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Raltitrexed Inhibits HepG2 Cell Proliferation via G,/G, Cell Cycle Arrest
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Raltitrexed (RTX) is an antimetabolite drug used as a chemotherapeutic agent for treating colorectal cancer,
malignant mesothelioma, and gastric cancer. The antitumor capacity of RTX is attributed to its inhibitory
activity on thymidylate synthase (TS), a key enzyme in the synthesis of DNA precursors. The current study is
aimed at investigating the potential antitumor effects of RTX in liver cancer. Using the HepG2 cell line as an
in vitro model of liver cancer, we evaluated the effects of RTX on cell proliferation employing both a WST-8
assay and a clone formation efficiency assay. In addition, we monitored the ultrastructure changes of HepG2
cells in response to RTX with transmission electric microscopy. To investigate the mechanism underlying the
regulation of cell proliferation by RTX, we analyzed cell cycle using cell flow cytometry. Moreover, real-time
PCR and Western blot analyses were conducted to examine expression levels of cell cycle regulatory proteins
cyclin A and cyclin-dependent kinase 2 (CDK2), as well as their mediators tumor suppressor genes p53 and
p16. Our results demonstrate that RTX inhibits HepG2 proliferation by arresting the cell cycle at Go/G;. This
cell cycle arrest function was mediated via downregulation of cyclin A and CDK2. The observed elevated
expression of p53 and p16 by RTX may contribute to the reduction of cyclin A/CDK2. Our study indicates that

RTX could serve as a potential chemotherapeutic agent in the treatment of hepatocellular carcinoma.
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INTRODUCTION

Liver cancer is the second highest cause of mortality of
any type of cancer (1). Hepatocellular carcinoma (HCC)
accounts for up to 90% of all primary liver cancers world-
wide and causes up to 600,000 deaths per year globally
(1,2). Due to rapid growth and early vascular invasion,
most HCC patients present with advanced symptomatic
tumors that are not amenable to surgical resection (3).
Even after surgical resection, the recurrence rate is very
high (4). The poor prognosis of patients with nonresect-
able or recurrent HCC supports a rationale for the use of
chemotherapy. Presently used agents include doxorubicin
or, in a combination with cisplatin, interferon, sorafenib
(5) and 5-fluorouracil (5-FU) (6). However, chemotherapy
has not been used consistently in the treatment of advanced
HCC due to the highly refractory nature of HCC tumors
to conventional cytotoxic chemotherapy, the presence of
significant underlying poor hepatic reserve, and a lack of
data from comprehensive clinical trials (7). Continuing
research into improved and emerging targeted agents is
vital to developing efficacious and safe treatments that
combat HCC.

Raltitrexed (RTX; ZD1694, Tomudex), a quinazoline
analogue of folinic acid, has been extensively employed

in the management of colorectal cancer patients (8,9).
RTX alone or in combination with oxaliplatin, epirubicin,
or cisplatin has also been used in the treatment and clini-
cal trials of metastatic pancreatic cancer patients (10),
advanced pancreatic and biliary carcinomas patients (11),
and recurrent or refractory leukemia patients (12). RTX
is a robust, long-lasting inhibitor of the enzyme thymi-
dylate synthase (TS), and this is possibly the source of
its potent anticancer activity (13). TS is a key enzyme
involved in the de novo synthesis of thymidine nucle-
otides of DNA. Several lines of preclinical data have
demonstrated oncogene-like activity for TS, suggesting a
link between TS-regulated DNA synthesis and neoplastic
transformation (14). A statistically significant association
exists between the TYMS3'UTR1494del6 polymorphism
of the TS gene and reduced risk of HCC (15). Indeed,
one transcription factor of TS, late SV40 factor, has been
suggested as novel oncogene for HCC (16). A recent
study suggested that the TS inhibitor suberoylanilide
hydroxamic acid can increase the chemosensitivity of
liver cancer cells to 5-FU when both drugs are com-
bined, synergistically inhibiting cell growth and tumor-
genicity in HCC (17). While RTX has been tested alone
or as part of a combination therapy in several clinical
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trials involving HCC management (18,19), details on
the molecular mechanism and biological effects are not
clearly known. By investigating the biological and physi-
ological functions of RTX, it may reveal insights that
make progress on safe and effective treatment strategy
for HCC (20,21).

