkpoint through the
CDC2/cyclin B complex (15). In addition, the CDC2/cyclin B
complex regulates survivin, which inhibits apoptosis and
also regulates the cell cycle (16,17). In the present study, we
observed that CDC2 and cyclin B were amplified in the CT26
cells when Smad4 was knockdown, while they were reduced
in the SW620 Smad4-overexpressing cells (Fig. 4B).

Cell cycle distribution was nextexamined by flow cytometric
analysis. We observed that Smad4 in the CRC cells triggered
cell cycle arrest in both the G1 and G2 phase (Fig. 5A). G1/S
and G2/S ratios indicated that the cell cycle arrest reached
significance at the G1 and G2 checkpoint in both the CT26

vector control and SW620 Smad4-overexpressing cells when
compared with the Smad4-deficient cells (Fig. 5B).

Smad4 promotes 5-FU sensitivity through G2/M cell cycle
arrest and apoptosis by inhibition of the PI3K/Akt/CDC2/
survivin pathway. As both cell cycle arrest and cell apoptosis
altered by CDC2 expression may affect drug sensitivity, this
result led us to hypothesis that CDC2 amplification in Smad4
deficient/null cells may contribute to 5-FU resistance.

We then examined the CDC2/cyclin B/survivin cascade
with 5-FU treatment in the two model cell lines. In the CT26
Smad4-deficient cells, CDC2 expression was significantly
increased 24 h after 5-FU treatment, and thereafter was
reversed to a lower level after a 48-h treatment. In contrast,
CDC2 expression in the CT26 vector control cells was
continuously downregulated after a 24-h treatment with 5-FU.
In this cell line, the cyclin Bl and survivin expression levels
were strictly correlated with CDC2 expression (Fig. 6A).
Consistent with this result, 5-FU treatment downregulated
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Figure 3. Smad4 promotes the chemosensitivity of CRC to 5-FU in a mouse model. (A) CT26 Smad4-knockdown cells (Smad4 sh) and (B) SW620 Smad4-
overexpressing cells (Smad4) were injected subcutaneously into BALB/c and athymic nude mice, respectively. Images of the tumor masses were captured
at the same time point for the mice under anesthesia. One of the mice for both the control and 5-FU treatment groups is shown. The subcutaneous tumors
were removed at the end of the experiment, and tumor volume was calculated. Each plot presents the mean + SD volume of five mice in each group. Right

histograms: red bar, 5-FU-treated tumors; white bar, untreated tumors.

the CDC2/cyclin Bl/survivin cascade in the CT26 vector
tumors, but not in the CT26 Smad4-deficient tumors in the
mouse model (Fig. 6B). In the SW620 vector control cells,
5-FU treatment continuously amplified CDC2 and survivin
expression. CDC2 and survivin were also increased in the
SW620 Smad4-transfected cells at 24 and 48 h following
5-FU treatment, but was decreased following a 72-h treatment
with 5-FU (Fig. 6A). However, cyclin Bl which was promoted
by 5-FU treatment showed no change between the vector
control and the Smad4-overexpressing cells in this cell line.
Upregulation of CDC2/cyclin B and survivin plays a role in
promoting cell survival and G2-M cell cycle transition, both of
which may contribute to 5-FU resistance. These data indicated
that Smad4 inhibited the CDC2/cyclin B/survivin cascade,
and thus promoted 5-FU sensitivity through promotion of cell
apoptosis and G2-M cell cycle arrest.

To elucidate the mechanism of Smad4 in regulating the
CDC2/cyclin B/survivin cascade, we next focused on the
PI3K/Akt pathway that plays a pivotal role in cell survival and
cell cycle regulation. Akt was reported to regulate CDC2 in
different types of malignancies (18,19). In the present study,
the expression levels of CDC2 and survivin were consistently
correlated with p-Akt expression in both of the two model cell
lines (Fig. 4), which imply that CDC2/survivin is regulated by
the Akt pathway. We next used a low dose of the PI3K inhibitor
(LY294002) in combination with 5-FU to treat the CT26 and
SW620 cells. In the CT26 Smad4-knockdown and SW620
Smad4-null cells, LY294002 significantly inhibited CDC2 and
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Figure 4. Smad4 deficiency in CRC activates Akt and ERK and regulates
cell cycle-related proteins. Lysates from the different CT26 and SW620 cells
were used for western blotting to examine (A) Smad4, p-Akt/Akt, p-ERK/
ERK, (B) CDC2, cyclin Bl and survivin.

