
Abstract. CDC25A is a cell cycle-activating phosphatase
that promotes transition from the G1 to S phase. We
previously reported that overexpression of CDC25A in human
hepatocellular carcinoma (HCC) tissue samples was associated
with poor prognosis. In this study, we attempted suppression
of CDC25A in HCC cells to elucidate the therapeutic potential
of this approach. Administration of CDC25A antisense (AS)
oligonucleotide resulted in 25-50% inhibition of cell growth
at 48 h, G0-G1 arrest, and significant inhibition of cancer cell
invasion. To elucidate the underlying mechanism of the
inhibitory effects of HCC cell invasion, we examined several
invasion-associated molecules, and we found that membrane-
type 3 (MT3)-matrix metalloproteinase (MMP) mRNA was
greatly reduced following treatment with AS oligonucleotide
to CDC25A or siRNA treatment. Notably, screening of a panel
of gastrointestinal cancer cells indicated that MT3-MMP was
generally expressed by HCC cells, whereas other cell types
did not express this type of matrix metalloproteinase so
frequently. We also found that CDC25A facilitated cellular
differentiation by increasing albumin expression in the PLC
cell line. These results suggest that CDC25A, by inhibiting
HCC growth and invasion, may be a feasible therapeutic
target for human HCC.

Introduction

Primary hepatocellular carcinoma (HCC) is the third leading
cause of cancer death worldwide, with an estimated 564,000
new cases in 2000 (1). Frequent postoperative recurrence of
the disease, characterized by intrahepatic metastasis or
multicentric carcinogenesis, is one of the major reasons for
the poor prognosis of HCC (2,3). Insight into the molecular
mechanisms involved in hepatocarcinogenesis may enable
more effective treatment for HCC.

CDC25 genes are cell cycle-activating phosphatases that
remove the inhibitory phosphates of threonine and tyrosine
residues at the ATP-binding sites of cyclin-dependent kinase.
Three CDC25 genes, CDC25A, CDC25B, and CDC25C,
which share ~40-50% amino acid identity, have been identified
and function during different stages of the cell cycle, including
G1-S and G2-M transition (4-7). It has been found that
CDC25A and CDC25B, but not CDC25C, possess oncogenic
potential and are able to transform primary murine fibroblasts
in cooperation with either mutated Ha-ras or loss of Rb1 (8).
Furthermore, concordant in vitro and in vivo findings show
that CDC25A and CDC25B are overexpressed in various
types of human malignancies, including HCC (9-14).

Accumulating evidence suggests that several molecules
acting at the G1-S transition of the cell cycle play crucial roles
in the progression of HCC. HCC tissues overexpress cyclins
D1 and E (15,16). In a subset of HCCs, expression of the
cyclin-dependent kinase (CDK) inhibitor p21waf1/cip1 was
reduced, the p16INK4 gene was methylated at the promoter
region, and expression of p27Kip1 appeared to be decreased
(15,17,18). We previously found that CDC25A, rather than
CDC25B, was overexpressed in the dedifferentiated pheno-
type of HCC and that its levels correlated with hypergrowth
activity (14). We also found that CDC25A overexpression
was associated with shorter disease-free survival of patients
with HCC. Foundational research showed that ablation of
CDC25A function by microinjection of a specific antibody
blocks cell entry into S phase (5). Conversely, inducible
overexpression of CDC25A, leading to activation of cyclin
E-Cdk2 and cyclin A-Cdk2, revealed that these complexes
act as critical targets for CDC25A (19,20). This evidence
suggests the relevance of CDC25A to G1-S transition. Based
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on these findings, in the present study, we explored the
therapeutic potential and biological effects of antisense (AS)
oligonucleotides against CDC25A in HCC cells.