In the current study, we selected HepG2 cells as an in
vitro model to evaluate the effects of RTX. HepG2 repre-
sents a pure cell line of human liver carcinoma, often used
as a HCC model due to the absence of viral infection (22).
To assess the potential anticancer activity of RTX in liver
cancer, we analyzed cell proliferation, ultrastructure and cell
cycle in HepG2 cells. Our study demonstrated that RTX
effectively inhibited HepG2 cell proliferation via Gy/G;
cell cycle arrest, which could be attributed to changes in
expression level of cell cycle regulatory proteins.

MATERIALS AND METHODS
Reagents

HepG2 cells were obtained from Harbin Medical
University Cancer Institute. Cells were maintained in
RPMI-1640 (Hyclone, Logan, UT, USA) supplemented
with 10% fetal bovine serum (FBS; Hyclone) and peni-
cillin (100 U/ml)/streptomycin (100 mg/ml) at 37°C in
an atmosphere containing 5% CO,. Cells were passaged
every 2-3 days, and cells in logarithmic phase were used
in experiments.

Chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA) unless stated otherwise. RTX was
purchased from Chia Tai Tianqing (Nanjing, China), and
5-FU was from Kingyork (Tianjin, China). RNaseA was
from TianGen (Beijing, China). Giemsa dye was obtained
from Amresco (Solon, OH, USA). Cell Counting Kit was
purchased from ZomanBio (Beijing, China). Cell lysis
buffer was from Beyotime (Shanghai, China). Bradford
assay kit was purchased from Jiancheng Bioengineering
(Nanjing, China). Antibodies against TS, CDK2, p53,
and pl6 were from Origene (Rockville, MD, USA).
Anti-cyclin A was purchased from Bioworld Technology
(Atlanta, GA, USA). Anti-GAPDH was from Santa Cruz
Biotechnology (Dallas, TX, USA). Anti-B-actin, goat
anti-rabbit IgG, and goat anti-mouse IgG were from
ZSGB-Bio (Beijing, China). Transcriptor First Strand
cDNA Synthesis Kit and FastStart Universal SYBR Green
Master (ROX) were purchased from Roche (Germany).
PCR primers were synthesized by Bioneer (Alameda,
CA, USA).

Cell Culture and Treatment

HepG2 cells (4 x 10%/ml) were seeded in a 96-well plate
at 100 pl/well. After cells settled down, RTX (0, 16, 64,
256 nM) or 5-FU (0, 1.25, 2.5, 5 uM), a TS inhibitor che-
motherapy agent serving as positive control, were added.
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HepG?2 cells were incubated for an additional 24 h or 48 h as
designated. Cell morphology was analyzed by an inverted
fluorescence microscopy TE2000-U (Nikon, Japan).

Cell Proliferation Assay

Effect of RTX on HepG2 proliferation was evaluated
by Cell Counting Kit that employed a method similar
to MTT and used WST-8 reagent instead. HepG2 cells
were seeded and treated as described above. After treat-
ment, WST-8 reagent was applied according to the man-
ual and cells were incubated for another 2 h. When the
formazan crystals were dissolved completely, the level
of optical density (OD) was measured at 450 nm by
Microplate Reader (BioTek Instruments, Winooski, VT,
USA). ICs, was calculated: percentage of growth (growth
%) = OD 1eaumend ODconrol; percentage of inhibition (inhibi-
tion %)=1-growth %.