cyclin B expression under 5-FU treatment, while a lower effect
was noted in these cells without 5-FU treatment (Fig. 6C).
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Figure 5. Smad4 deficiency in CRC attenuates cell cycle arrest in the G1 and G2 phase. (A) CT26 and SW620 cells were assessed by flow cytometry for cell
cycle distribution. (B) G1/S and G2/S ratios were analyzed. Each bar presents the mean + SD of three independent experiments in each group. "P<0.01.
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Figure 6. Smad4 promotes 5-FU sensitivity through G2/M cell cycle arrest by inhibition of the PI3K/Akt/CDC2/survivin pathway. (A) Western blot assay.
CT26 and SW620 cells were treated with 5-FU once the cells were 30% confluent. Cell lysate were generated at different time points as indicated after treat-
ment. Total protein was used to check CDC2, cyclin Bl and survivin. (B) Western blotting. Subcutaneous tumor lysates generated from the mice in Fig. 3A
were used for western blotting, and CDC2, cyclin Bl and survivin were examined. Results of two representative tumors from each group are shown. (C) CT26
and SW620 cells were treated with 5-FU and/or LY294002 for 24 h, and cell lysates were used for western blot analyses.

In contrast, LY294002 showed a slight effect on CDC2 and  reported that LY294002 had a stronger effect on inhibiting
cyclin B expression in the Smad4 expressed CT26 cells or  survivin expression in Smad4-deficient cells under 5-FU treat-
Smad4 overexpressed SW620 cells. In addition, we previously = ment, when compared with CT26 or SW620 cells with higher
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Figure 7. MEK/ERK pathway contributes little to Smad4-induced chemosensitivity in CRC. (A) Western blot assay. CT26 and SW620 cells were treated with
5-FU. Cell lysates were generated at different time points as indicated after treatment. Total protein was used to check p-ERK/ERK. (B) CT26 and (C) SW620
cells growing in microtiter plates were pretreated with MEK1/2 inhibitor PD98059 (PD) and the indicated concentrations of 5-FU for 72 h. The number of
viable cells was determined by the MTT assay, and relative cell growth was calculated by comparison to the cells without 5-FU treatment. The chemosensi-

tivity assay was assessed in triplicate. Data are presented as mean + SD.

Smad4 expression (9). This evidence indicates that LY294002
has a synergistic effect on promoting 5-FU-induced apoptosis,
through inhibition of the CDC2/cyclin B/survivin cell survival
pathway.

Taken together, these results indicated that the inhibition of
Smad4 by the PI3K/Akt/CDC2/survivin pathway contributes
to cell cycle arrest, thereby restoring 5-FU sensitivity in CRC.

MEK/ERK pathway contributes little to Smad4-induced
chemosensitivity in CRC. The ERK pathway is a controver-
sial factor that may effect 5-FU sensitivity. In the different
cell lines, the ERK pathway was reported either required
or resistant to 5-FU-induced apoptosis (20). In CT26 cells,
p-ERK was activated in the Smad4-deficient clones compared
with the vector control, and was depressed following 5-FU
treatment in both vector control and Smad4-knockdown
clones (Fig. 7A). In the SW620 cells, p-ERK was downregu-
lated in the Smad4-overexpressing clones, and was increased
in a time-dependent manner following 5-FU treatment in
both the control and Smad4-transfected clones (Fig. 7A). We
next used MEK inhibitor, PD98059, to elucidate the role of
ERK on 5-FU sensitivity in these two cell lines. PD98059
treatment made both CT26 and SW620 cells less sensitive

to 5-FU treatment (Fig. 7B and C), but this effect was not
in a Smad4-dependent manner. In addition, inhibition of the
MEK/ERK pathway did not affect protein expression of either
the anti-apoptotic Bcl2 family or pro-apoptotic Bim and Bad
(data not shown). These results indicate that the ERK pathway
contributes little to Smad4-induced chemosensitivity in either
the CT26 or SW620 cells.

Discussion

TGF-p signaling plays a bilateral role in CRC progression
and prognosis, depending on the condition of the intracellular
Smad and non-Smad pathway. Smad4, a pivotal signal of the
TGF-f Smad pathway, acts as a tumor-suppressor gene in CRC
via interruption of the TGF-f signaling pathway (21). This
gene was reported to predict the sensitivity to chemotherapy
and prognosis in CRC in several clinical studies (2-6,8). Our
present research provides evidence that Smad4 expression was
reduced with the advance of tumor stages (Fig. 1), which was
consistent with previous clinical studies. In the present study,
we used two CRC cell lines: a murine CT26 cell line with
Smad4 expression sensitive to 5-FU and a human Smad4-null
SW620 cell line resistant to 5-FU. Smad4 deficiency in CRC
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cells promoted tumor progression. This evidence is consistent
with our previous results (10) and a recent study (22). In addi-
tion, we showed for the first time in the present study that
Smad4 sensitizes CRC to chemotherapy through downregula-
tion of the PI3K/Akt/CDC2/survivin cascade.