Materials and methods

AS oligonucleotides and short interfering RNA. All oligo-
deoxynucleotides as well as FITC-conjugated oligo-
nucleotides were synthesized by a DNA synthesis facility
(Sigma-Aldrich Co., St. Louis, MO) and contained phosphor-
othioate linkages at the first two and last three internucleotide
bonds. The CDC25A AS oligonucleotide (5'-CCGCGGCG
GTACCTTGAC-3') was designed to be complementary to
the translation start site of the CDC25A gene. As a control,
mismatch (MM) oligonucleotides with four (MM-1, CCG
CTGCAGTGCCGTGAC) and six base mismatches (MM-2,
CAGCTGCAGTGCCGTGCC) were prepared.

RNA duplexes [short interfering RNA (siRNA)] directed
against the CDC25A gene were synthesized and purchased
from Qiagen (Hilden, Germany). The sequences of the
siRNA for CDC25A and the negative control were 5'-GGC
GCUAUUUGGCGCUUCA-3' and 5'-ATCCGCGCGAT
AGTACGTA-3', respectively. 

Cell culture and transfection. The HCC cell lines HepG2,
PLC/PRF/5 (hereafter designated as PLC), and Huh7 were
obtained from the American Type Culture Collection
(Manassas, VA). The cells were grown in DMEM
supplemented with 10% fetal bovine serum, 100 units/ml
penicillin, and 100 μg/ml streptomycin in 5% CO2 at 37˚C.
The HepG2, PLC, and Huh7 cells were seeded into 6-cm-
diameter plates at 3-8x105 cells/well. Twenty-four hours after
seeding, the cells were transfected with CDC25A AS
oligonucleotides, mismatch-1 oligonucleotides (MM-1), or
mismatch-2 oligonucleotides (MM-2) (0.2 μM for HepG2
and PLC; 0.25 μM for Huh7), complexed with transfection
reagent (Oligofectamine for HepG2 and PLC; Lipofectamine™
2000 for Huh7; Invitrogen, Carlsbad, CA). The siRNA oligo-
nucleotides (4 μg/well) were transfected with Lipofectamine
2000 reagent. The transfection was carried out according to
the manufacturer's protocol.

Transfection efficiency. Transfection efficiency was
evaluated using FITC-conjugated oligonucleotides. Cells
were observed under fluorescence microscopy at 24, 48 and
72 h after transfection, and counted in a total of 10 fields at
high magnification. Results were reported as the percentage
of total number of cells.

Western blot analysis. Western blotting was performed as
previously described (14). Twenty-five micrograms of the
total protein was subjected to 10% PAGE, followed by
electroblotting onto a polyvinylidene difluoride (PVDF)
membrane. After blocking in 5% skim milk, the membrane
was incubated with 1 μg/ml CDC25A antibody, followed by
the secondary antibody (1:2000). The enhanced chemi-
luminescence Western blot detection system (Amersham,
Aylesbury, UK) was used to detect the immunocomplex.
CDC25A, MT3-MMP (Santa Cruz Biotechnology, Santa
Cruz, CA), and actin (Sigma) antibodies were used at a
dilution of 1:200, 1:2000, and 1:1000, respectively.

Growth curves. Cells were uniformly seeded (5x103/well for
HepG2 and PLC; 2x103/well for Huh7) in duplicate onto 6-
well plates. Twenty-four hours later, the culture medium was
removed and replaced with 1 ml fresh medium containing
each oligonucleotide (0.2 μM in HepG2 and PLC cultures;
0.25 μM in Huh7 cultures) and transfection reagent. Cells
were counted using a hemocytometer at the indicated times.
Experiments were repeated at least twice.

Cell cycle analysis. Cells were washed twice with PBS, fixed
in 70% cold ethanol for 4 h, and washed and re-suspended in
1 ml of PBS. Propidium iodide (Sigma, 50 μl of 1 mg/ml
solution in PBS) and RNase (Sigma, 1 μl of 10 mg/ml
solution) were added for 30 min at 37˚C. Samples were filtered
through 44-μm nylon mesh, and data were acquired using a
FACSort (Becton Dickinson Immunocytometry Systems, San
Jose, CA). Analysis of the cell cycle was performed using
ModFIT software (Becton Dickinson Immunocytometry
Systems). Experiments were repeated at least twice.

