
Abstract. Background/Aim: The aim of the present study
was to further develop our previous study on c-Met
expression in colorectal cancer and epithelial-mesenchymal
transition (EMT) induced by hepatocyte growth factor (HGF),
to investigate EMT in the process of liver metastases, and
evaluate the effects of chemotherapy on EMT cells as a
therapeutic strategy for colorectal liver metastasis. Materials
and Methods: CT26 colon cancer cells were treated with 
5-FU and oxaliplatin with or without HGF. The signaling
pathway was evaluated by western blotting analysis, and
drug resistance was evaluated by the MTT (3-(4,5-dimethyl-
2-tetrazolyl)-2,5-diphenyl-2H tetrazolium bromide) assay.
Results: Under pretreatment with HGF for 96 h, 5 μM and
10 μM of 5-FU mediated significant growth inhibition by
72.5±3.9% and 76.2±2.4%, respectively, compared to HGF
alone, and by 105.1±2.8% and 103.5±2.9%, respectively,
without HGF. The expression of E2F1 was decreased
significantly to 50.5±3.8% after 24 hours by HGF with a
reduction of both cyclin D1 to 52.1±7.0% and E to
73.7±3.8%. Thymidylate synthase was also decreased in a
time-dependent manner to 80.6±2.0% after 24 h and to
52.7±1.5% after 96 h. Conclusion: The presence of HGF was
found to increase the 5-FU-induced death signal, JNK
pathway, and inhibition of cell growth. As its mechanism,
HGF was shown to decrease E2F-1 by reducing cyclin D or
E by cell-cycle activation, resulting in inactivation of
thymidylate synthase. The chemotherapeutic effect of 5-FU
was increased in HGF- but not TGF-β-induced EMT.

Colorectal cancer (CRC) is the third most common
epithelial malignancy worldwide (1). Liver metastases
developed from CRC represent one of the most frequent

causes of death, affecting approximately 70% of patients
(2). Improved combinations of 5-fluorouracil (5-FU)/folinic
acid with irinotecan (FOLFIRI) or oxaliplatin (FOLFOX)
have progressively increased tumor response to 73%, and
the median survival time has risen to 20 months (3).
Surgical resection has also remained an expected procedure
to ensure long-term survival or cure (4). More favorable
survival rates are obtained with preoperative chemotherapy
compared to surgery alone (5), and combination of these
treatments achieves 5-year survival rates of up to 60% (6).
However, in the process of liver regeneration after
hepatectomy, the relation between the activation of the
hepatocyte growth factor (HGF)-induced its receptor, c-
Met, signaling pathway and cancer progression remains
unknown (7). 

Epithelial-mesenchymal transition (EMT) is a process by
which differentiated epithelial cells transition to a
mesenchymal phenotype. EMT enables the escape of
epithelial cells from the rigid structural constraints of the
tissue architecture to a phenotype more amenable to cell
migration, thus, creating invasion and metastasis (8). Among
various soluble factors to correlate with EMT, HGF is related
to poor prognosis of patients with small cell lung cancer
through a high rate of metastasis to several organs (9) and
directly promotes carcinogenesis of hepatocellular carcinoma
(10). On the other hand, the early response to anticancer
agents in the progress of EMT is still unclear and
controversial. Some reports showed EMT to relate to higher
chemosensitivity (11), whereas its expression has also been
related to lower chemosensitivity (12). To clarify this, we
showed that pretreatment of CRC cells with HGF enhanced
5-FU-induced cell death by 63% compared with the control
during the expression of signaling pathway by HGF/c-Met
activation (1); however, its mechanism remains unclear. The
purpose of the present study was to further develop our
previous study on c-Met expression in CRC and EMT
induced by HGF, to investigate EMT in the process of liver
metastases, and to evaluate the effects of chemotherapy on
EMT cells as a therapeutic strategy for colorectal liver
metastasis.
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Materials and Methods

Cell lines and culture conditions. Cells from the CT26 murine
colorectal carcinoma cell line were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA). Cells were
cultured in RPMI-1640 medium (Wako, Osaka, Japan)
supplemented with 10% heat-inactivated fetal bovine serum (FBS),
1 mM HEPES buffer, 1 mM sodium pyruvate solution, and 1%
penicillin-streptomycin-amphotericin solution (all from Sigma-
Aldrich, St. Louis, MO, USA) in a humidified atmosphere of 5%
CO2/95% air at 37˚C. Cells were passaged twice a week.