Colony Formation Efficiency Assay

Colony formation efficiency assay was carried out
as described previously (23) with minor modifications.
Briefly, HepG2 cells were passed through a cell strainer
to obtain single cells before being counted and seeded in
six-well plates at 500 cells/well, followed by gently shak-
ing for the optimal separation. RTX (0, 16, 64, 256 nM)
or 5-FU (0, 1.25, 2.5, 5 uM) were added into the culture
medium. Cells were incubated for 24 h, and then superna-
tant was replaced with 3 ml regular RPMI-1640 contain-
ing 10% FBS. HepG2 cells were cultured for an additional
2-3 weeks until visible cell clones formed. HepG2 cells
were then fixed by 4% paraformaldehyde (PFA) and
stained by 10% Giemsa. Cell colonies were counted in
a double-blind manner using a stereomicroscope: col-
ony formation rate % =(colonies counted/cells inocu-
lated) x 100. In the present study, cells inoculated =500.

Transmission Electron Microscopy

HepG2 cells were treated with RTX (0, 16, 256 nM)
or 5-FU (0, 1.25, 2.5, 5 uM) as described previously and
incubated for 24 h before harvest. Cells were fixed with
2.5% glutaraldehyde for 2 h. After being rinsed by PBS,
cell samples were dehydrated by gradient ethanol and
subsequently washed by 100% fert-butanol and embed-
ded in resin. The cell blocks were examined with H-7650
transmission electron microscope (Hitachi, Japan) at an
accelerating voltage of 40-120 kV.

Cell Flow Cytometry Analysis

We used fluorescence activated cell sorter (FACS)
analysis to examine the effects of RTX on the cell cycle.
HepG2 cells were treated by RTX (0, 16, 64, 256 nM)
as described. After a 24-h incubation, HepG2 cells were
washed three times and resuspended in 500 pl PBS with
20 ul RNaseA and PI. After a 30-min incubation, cells
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Table 1. Sequences of Primers Used

Target Primer Sequence (5-3")

TS F: CCT GGG GCA GAT CCAACA CA

R: TGG ATC CCT TGA TAA ACC ACA GC

F: TCC ATG TCA GTG CTG AGA GGA

R: GAA GGT CCATGA GAC AAG GC

CDK2 F: GCT AGC AGA CTT TGG ACT AGC CAG
R: AGC TCG GTA CCA CAG GGT CA

Cyclin A

p53 F: GGC CCACTT CAC CGTACT AA
R: GTG GTT TCA AGG CCA GAT GT
pl6 F: GAG CAG CAT GGA GCCTTC

R: TCC TCATTC CTC TTC CTT GG
F: CTC TTC CAG CCT TCCTTC CT
R: AGCACT GTG TTG GCG TAC AG

B-Actin

(10,000 events) were acquired using a FACS cytometer
FACSCalibur (BD, USA). Data acquisition and cell cycle
distribution calculations were carried out using FlowJo
software (Tree Star, USA). The number of gated cells in
G, G/M, or S phase were presented as a percentage of the
total. Each experiment was performed in triplicate.

Real-Time PCR

Total mRNA was extracted from HepG2 cells using
TRIzol reagent. Total cDNAs were synthesized using
olig(dT)18 primer. Real-time PCR (RT-PCR) was per-
formed using an ABI Prism7500 Sequence Detection
System. The total reaction volume was 10 pl: 1 ul cDNA,
5 wl FastStart Universal, 0.15 pl of each primer and 3.7 pl
diethyl pyrocarbonate (DEPC)-treated water. The PCR
cycling conditions were as follows: activation at 95°C
for 10 min, 45 cycles of denaturation at 95°C for 15 s,
and then annealing and extension at 60°C for 30 s. Gene
expression levels were carried out using the absolute
curve method, and the expression level of B-actin gene
was used for normalization. Sequences of primers used
are listed in Table 1. We conducted three replicates for
the assays and had four replicates of the individual genes
in each PCR.
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Western Blot Assay