Invasion assay. An in vitro invasion assay was performed as
previously described (21). Briefly, Transwells™ (Costar,
Cambridge, MA) with 8-μm-pore-size polycarbonate
membrane filters in 24-well culture plates were used. The
upper surface of the filter was coated with Matrigel (Becton
Dickinson, Bedford, MA) in a volume of 12.5 μg per filter;
the Matrigel was dried and reconstituted at 37˚C into a solid
gel on the filter surface. The lower surface of the filter was
coated with fibronectin (20 μg/ml), vitronectin (10 μg/ml),
collagen IV (50 μg/ml), or 1% bovine serum albumin (BSA),
used as chemoattractants. The cells treated with oligo-
nucleotides for 24 h were seeded in the upper chamber at a
density of 2x105 cells/insert for HepG2 and 5x104 cells/insert
for PLC and Huh7. HepG2 and Huh7 cells were allowed to
invade for 24 h and PLC cells for 48 h. Cells that invaded the
lower surface of the filter were counted in ten random fields
under a light microscope at high magnification. Experiments
were repeated at least twice.

Reverse transcriptase-polymerase chain reaction. Reverse
transcriptase-polymerase chain reaction (RT-PCR) was
performed in a 25-μl total volume of reaction mixture
containing 1 μl cDNA template, 1X Perkin Elmer PCR buffer,
1.5 mM MgCl2, 0.8 mM deoxynucleotide triphosphates,
20 pmol primer for porphobilinogen deaminase (PBGD),
CDC25A, albumin, MMPs (MMP2, MT1-MMP, MT2-
MMP, MT3-MMP) and 1 unit of TaqDNA polymerase
(AmpliTaq Gold, Roche Molecular Systems, Inc., Belleville,
NJ). Reverse transcription (RT) was performed at 42˚C for
90 min and then at 95˚C for 10 min. PCR was performed
with specific primers in 25-μl volumes containing 2.0 μg RT
products according to the manufacturer's protocol.

The primer sequences of CDC25A, PBGD, and albumin
were previously described (14,22). The primers for MMPs
were as follows (23): MMP-2 forward, 5'-ACC TGG ATG
CCG TCG TGG AC-3' and MMP-2 reverse, 5'-TGT GGC
AGC ACC AGG GCAGC-3'; MT1-MMP forward, 5'-ACA
TCA AAG TCT GGG AAG GGA-3' and MT1-MMP reverse,
5'-AGC AGG GAA CGC TGG CAG T-3'; MT2-MMP
forward, 5'-CAG CCC AGC CGC CAT ATG TC-3' and
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MT2-MMP reverse, 5'-CTT TCA CTC GTA CCC CGA AC-
3'; MT3-MMP forward, 5'-ACA GTC TGC GGA ACG GAG
CAG-3' and MT3-MMP reverse, 5'-GTC AAT TGT GTT
TCT GTC CAC-3'.

Statistical analysis. Data were expressed as the mean ± SEM.
Group differences were examined for statistical significance
using the Mann-Whitney U test or Fisher's exact test. Mean
values were compared using the Student's t-test. A p<0.05
denoted a statistically significant difference.

Results

Transfection efficiency. Representative figures of cells
transfected with FITC-conjugated oligonucleotides are shown
in Fig. 1. PLC cells had a lowest transfection efficiency,
with an average of 18.8±4.57 and 19.5±5.76% for AS and
MM2, respectively. A tendency of reduction of efficiency
with time was noted. A lower efficiency was found for MM1
at 13.2±0.23%. A slightly higher efficiency was noted in
HepG2; 29.6±4.20% for AS, 30.3±1.08% for MM2 and
similarly a lower rate of 21.9±7.47% for MM1. Reduction of
efficiency with time was only observed for MM1. The highest
transfection efficiency was observed for Huh7; 87.2±2.79%,

87.5±1.23% and 86.7±5.48 for AS, MM1 and MM2
respectively. 