Cell proliferation assay. Cell growth was assessed by a standard 3-
(4,5-dimethyl-thiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT)
assay (1, 7), which detects the dehydrogenase activity in viable
cells. A total of 5×103 CT26 cells were seeded into each of the 96-
well culture plates or the same density of cells was seeded into 6-
well culture plates overnight and kept in a humidified atmosphere
of 5% CO2 and 95% air at 37˚C. The medium was exchanged for
serum-free RPMI-1640 medium, and after 48-h incubation, growth
stimulation by growth factors was started by adding 5 ng/ml of
transforming growth factor-β (TGFβ) and 20 ng/ml of HGF to each
well in the same condition. Recombinant TGF-β1 and recombinant
HGF were purchased from R&D Systems (Minneapolis, MN, USA).
After 0, 24, 48, 72 or 96 h, 0, 5 or 10 μM of 5-FU was added to the
culture medium. After 48-h incubation, 100 μl of a 0.5 mg/ml
solution of MTT (Sigma-Aldrich, Darmstadt, Germany) was added
to each well. The plates were then incubated for 4 h at 37˚C. The
culture medium was replaced with 100 μl of dimethyl sulfoxide
(Wako, Osaka, Japan) per well, and the absorbance at the 540-nm
wavelength was measured using a 2104 EnVision Multilabel Reader
(Perkin-Elmer, Waltham, MA, USA).

Western blot analysis and antibodies. Treatment of the specimens
was as described previously (1, 7). Cell lysates were boiled in
Sample Buffer Solution (Wako, Osaka, Japan). Total cell protein
extracts (20 or 40 μg/lane) were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis using SuperSep™ (Wako,
Osaka, Japan) and were electrophoretically transfected onto
polyvinyl difluoride membranes. The membranes were blocked with
PVDF blocking reagent (Toyobo, Osaka, Japan) for 1 h. The
membranes were then incubated overnight at 4˚C with primary
antibodies against Notch1 (D1E11) XP rabbit mAb (Cell Signaling
Technology, Denver, MA, USA), β-catenin rabbit mAb (Cell
Signaling Technology, Denver, MA, USA), ZEB1 antibody (NOVUS
Biologicals, Littleton, CO, USA), phospho-c-Jun N-terminal kinase
(JNK) mouse mAb (Cell Signaling Technology, Denver, MA, USA),
phospho p44/42 MAP kinase (Erk1/2) antibody (Cell Signaling
Technology, Denver, MA, USA), cleaved PARP (Asp214) antibody
(Cell Signaling Technology, Denver, MA, USA), caspase-3 antibody,
cyclinB1 antibody (Cell Signaling Technology, Denver, MA, USA),
cyclinD1 rabbit mAb (Cell Signaling Technology, Denver, MA,
USA), cyclinE mouse mAb, anti-E2F1 antibody (ab96864) (Abcam,
Cambridge, UK), thymidine synthase antibody (kindly provided
TAIHO, Tokyo, Japan), and phospho-NF-ĸBp65 (Ser468) antibody
(Cell Signaling Technology, Denver, MA, USA). The primary
antibodies were diluted with Can Get Signal Solution 1 (Toyobo,
Osaka, Japan). The membranes were then washed with Dako
Washing Buffer (Dako, Glostrup, Denmark) and incubated with the
appropriate secondary antibodies (1:25.000; Millipore, Darmstadt,

Germany), which were diluted with Can Get Signal Solution 2
(Toyobo, Osaka, Japan). The immunoreactive proteins were
visualized by chemiluminescence using ImmunoStar LD reagents
(Wako, Osaka, Japan), and images were captured by a GeneGnome
Bio Imaging System (Syngene, Cambridge, UK). The detected band
was analyzed by ImageJ computer software, as described previously.
Each value was obtained from the comparison with the level of
rabbit polyclonal anti β-actin (Abcam, Tokyo, Japan), and the mean
values were calculated from three repeated measures (13).

Statistical analysis. The data were examined using the Student t-test,
Chi-square test, and ANOVA or Kruskal-Wallis test (with appropriate
post hoc analysis for multiple comparisons) to determine statistical
significances. p-Values of less than 0.05 were regarded as statistically
significant.