HepG2 were seeded into six-well plates and treated
with different stimulants as designated. Cells were then
harvested by centrifugation and lysed using cell lysis
buffer to obtain total protein. Protein concentration was
determined by Bradford assay kit. Proteins (30 pg) were
loaded into each lane of a 10% SDS-polyacrylamide
gel and transferred onto PVDF membranes (Roche,
Germany). Membranes were blocked for 1 hin 5% (w/v)
nonfat milk and then incubated with primary antibody at
room temperature for 1 h. After being washed three times
in TBST, the membranes were incubated with a horse-
radish peroxidase-coupled goat anti-rabbit IgG (diluted
1:5000) for 1 h at room temperature and then washed
three times. Finally, expression levels of protein were
detected using an enhanced chemiluminescence system
ECL (Roche). Immunoblotted bands were quantified by
FluorChemFC2 imaging system (Alpha Innotech, San
Leandro, CA, USA), and the protein of interest was nor-
malized to B-actin.

Statistics

All values are presented as means + standard error of
the mean (SEM). Differences between experimental groups
were analyzed for statistical significance using one-way
analysis of variance (ANOVA). Values of p<0.05 were
considered statistically significant.

RESULTS
RTX Treatment Changed HepG2 Cell Morphology

The morphology of HepG2 cells was investigated
using light microscopy with and without RTX treatment.
Control group cells, treated with an equivalent amount of
PBS, showed clear cell body shape and grew well with
significant proliferation (Fig. 1A). In contrast, RTX-
treated cells showed delayed growth. Nuclear anomalies
(binucleated cells, fragmentation of nuclei, etc.) were
observed in some RTX-treated cells (Fig. 1B). Similarly,
in the 5-FU-treated group, cells did not grow well and

Figure 1. The morphological changes of HepG2. (A) Control. (B, C) HepG2 cells in response to 24-h treatment with 64 nM RTX
(B) or 2.5 uM 5-FU (C). Cells were observed using phase-contrast microscopy. Scale bar: 40 um. Control, treated with an equivalent

volume of PBS; RTX, raltitrexed; 5-FU, 5-fluorouracil.
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exhibited apoptotic appearance. Cell bodies were reduced
in size with disrupted intercellular contacts and damaged
cytoplasm (Fig. 1C).

RTX Treatment Inhibited HepG2 Cell Proliferation

The effect of RTX on HepG2 cell proliferation was
evaluated by WST-8 assay as described in Materials and
Methods. This cell proliferation analysis revealed rapid
cell growth of HepG2 cells in regular culture medium
that was significantly reduced when the cells were first
treated by RTX or 5-FU for 24 h. Figure 2A demon-
strates that all doses of RTX (16, 64, and 256 nM) signifi-
cantly inhibited HepG2 proliferation compared to control
(p<0.05), and the magnitude of this inhibition was dose
dependent. After 24-h treatment, the growth inhibition
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percentages exerted by RTX (16, 64, and 256 nM) were
16.3£0.5%, 22.1+0.2%, and 24.5+0.2%, respectively
(Fig. 2A). The cell proliferation inhibition rate of RTX
was similar to that of 5-FU. The growth inhibition rate
of 5-FU at 1.25 uM was 18.2+0.3%, and at 2.5 UM was
21.1+0.9% (Fig. 2B). Using a 24-h treatment, the ICs,
for RTX was determined to be 78.919 nM, and the ICs,
for 5-FU was determined to be 3.245 uM. This inhibitory
effect was also time dependent, as increasing the RTX
treatment duration to 48 h showed an intensified inhibi-
tory capacity: RTX (16, 64, and 256 nM) for 48 h led to
33.2+0.3%, 34.3+0.9%, and 36.1 +0.4% inhibition in
HepG?2 cells growth.