Suppression of CDC25A with antisense oligonucleotides. We
used Western blotting to examine the expression of CDC25A
protein in HepG2, PLC, and Huh7 HCC cell lines treated
with vehicle alone or vehicle plus each oligonucleotide (AS,
MM-1, or MM-2) 48 h after transfection. As shown in Fig. 2,
the AS oligonucleotide suppressed CDC25A levels by 60%
in HepG2 cells and by ~95% in PLC and Huh7 cells. On the
other hand, when we examined CDC25B expression no
reduction was obtained by AS-CDC25A (data not shown).

Cell growth and cell cycle. AS to CDC25A significantly
inhibited cell growth of HepG2, PLC, and Huh7 cells.
Statistical significance between cultures treated with AS
oligonucleotide versus other oligonucleotides is shown in
Fig. 3A. We then performed flow cytometric analysis 24 h
after transfection. In the three HCC cell types tested, treatment
with AS oligonucleotide increased the G0-G1 phase fraction
and decreased the S phase fraction when compared to vehicle-
treated cultures. Repeat experiments of cell growth and cell
cycle analyses gave similar results. A representative result is
shown in Fig. 3B with the following fraction values for
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Figure 1. Representative figures of Huh7 cells after transfection with FITC-conjugated antisense (AS) oligonucleotides. Cell count indicated transfection
efficiency at 84.1, 88.0 and 89.7% at 24, 48 and 72 h, respectively.

Figure 2. AS oligonucleotide to CDC25A decreased CDC25A expression in HCC cells. Three HCC cell lines were transfected with vehicle alone, vehicle plus
MM oligonucleotides, or AS oligonucleotides. Cells were harvested 48 h after transfection. The protein lysates were subjected to Western blot analysis with
anti-CDC25A and anti-actin antibody. Actin bands indicate equal loading of the protein.
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cultures treated with AS oligonucleotide versus vehicle,
respectively: G0-G1; HepG2, 57.2% and 70.4%; PLC, 60.8%
and 70.8%; Huh7, 47.1% and 58.4%; and S phase fraction;

HepG2, 30.4% and 23.3%; PLC, 29.1% and 23.0%; Huh7,
36.19% versus 27.2% (Fig. 3B). No such effects were found
with MM-1 or MM-2 oligonucleotides.

XU et al:  ANTISENSE TO CDC25A INHIBITS TUMOR GROWTH148

A

B

Figure 3. (A) Proliferation assay in response to CDC25A AS oligonucleotide. Treatment with AS to CDC25A resulted in significant growth delay in HepG2
and PLC cells at 48 h when compared to treatment with vehicle alone, MM-1, and MM-2 (*p<0.05 for each comparison to AS). Similar effects were observed
in Huh7 cells at 24 and 48 h (*p<0.05 for each comparison to AS). The data represent the averages from two separate experiments. (B) Cell cycle analysis.
Treatment with AS oligonucleotide for 24 h increased the G0-G1 phase fraction and decreased the S phase fraction in HCC cells when compared to vehicle-
treated cultures. These effects were not obtained with MM-1 or MM-2 oligonucleotide treatment.
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Invasive ability. To investigate the effect of AS to CDC25A
on the invasive ability of HCC cells we performed an invasive
assay. When compared to vehicle treatment, AS to CDC25A
significantly suppressed cancer cell invasion by 33.2% in
HepG2 cells (p=0.002), 17.2% in PLC cells (p=0.001), and
26.5% in Huh7 cells (p=0.001) (Fig. 4). These inhibitory
effects were not found with MM-1 or MM-2 treatment. A
repeat experiment showed similar results.

Expression of matrix metalloproteinases. To investigate the
underlying mechanism for the inhibitory effect of AS to
CDC25A on the invasive ability of HCC cells, we used RT-
PCR to examine the expression of a series of matrix metallo-
proteinases (MMP). These included MMP2, MT1-MMP,
MT2-MMP, and MT3-MMP. We found that AS to CDC25A
decreased MT3-MMP mRNA expression in all three HCC
cell lines (Fig. 5). However, expression of the other MMPs
was unaffected (data not shown). To confirm the results, we
investigated the effect of siRNA against CDC25A. Western
blot analysis showed that the reduction in CDC25A expression
was associated with a large reduction in MT3-MMP protein
in the three HCC cell lines (Fig. 6).