Results
Mediated signal pathway. In the CT26 mouse CRC cells, the
IC50 by 5-FU at 48 h was determined to be 24.0±2.0 mM. 5-
FU-induced cell signaling pathways for the CT26 cell line
were evaluated (Figure 1). Compared with the bands detected
by Western blotting in the control, 5-FU increased activated
JNK to 226.4±34.4% and reduced ERK phosphorylation to
48.1±1.8% after 30 min, and increased cleaved-type PARP to
569.9±2.0% and caspase-3 to 154.7±1.1%, as an apoptosis
pathway, after 12 h. 5-FU also decreased the amount of cyclin
B1 to 68.4±4.0% and increased cyclin D1 to 153.9±9.0%
after 24 h. The effect of oxaliplatin as another common
chemotherapeutic agent for CRC on cell growth and the
signaling pathway was examined (Figure 2). The IC50 of
oxaliplatin was 84.0±12.2 μM, and it increased the activated
type of both JNK and ERK to 106.2±0.8% and 132.2±40.7%,
respectively, after 30 min, and the apoptosis pathway cleaved
PARP to 836.9±115.9% and caspase-3 to 742.5±148.1% after
12 h in a dose-dependent manner. Oxaliplatin was also found
to decrease both cyclin B1 and D1 to 16.1±0.8% and
14.5±1.3% after 24 h, respectively.

The signaling pathway related to EMT was also studied
(Figure 3). Both TGFβ as the most common inducer for EMT
and HGF decreased the expression of E-cadherin to 39.0±0.2%
and 51.1±1.0% for 72 h or more. TGF-β induced the activation
of ZEB1 to 151.3±9.1% after 24 h and Notch1 to 51.5±3.4%
after 48 h and decreased the expression of β-catenin in a time-
dependent manner. The activation of these pathways was not
detected by HGF, and as a factor of anti-cancer drug resistance,
NFkB was not activated by either TGF-β or HGF.

The effect of 5-FU on the action of HGF to induce EMT
was studied (Figure 4). Under pretreatment with HGF for 
96 h, 5 μM and 10 μM 5-FU mediated significant growth
inhibition by 72.5±3.9% and 76.2±2.4%, respectively,
compared with HGF alone, and by 105.1±2.8% and
103.5±2.9%, respectively, without HGF. From observations
of the signaling pathway, 5-FU-induced JNK activation was
significantly increased by pretreatment with HGF, but not
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with TGF-β, for 72 or 96 h, but not by simultaneous
applications. These signaling actions were not shown by
oxaliplatin (data not shown).

To estimate the mechanism of the HGF-mediated increase
in the effect of 5-FU, a study of its metabolic enzymes was
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Figure 2. Oxaliplatin-mediated cell signaling pathway. Oxaliplatin
mediated the activation of JNK, but not ERK, after 30 min (A). The
cleaved band of PARP or caspase-3 was detected by incubation with
>25 mM of oxaliplatin for 12 h in a dose-dependent manner (B). Both
cyclin B1 and D1 were decreased by incubation with 25 mM of
oxaliplatin for 24 h (C).

Figure 1. 5-FU-induced cell signaling pathway. 5-FU mediated the
activation of JNK and reduced phosphorylation of ERK after 30 minutes
(A). The cleaved band of PARP or caspase-3 was detected by incubation
with 25 mM or 10 mM of 5-FU, respectively, for 12 h (B). Cyclin B1
was decreased and cyclin D1 was increased by incubation with 10 mM
of 5-FU for 24 h (C). Cell death was high when 25 mM of 5-FU was
used, and an inadequate amount of protein was obtained.



performed (Figure 5). The expression of E2F1 was decreased
significantly to 50.5±3.8% after 24 h by HGF with a
reduction of both cyclin D1 and E to 52.1±7.0% and
73.7±3.8%, respectively. Thymidylate synthase (TS) was
also decreased in a time-dependent manner to 80.6±2.0% and
52.7±1.5% for 24 and 96 h, respectively.

Discussion

EMT is demonstrated as a loss of epithelial markers, such as
E-cadherin or a gain of mesenchymal markers, such as the
vimentin and the ZEB family of proteins (14). TGF-β is
essential for the induction of EMT during various stages of
embryogenesis and is important in the progression of
carcinoma to an invasive state. As well, Notch, the surface
receptor related to TGFβ/Smad, is important not only in the
mediation of EMT (15), but also the survival of cancer cells