To validate the inhibitory effects of RTX on HepG2
proliferation, we conducted colony formation efficiency
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Figure 2. Inhibitory effect of RTX on HepG2 proliferation. (A) WST-8 assay showed that RTX inhibited HepG2 cell proliferation in a
time- and dose-dependent manner. (B) 5-FU, a positive control, induced similar inhibition in HepG2 proliferation. (C) Representative
image of a six-well plate from the colony formation efficiency assay. (D) Quantitative analysis shows that the colony formation rate
in cells treated with RTX was lower than that in untreated cells. Control, treated with an equivalent volume of PBS; RTX, raltitrexed;
5-FU, 5-fluorouracil. **p<0.01 versus control; ##p<0.01 versus different concentration.
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assay. The results showed that colony formation was sig-
nificantly suppressed with increased concentration of
RTX (Fig. 2C, D). Specifically, the number of cell colo-
nies was reduced by 40% in cells treated with 16 nM RTX
compared to control cells (p<0.05). A concentration-
related viability decrease was also observed, corroborat-
ing the results of the WST-8 assay.

RTX Treatment Altered Ultrastructure of HepG2 Cell

To investigate if RTX treatment led to ultrastructure
changes in proliferation-inhibited HepG2 cells, we applied
transmission electron microscopy, a useful tool for observ-
ing morphologic changes. Alterations in ultrastructure by
TEM are shown in Figure 3. The control group presented
regular HepG2 morphology characterized by fine-textured
nuclear chromatin, intact nuclear membranes and cyto-
plasmic membranes, plenty of mitochondria that showed
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parallel and intact cristae. A number of mitotic cells were
observed (Fig. 3A, B). In contrast, the RTX group exhib-
ited severe plasma membrane interruption, dilated nuclear
membranes, nuclear chromatin condensation and margin-
ation, reduced cellular organelles, as well as lytic changes
such as foamy-vacuolated cytoplasm and numerous, pre-
sumably autophagic, vacuoles. Cells in early apoptotic
stage were observed but no cells in mitotic phase were
detected (Fig. 3C, D).

RTX Induced HepG2 Cell Cycle Arrest in Gy/G; Phase

To gain insight into the mechanism underlying the cell
proliferation inhibition triggered by RTX, we tested if
RTX treatment changed cell cycle distribution in HepG2
cells using cell flow cytometry. As shown in Figure 4A
through D, concomitant with the inhibitory effect on
HepG2 cell proliferation, RTX induced a strong G, phase

Figure 3. Transmission electron microscope views of RTX-treated HepG2 cells at 24 h. (A) The control group at a 5,000x magnifica-
tion (HV=80.0 kV). (B) The control group at a 20,000x magnification (HV=80.0 kV). Untreated cells demonstrate a structure and
morphology typical of HepG2 cells. The nucleus contains evenly distributed chromatin, and large and numerous mitochondria exist.
(C) The RTX (256 nM)-treated group at a 5,000x magnification (HV=80.0 kV). (D) The RTX (256 nM)-treated group at a 20,000x
magnification (HV=80.0 kV). Cells treated with 256 nM RTX for 24 h show membrane blebbing and reduced number of subcellular
organelles and vacuolization. Some cells exhibited formation of apoptotic micronuclei. RTX, raltitrexed; N, nucleus; M, mitochondria;

MB, membrane blebbing; V, vacuolization.
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Figure 4. Cell cycle distribution of HepG2 was analyzed by flow cytometry. (A) Cell cycle distribution in control group. (B-D) Arrests
of cell cycle at G/G, in HepG2 in response to increased dosages of RTX 24 h after treatment. (B) RTX=16 nM, (C) RTX=64 nM,
(D) RTX =256 nM. (E) The distribution of the cell cycle of HepG2 cells was assessed by flow cytometry after staining with propidium
iodide (PI). RTX significantly inhibited the proliferation of HepG2 cells by triggering cell cycle arrest at G,/G, phase in a dose-
dependent manner. RTX, raltitrexed. *p<0.05 versus control; **p<0.01 versus control.
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arrest after 24-h treatment. Cell populations in the Gy/Gy, S,
and G,/M phases were 60.5%, 35.2%, and 4.3% of the total
population, respectively, in control HepG2 cells (Fig. 4E).
After incubation with RTX (16, 64, and 256 nM), the
S phase population was significantly reduced to 28.9%,
23.9%, and 13.4%, respectively (p<0.05 vs. control).
RTX-induced S phase population decrease was accompa-
nied with an increase in G¢/G, phase population to 71.5%,
76.1%, and 86.7% of the total population, respectively in
response to increased concentrations.