We then investigated mRNA expression of MMP2, MT1-
MMP, MT2-MMP, and MT3-MMP in a variety of gastro-
intestinal tumor cell lines including HCC cell lines. MT3-
MMP expression, when compared to that of other MMPs, was

relatively specific to the HCC cell lines (expression rate by
cell lines, 7/7:100%) versus other gastrointestinal tumor cell
lines such as pancreatic cancer (2/5:40%), colon cancer (0/5:
0%), gastric cancer (1/5:20%), and esophageal cancer
(1/3:33%) cell lines (Table 1).

Restoration of albumin expression in PLC by CDC25A
inhibition. We investigated whether inhibition of CDC25A
restores cell differentiation in HCC cell lines, using albumin
expression as a marker of differentiation (24). We found that
the PLC cell line which marginally expressed albumin
showed an increase in albumin mRNA expression following
treatment with AS oligonucleotide (Fig. 7). siRNA treatment
against CDC25A showed a similar result (Fig. 7). However,
there was no change in albumin mRNA expression in the
remaining two HCC cell lines that had relatively high
albumin levels (data not shown). We should also emphasize
that this was not the case with other liver-specific functions
such as APOCIII or asialoglycoprotein receptor, and
glutathione-S-transferase-π (data not shown).

Discussion

In our earlier study of CDC25A expression in human HCC
tissue samples we found that high CDC25A expression was
associated with cell proliferation, portal vein invasion, and
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Figure 4. Invasion assay. AS to CDC25A decreased invasion by HCC cells. The assay was performed in duplicate; bars indicate the mean ± SD. A significant
reduction in cell invasion was noted in AS-treated cultures versus cultures treated with vehicle, MM-1, and MM-2 (*p<0.01).

Figure 5. AS to CDC25A decreased MT3-MMP mRNA expression in HCC cells. Cells were harvested 24 h after transfection and examined for MT3-MMP
mRNA by RT-PCR assay. PBGD, a housekeeping gene, served as the control. HCC tissues were used as positive control for MT3-MMP mRNA. 
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dedifferentiated histology (14). Accordingly, we here
examined the effects of CDC25A inhibition on cell cycle,
growth, invasion, and differentiation of HCC cell lines. Since
CDC25A is a cell cycle accelerator, it is likely that inhibition
of CDC25A leads to cell cycle delay and results in growth
inhibition. However, we demonstrated that CDC25A
inhibition was associated with reduction of MT3-MMP in the
three HCC cell lines and an increase in albumin level in the
PLC HCC cell line. These findings were further confirmed by
siRNA treatment. 

We found that CDC25A AS oligonucleotide inhibited cell
growth and induced G0-G1 arrest in HCC cell lines. These
results were anticipated based on the knowledge that

CDC25A is a crucial regulator of the cell cycle, acting at the
G1-S transition (5). However, the present findings cannot be
underestimated because uncontrolled cell growth plays a
particularly integral role in the progression of HCC. Indeed,
several reports have shown that the expression of proliferating
cell nuclear antigen (PCNA) and Ki-67 is significantly
associated with HCC relapse (25,26). This is in contrast to
colon cancer, where proliferative activity alone appears not
to result in fatal events (27,28). Furthermore, our previous
study provided direct evidence that CDC25A expression
correlates well with PCNA expression in human HCC tissue
samples (14). Taken together, these findings suggest that
inhibition of CDC25A may have therapeutic potential for
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Table I. Expression of MMP mRNA in gastrointestinal cancer cell lines.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Hepatocellular carcinoma cell lines
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

HLE HLF Huh7 PLC HepG2 SKHep1 PLL
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
MMP2 + + + + + + +
MT1-MMP - + + + - + +
MT2-MMP + + + + + + +
MT3-MMP + + + + + + +

Pancreatic cancer cell lines
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
PANC1 PSN-1 PCL-6 MiaPaCa AsPC-1