(16). In the present study, the expression of E-cadherin was
decreased with the activation of Notch1 and ZEB1 by TGF-β.
In contrast, HGF was found to reduce E-cadherin but showed
no effects on either Notch 1 or ZEB1. In fact, because
substantial activation of the HGF/c-Met pathway leads to
scattering of cancer cells (17), the suggestion that HGF
regulates EMT might be possible. In the process of
hepatocyte to hepatoma, HGF leads to the decreased
expression of E-cadherin and an increase in vimentin through
not only common EMT pathway but also some other
signaling factors (10). In our previous report on the same cell
line (1), during the activation of the HGF/c-Met pathway,
mitogen-activated protein kinase or phosphoinositide 3-kinase
was shown to act as a key point to induce EMT
independently from main EMT pathway, and this was
supported by recent reports (18, 19). The process of EMT is
also important in conferring drug resistance to several cancer
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Figure 3. EMT signaling pathway. Both TGF-β and HGF decreased the expression of E-cadherin, and TGF-β induced the activation of ZEB1/Notch1
and decreased the expression of β-catenin in a time-dependent manner, but the activation of these pathways was not detected by HGF (A). A factor
of anti-cancer drug resistance, NFkB was not activated by either TGF-β or HGF, despite both being detected by a positive factor, tumor necrosis
factor-α (B).



cells against conventional therapeutics including oxaliplatin
(20). NF-ĸB is regulated with drug resistance-related gene
expression in cancer cells, and its inhibition increases drug-
sensitivity for chemotherapy, indicating that NF-ĸB itself acts
as one of the drug-resistant factors. In fact, NF-ĸB activation
was recently implicated in EMT, and reversal of EMT was
triggered by NF-ĸB inhibition (21). However, in the present
study, NF-ĸB was not activated by either TGF-β or HGF,
indicating that the drug-resistant manner of EMT was not
related in this cell line. These differences in signaling
pathways mediating the effect of chemotherapeutic agents are
not yet clear, but there is a possibility of the NF-ĸB-
independent appearance of EMT (22).

5-FU, which has held a central position in chemotherapy
for several solid types of cancer, is a critical factor in the
recently developed FOLFOX or FOLFILI regimens. It is the

first rationally designed anti-metabolite to achieve its
therapeutic efficacy through inhibition of DNA repair and its
metabolism is regulated mainly by enzymes such as TS (23).
CRC patients with low levels of TS were reported to have
better prognosis than those with high levels (24), and gene
amplification of TS with consequent increases in mRNA and
protein expression was observed in a 5-FU-resistant cell line
(25). Taken together, the expression of TS appears to be a
more useful indicator for the prediction of chemosensitivity.
As the transcriptional factor of TS, E2F reverses to an
activated style, by splitting of the complex with phospho-
retinoblastoma (Rb) protein, and regulates TS expression
(26). The D-type cyclins play a critical role in the early G1
phase of the cell cycle and the complex with its related-
factors phosphorylate the Rb protein and inactivate its ability
to act as a transcriptional repressor in a complex with E2F.
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Figure 5. The mechanism of the increased effect of 5-FU induced by
HGF. The expression of E2F1 was decreased at 24 h after addition of
HGF with reduction of cyclin D1 and E (A). Thymidylate synthase (TS)
was clearly decreased after 24 hours in a time-dependent manner (B).
Each band was evaluated by computer software and the percentage of
the comparison with each band of β-actin was calculated.

Figure 4. The effect of HGF for 5-FU-induced growth inhibition. The
presence of HGF increased 5-FU-induced growth inhibition by MTT
assay (A). 5-FU-induced JNK activation was clearly increased by
pretreatment with HGF for 72 or 96 h (B). Each band was evaluated
by computer software and the percentage of the comparison with each
band of β-actin was calculated.



The release of E2F leads to transcriptional induction of genes
required for progression from the G1 to S phase, most
notably cyclin E. Therefore, down-regulation of cyclin D1
mediates the shutdown of E2F-mediated transcriptional
activity (27). This leads to the dissociation of the pRb/E2F
complex and the subsequent release of the transcriptional
activity of E2Fs (28). The present study showed that
pretreatment with HGF induced the EMT-mediated higher
sensitivity of 5-FU, and these results were supported by the
TS/E2F theory with the cell cycle. Among the MAPKs to
transmit extracellular signals to regulate cell proliferation,
apoptosis and autophagy, JNK is commonly known as a
response to antitumor agents or death signals (29). In
addition, 5-FU-induced JNK activation is critical to the
initiation of cancer cell apoptosis. Then, the increased
expression of 5-FU-induced JNK by HGF will induce HGF-
mediated EMT to increase the sensitivity to 5-FU.

In conclusion, the presence of HGF was found to increase
the 5-FU-induced death signal because the decrease of E2F-1
by HGF inactivated TS. A previous study revealed that the best
procedure for favorable patient prognosis was to plan a
hepatectomy after administration of FOLFOX for 12 weeks
and rest for 4 weeks (7, 30). The present study may lead to a
novel concept in which a hepatectomy-induced high serum
level of HGF for liver regeneration allows drug-resistant cancer
cells to become sensitive again through the process of EMT.
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