It is believed that inactivation of the Smad pathway coupled
with activation of the non-Smad pathway is essential to reverse
TGF-p from a tumor suppressor to a tumor promoter. Therefore,
crosstalk between Smad and the non-Smad pathway plays
a critical role in regulating tumor progression, although the
exact mechanism of this crosstalk remains elusive. We previ-
ously showed that Smad4 overexpression reverses TGF-f3 from
a tumor promoter to a tumor suppressor (10). In the present
study, we identified that Smad4 deficiency in CT26 cells
induced tumor progression in vivo and in vitro. In both cell
line models, TGF-f inhibited cell growth through the Smad
pathway while promoted cell growth through the non-Smad
pathway. In this sense, knockdown or loss of Smad4 in these
two cell lines promoted tumor progression through inhibi-
tion of the tumor-suppressive activity of TGF-f3 coupled with
activation of the tumor-promotor function of the non-Smad
pathway.

5-FU is the most commonly used chemotherapeutic agent
for CRC. However, resistance to 5-FU-based chemotherapy
is still an obstacle owing to great polymorphism in drug
metabolizing enzymes, as well as several signaling pathways
including TGF-f Smad and non-Smad pathway. The combi-
nation of agents affecting these pathways with 5-FU-based
chemotherapy may improve the effects of therapeutic strate-
gies. In previous clinical studies, low Smad4 expression in
CRC predicted less sensitivity to 5-FU-based chemotherapy
and poor prognosis (2-6,8). Our animal studies showed a
consistent observation (Fig. 3). The present study also showed
that Smad4 expression was reduced with tumor progression. In
the experimental study, we showed that Smad4 had an effect
on inducing 5-FU chemosensitivity both in vitro and in vivo,
which was consistent with the clinical results.

Although increasing evidence shows the role of Smad4 in
5-FU chemoresistance, the mechanism remains unknown. To
the best of our knowledge, there is little research regarding
the mechanism of Smad4 in inducing chemosensitivity. To
reveal the mechanism, we focused on the non-Smad signals
which were regulated by Smad4 expression, as several non-
Smad signals contribute to chemosensitivity, with the MEK/
ERK and PI3K/Akt pathway being well elucidated (23-29).
There is much controversy regarding the effect of the MEK/
ERK pathway on chemotherapeutic drug-induced apoptosis.
This pathway was reported to be either required (30-32) or
resistant (28) to chemotherapy, depending on the cell types
and genetic background. In the present study, the MEK/ERK
pathway was required for 5-FU-induced apoptosis in the CT26
and SW620 cells, but it did not contribute to Smad4-induced
chemosensitivity. We finally observed that Smad4 promoted
chemosensitivity through the inhibition of the PI3K/Akt
pathway (Fig. 4).

Akt activation upregulates CDC2, which in combination
with cyclin B is necessary for G2-M cell cycle transition.
CDC2 upregulates the anti-apoptotic factor survivin, which
inhibits caspase-dependent apoptosis, therefore promoting cell
survival (16,17). Inhibition of the CDC2 and cyclin B complex
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led to G2-M cell cycle arrest, and genetic knockout of CDC2
or survivin was reported to result in embryo lethality (15).
Survivin has been reported to be a highly differentially
expressed gene in different types of human cancers including
CRC (33), when compared with corresponding normal tissues.
The role of the Akt/CDC2/survivin pathway in regulating
cell cycle checkpoint and apoptosis makes it crucial for cell
sensitivity to drug treatment. Our results obtained by evalua-
tion of cell cycle kinetics revealed that cells with high Smad4
expression were arrested in the G2-M phase under 5-FU
treatment, owing to inhibition of the CDC2/cyclin B/survivin
cascade. Accumulation of cells in the G1/S phase may result in
resistance to 5-FU treatment, which is consistent with previous
studies (34-36). Smad4 reduced the CDC2/cyclin B complex
and survivin in both the CT26 and SW620 cells, through the
downregulation of the PI3K/Akt pathway, resulting in cell
cycle arrest and cell apoptosis. Thus, we believe that Smad4
sensitizes CT26 and SW620 cells to 5-FU treatment, at least
partially, through inhibition of the Akt/CDC2/survivin pathway.
Either the anti-apoptotic effect or cell cycle checkpoint regula-
tion of this pathway may contribute to 5-FU sensitivity.

In summary, the present study suggests that Smad4
induces chemosensitivity both in murine CT26 and human
SW620 cells, through G1 or G2 cell cycle arrest by inhibiting
the PI3K/Akt/CDC2/survivin cascade. LY294002 reversed
the chemosensitivity of CRC with low Smad4 expression by
inhibiting the PI3K/Akt/CDC2/survivin cascade. Smad4 may
be a candidate biomarker for the combined use of LY294002
and 5-FU-based chemotherapy for patients with CRC.
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