RTX-Inhibited HepG2 Cells Enter S Phase via
Downregulating Cyclin A/CDK2 Complex

Cell cycle progression is tightly controlled by the reg-
ulation of expression and activity of cyclin/cyclin-depen-
dent kinase complexes. To elucidate signaling pathways
involved in RTX-induced Gy/G, phase cell cycle arrest in
HepG2 cells, we measured the expression levels of cyclin
A/CDK2 complex. Activation of this complex enables
cells to pass from G; to S phase (24-26).

We first analyzed protein and mRNA expression levels
of TS in response to RTX treatment. Our result indicated
that RTX did not significantly alter the expressions of TS in
HepG2 cell. We then assessed expression levels of CDK?2.
Both a significantly reduced mRNA and significantly
reduced protein expression level of CDK2 was observed
after 24 h of RTX incubation (Fig. 5A, B). At a dosage of
256 nM, RTX treatment resulted in a 50% reduction in the
protein expression levels of CDK2 compared to control.
In addition, the mRNA levels of CDK2 markedly dropped
to 19.0% of the control with the use of 256 nM RTX. In
mammalian cells, cyclin A binds to CDK2 to create an
active complex that is critical for CDK2 activation (24).
We found that both mRNA and protein expression levels
of cyclin A in HepG2 were significantly reduced after 24-h
incubation with RTX (Fig. 5C).

RTX Upregulated Tumor Suppressor Genes p53 and p16

CDKs are regulated by two families of inhibitors: the
INK4 inhibitors (including p16) and the Cip/Kip inhibitors
(including p53) (26). To further investigate the mecha-
nism underlying RTX-mediated cell cycle arrest, we ana-
lyzed the well-known cellular tumor suppressor, pS3. p53
is involved in cell cycle regulation as a frans-activator that
negatively regulates cell division by controlling expres-
sion of a set of genes required for the process. Protein
levels of p53 were also significantly upregulated when
assessed by Western blot (Fig. 6A, B). Consistent with
that, real-time PCR data showed that RTX significantly
enhanced mRNA expression of p53. In the HepG2 cells, a
1.3- up to 5.8-fold increase in p53 mRNA expression was
observed compared to the control group (Fig. 6C).

Following this, we examined whether p16 (cyclin-
dependent kinase inhibitor 2A, P16INK4A) signaling was
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involved in RTX-induced Gy/G; phase arrest. In our
hands, we identified significant upregulation of p16 in
response to RTX. Western blot analysis revealed a marked
increase in the protein levels of p16 under RTX treatment
(Fig. 6A, B). Similar results were obtained from RT-PCR
study; the RTX dose-dependently enhanced mRNA levels
of p16 (Fig. 6C).

DISCUSSION

In the work presented here, we demonstrate that RTX
significantly inhibited HepG2 proliferation and arrested
the cell cycle at the Gy/G; phase. This cell cycle arrest
was mediated through downregulation of cyclin A and
CDK2, the key regulators responsible for the transition
from G, phase to S phase. Moreover, elevated expressions
of p53 and p16 by RTX were identified, which could con-
tribute to the reduction of cyclin A/CDK2 complex. Our
study indicates that RTX may serve as a potential che-
motherapeutic agent in the treatment of hepatocellular
carcinoma patients.