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
MMP2 + + + - +
MT1-MMP + + + + +
MT2-MMP + + + + +
MT3-MMP + - + - -

Colon cancer cell lines
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
LoVo HT29 DLD1 HCT116 SW480

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
MMP2 - - - - +
MT1-MMP + - - - +
MT2-MMP + + + + +
MT3-MMP - - - - -

Gastric cancer cell lines
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
MKN-1 MKN-28 MKN-74 MKN-45 KATO-III

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
MMP2 + - - + -
MT1-MMP + + - + +
MT2-MMP + + + + +
MT3-MMP + - - - -

Esophageal cancer cell lines
–––––––––––––––––––––––––––––––––

TE-2 TE-8 TT
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
MMP2 + + +
MT1-MMP + + +
MT2-MMP + + +
MT3-MMP - - +
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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HCC by restraining growth, which may lead to prolonged
disease-free survival.

We also found that AS to CDC25A inhibited the invasive
activity of HCC cell lines. This finding is particularly
important because HCC invades vessel walls and metastasizes
inside the liver, which is considered a major cause of death
from the disease (29,30). It may be argued that the inhibitory
effects of AS to CDC25A on cancer cell invasion may simply
reflect reduced tumor cell growth. We cannot rule out such a
possibility. Yet based on the demonstrated downregulation of
MT3-MMP in all three HCC cell lines it is likely that the
invasive ability itself may be regulated by AS to CDC25A.
MT3-MMP, one of the major MMPs, was originally cloned
from human melanoma tissue and human placenta and is
expressed in a variety of normal and tumor tissues (22,31-33).
Functional expression of MT3-MMP in human WM1341D
melanoma cells facilitated in vitro collagen I invasion (34).
Also, expression of MT3-MMP in hamster CHO-K1 and
canine MDCK cells induced the expression of a fibrin-
invasive phenotype (35). When we examined the mRNA

expression of MMP2, MT1-MMP, MT2-MMP, and MT3-
MMP in HCC and gastrointestinal cancer cell lines, we found
that MT3-MMP expression was rather specific to HCC cell
lines. Moreover, we recently found that MT3-MMP
expression was associated with tumor invasion in primary
HCC tissues (36). Although the precise mechanism of how
CDC25A regulates MT3-MMP should be determined at the
next stage of research, these findings suggest the relevance of
MT3-MMP to invasion in HCC.

Our previous study showed that CDC25A expression was
associated with dedifferentiated histology of HCC (14). In
the present mechanistic study, we found upregulation of
albumin mRNA in PLC cells treated with CDC25A AS. It is
reported that PLC produces albumin scarcely, while Huh-7
and HepG2 cells produce high albumin levels (37-39), which
is consistent with current findings. The difference in basal
albumin level may account for restoration of albumin
expression only in PLC cells. Human HCC is unique in that
tumor growth occurs relatively slowly and with a well-
differentiated phenotype in the early stage but faster and with
dedifferentiation in the advanced stage (40,41). In this
context, inhibition of CDC25A may convert advanced HCC
into a more differentiated and less aggressive phenotype; at
least certain types of HCC cells.

In conclusion, antagonism of CDC25A inhibited the
growth and invasion of HCC cells, possibly via cell cycle
arrest at G0-G1 and suppression of MT3-MMP expression.
Taken together, these findings strongly suggest that CDC25A
may be a promising therapeutic target against HCC. Indeed,
several CDC25A inhibitors are being developed, including
novel vitamin K analogues and steroidal-derived inhibitors
(42,43).
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Figure 7. Inhibition of CDC25A induced albumin mRNA expression in PLC
cells. AS to CDC25A and siRNA against CDC25A induced expression of
albumin mRNA as early as 12 h after treatment. PBGD served as the
control.

Figure 6. MT3-MMP protein expression was suppressed by siRNA against CDC25A. Cells were collected 48 h after transfection. Inhibition of CDC25A
expression by siRNA caused downregulation of MT3-MMP protein expression in HCC cells. By contrast, a non-silencing sequence did not alter CDC25A or
MT3-MMP levels. Actin blots served as a loading control.
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