Synthesized as part of a program in rational drug dis-
covery, RTX has attracted great interest in investigating
its mechanism and optimal dose/schedule against cancer.
A number of studies support that RTX is well tolerated
and associated with a relatively low risk of hematologi-
cal toxicity, diarrhea, and mucositis, demonstrating it
has potential as a major player in cancer management
(8,27,28). RTX has been suggested to possess a different
toxicity profile from that of 5-FU, another TS inhibi-
tor (8). In the current study using HepG2 as in vitro
model, we found that RTX effectively inhibited HepG2
cell proliferation in a time- and dose-dependent manner
and triggered cell cycle arrest in the G¢/G; phase. This
finding was inconsistent with previous reports that RTX
exerted growth inhibitory effect in SGC7901 human
gastric cancer cells (29), which was accompanied by
cell cycle arrest at the Go/G, phase. The cell cycle arrest
function of RTX may be cell-type specific as RTX has
been reported to induce a buildup of cells in the S phase
in SW620 colon carcinoma cells (30). Interestingly,
although both RTX and 5-FU act as TS inhibitors, our
result indicates that RTX exhibited different mecha-
nisms in preventing cell proliferation, compared to
5-FU. It has been reported that low-dose 5-FU (1 mg/
ml) induced cell cycle G, arrest and apoptosis in keloid
fibroblasts (31). In contrast, in response to 7.5 pg/ml of
5-FU, S phase cell arrest was observed in HepG2 after
48-h treatment (32). Other studies showed that exposure
to 100 ng/ml of 5-FU in SW480 and COLO320DM
caused G, arrest after 24 h and G, arrest after 72—144 h
(33). These studies elucidated that cell cycle arrest func-
tion of 5-FU was cell-type dependent, dose dependent,
and time dependent, suggesting that similar effects may
also be found in RTX.



244

ZHAO ET AL.

A 0 16 64 256 (nM)
Cyclin A "*“ - ——
B-actin . S T~ n—
B —
1 16
1.0 [ 64
256
0.8 * *
£
8 0'6- X *% *%
(<o N
S 0.4
X
0.2-
0.0-
Cyclin A CDK2
C 125
100.0% . 0
s 100.0% 0%
= 100 1 16
S 1 64
- NN 256
g
=
s
8 50
S
e 5
0

Cyclin A

CDK2

Figure 5. RTX triggered downregulation of CDK2 and cyclin A in HepG2 cells 24 h after treatment. (A) Representative images of
Western blot analysis of CDK2 and cyclin A protein expressions in HepG2 cells. CDK?2 and cyclin A protein expressions in HepG2
were inhibited by RTX in a dose-dependent manner. (B) Relative protein levels of CDK2 and cyclin A. All data are presented as
mean+SEM (n=3). All message levels were normalized to that of B-actin. (C) Relative mRNA message levels of TS, CDK2, and
cyclin A in HepG2 cells in response to RTX treatment. All data are presented as mean+SEM (n=4). All message levels were normal-
ized to that of control (0 nM RTX). Average message RNA level of target gene is labeled above each bar. RTX, raltitrexed; CDK2,
cyclin-dependent kinase 2. *p <0.05 versus control; **p<0.01 versus control.

Furthermore, we identified that RTX-induced cell cycle
inhibition was associated with downregulation of cyclin
A and CDK2. Cyclin A/CDK2 complexes phosphorylate
serine residues on pRb, which is crucial for the G, to S
phase transition in proliferating HepG2 cells. Decreased
cyclin A expression contributed to the cell cycle arrest at

G, in HepG?2 cells (34). In addition, cyclin A accumu-
lates prior to cyclin B in the cell cycle and appears to
be involved in control of S phase. Previous study has
determined that expression of cyclin A was significantly
elevated in HCC (35). Recent study using a conditional
genetic knockout mouse model also showed that mice
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Figure 6. RTX induced upregulation of p53 and p16 in HepG2 cells 24 h after treatment. (A) Representative images of Western blot
analysis of p53 and p16 protein expressions in HepG2 cells. Protein expressions of p53 and p16 in HepG2 were increased by RTX in a
dose-dependent manner. (B) Relative protein levels of p53 and p16. All data are presented as mean+SEM (n=3). All mRNA message
levels were normalized to that of B-actin. (C) Relative message levels of p53 and p16 in HepG?2 cells in response to RTX treatment. All
data are presented as mean+SEM (n=4). All message levels were normalized to that of control (0 nM RTX). Average message RNA
level of target gene is labeled above each bar. RTX, raltitrexed. *p <0.05 versus control; **p<0.01 versus control.

with cyclin A2-deficient hepatocytes had delayed liver
tumor formation. In addition, in oncogene-transformed
mouse embryo fibroblasts lacking both cyclin A2 and
CDK2, tumor formation was strongly suppressed in a
manner associated with decreased proliferation (36).
These previous studies, together with our data, sug-
gested that RTX could inhibit liver tumor growth by

stalling the cell cycle through downregulation of cyclin A/
CDK?2 expression.

Various signals are involved in regulation of cell cycle
proteins. p53 is particularly interesting to us because a
previous study found that expression of p53 is critical
for sensitivity of colorectal cancer cells to RTX (37). In
another study, transfecting colorectal cancer cells with
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mutant p53 prevented cells from responding to RTX (38).
To add importance to the role of p53 in RTX-mediated
cyclin A/CDK2 expression, Orlandi et al. confirmed
that RTX could not change the expression of CDK?2 and
cyclin A in the MDA-MB-435 human breast cancer cell
line that contains a mutated p53 gene (39). Moreover,
another group reported RTX promoted a 1.9-fold increase
in the expression of cyclin A and 3.4-fold increase in
CDK2 in the same MDA-MB-435 cells. Interestingly,
these upregulation effects could be diminished if TS was
overexpressed (40). Our result elucidated that increased
p53 expression was associated with RTX-induced cyclin
A/CDK2 reduction. It will be interesting to examine
whether p53 is dispensable to RTX’s inhibitory function
in HepG2 cells or other liver cancer cell lines, because
p53-independent apoptosis in RTX-induced toxicity was
also indicated in human colon carcinoma cell lines as
well as a murine model (41,42).

Tumor suppressor gene pl6 belongs to the INK4 fam-
ily of CDK inhibitors, contributing to the regulation of
cell cycle progression by inhibiting progression from G
to S phase (43). p16 has been recognized as a tumor sup-
pressor gene due to the prevalence of its genetic inactiva-
tion in a variety of human cancers (44), including HCC
(45,46). pl6 is capable of inducing cell cycle arrest in
the G, phase (47). Min et al. reported that upregulation
of pl6 was critical to the antitumor activity of HepG2
cells treated with fucoidan (48). To date, we are not aware
of any investigation into regulation of p16 by RTX. Our
preclinical work here represents the first demonstration
of an interaction between p16 and RTX. Our study could
represent a rationale for further clinical investigation into
the mechanisms underlying the inhibition of proliferation
by RTX on cancer cells. Furthermore, it will be particu-
larly interesting to conduct future studies investigating if
RTX interferes with expression of pl14/p194%F (ARF), a
distinct protein encoded by the same INK4A/ARF locus
as pl6. ARF, at the same time, interestingly, is capable
of inducing both G, and G, arrest due to its stabilizing
effects on p53 (47).

In conclusion, the current study elucidated the effec-
tiveness of RTX in prohibiting HepG2 cells from pro-
liferating. HepG2 cells treated with RTX were arrested
in the G¢/G, phase via downregulation of the cyclin A/
CDK2 complex. Increased p53 and pl6 expressions
were found to be associated with RTX’s biological
activity. Our study supports the potential antitumor
capacity of RTX in liver cancer and provides insight
into the mechanism underlying this effect. A deeper and
more comprehensive understanding of the mechanisms
and molecular events involved in RTX-mediated growth
suppression will aid in the diagnosis, prognosis, and
treatment of liver cancer.
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