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Tigure 3. Effects of hyperforin on fibroblast apoptosis. (2) NIH/3T3 cells were treated with hyperforin at indicated concentrations for 72 h. Cell
viability was measured by CellTiter-Glo luminescent cell viability assay. Cell cultures exposed to O pm drug were considered to be 100% viable.
Cell viability of each drug-treated sample was presented as percentage of that of cultures treated with O pum drug. (b) NIH/3T3 cells were treated
with hyperforin at indicated concentrations for 72 h. Apoptosis was measured by cell death detection ELISA assay. Apoptotic level in each drug-
treated sample was presented as fold-change compared to that in cultutes treated with 0 pM drug. (c~d) NIH/3T3 cells were treated with hyperforin
at indicated concentrations for 72 h. Caspase-3/7 (c), -8 (d) and -9 (e) activities were determined using Caspase-Glo Assays. Data are expressed as
fold-increases relative to respective untreated samples (RLU/60 min/pg protein). (f) NIH/3T3 cells were treated with hyperforin at indicated concen-
twrations for 72 h. Uptake of BrdU was measured by ELISA. BrdU incorporation in each drug-treated sample was presented as fold-change com-
pared to that in cultures treated with 0 pm drug. Data are expressed as mean &= SEM of results from at least four independent experiments.
*P < 0.05, compared to 0 um.

to disassemble in two morphologically and biologically
distinct processes, namely, programmed cell death (PCD)
and necrosis. PCD, referring to apoptosis, antophagy and
programmed necrosis, is proposed to be death of a cell in
any pathological format, when mediated by an intracellu-
lar program. These three forms of PCD may jointly
decide the fate of cells; apoptosis and programmed necro-
sis invariably contribute to cell death, whereas autophagy
can play either a pro-survival role or a pro-death role
(17). Cells undergoing apoptosis show a series of well-

characterized physical changes such as plasma membrane
blebbing, permeabilization of mitochondrial outer mem-
branes, DNA fragmentation, nuclear disintegration and
eventually cell disintegration into apoptotic bodies that
are then engulfed and degraded by phagocytes (18). On
the other hand, autophagy (macroautophagy) occurs by
formation of autophagosomes, double-membraned vesi-
cles that sequester organelles, proteins, or portions of
cytoplasm, which then fuse with lysosomes. As a result
of this process, sequestered contents are degraded by

Figure 4. Effect of hyperforin on embryonic stem (ES) cell differentiation. Analysis of expression levels for undifferentiated state and tissue-
specific differentiation markers. Expression levels of undifferentiated markers Oct3/4 (a) and Sox2 (b), endodermal markers GATAG (c) and TTR
(d), mesodermal markers BMP4 (¢) and ANF () and ectodermal markers nestin (g) and GFAP (h) were quantified at each concentration of hyperfo-
1in with real-time RT-PCR. Each expetiment was performed in triplicate. Data are expressed as mean & SEM of results from at least three indepen-
dent experiments. *P < 0.05, compared to 0 oM. un, undifferentiated ES cell. () The frequencies of cardiomyocytes, identified by their distinctive
beating movement, derived from ES cells were quantified at each concentration of hyperforin.

© 2013 John Wiley & Sons Ltd Cell Proliferation
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lysosomal enzymes and recycled for future re-use (19).
Autophagy does not involve DNA fragmentation (20).
Our results here show that hyperforin did not induce
apoptosis in ES cells. It is not known, however, whether
other types of cell death such as necrosis or autophagy
contribute to ES cell growth inhibition.

The molecular mechanisms that account for the hy-
perforin-induced cell viability reduction of ES cells
remain to be investigated.

Our data also suggest that NIH/3T3 fibroblast cyto-
toxicity to hyperforin at high concentrations induced
apoptosis. During apoptosis, caspases are essential for
initiation and execution of cell death in a self-amplifying
cascade in response to various stimuli (21). Two major
apoptotic pathways have been identified, one extrinsic
and one intrinsic. The extrinsic pathway is activated by
death receptors, which recruit initiator caspases -2, -8,
or -10 through adaptor molecules, whereas intrinsic sig-
nals result in activation of caspase-9. Initiator caspases
can sequentially cleave and activate effector caspases
(caspases -3, -6, and -7), which play an important role
in mediating cell destruction (22). Our results show that
hyperforin increased mono- and oligonucleosomes and
activities of caspases -3/7, -8 and -9 in NIH/3T3 fibro-
blasts, indicating that it induced not necrosis nor auto-
phagy, but apoptosis of NIH/3T3 fibroblasts, via both
the intrinsic pathway (as shown by activation of cas-
pase-9) and the extrinsic pathway (as shown by activa-
tion of caspase-8), and also led to caspase-3 activation.

Thus, our results suggest that hyperforin affected
cytotoxicity in a cell-dependent manner; it inhibited pro-
liferation of ES cells (representing embryonic tissue)
and induced apoptosis of fibroblasts (representing adult
tissues). Effects and the molecular mechanisms of hyper-
forin must therefore be examined further, in individual
cells and tissues.

1t must be noted that concentrations of hyperforin
taken into the body through consumption of St. John’s
Wort are very low. Agrosi er al. (23) observed peak
plasma hyperforin level of 168.35 ng/ml (about 30 nm)
affer consumption of a soft gelatin formulation and
84.25 ng/ml (about 15 nm) after consumption of hard
gelatin capsules. Vitiello er al. (24) were unable to
detect any hyperforin in 17 of 97 volunteers who took
St. John’s Wort. Hyperfotin had an ICsq value of around
2.4 pm for NIH/3T3 fibroblasts and around 5.9 pum for
ES cells as measured for this study; these levels are
approximately 80-200 times plasma hyperforin level
observed by Agrosi et al. These results suggest that hy-
perforin can be expected to have few embryotoxic
effects in general use.

In a previous study, subjects taking St. John’s Wort
were prospectively identified, followed and compared

© 2013 John Wiley & Sons Lid

with a matched group of pregnant women taking other
forms of pharmacological therapy for depression, and a
third group of healthy women not exposed to any
known teratogens. It was demonstrated that levels of
major malformations were similar across the three
groups: they were 5%, 4% and 0% in St. John’s Wort,
disease comparator and healthy groups, respectively.
These levels are not significantly different from the 3—
5% risk expected in the general population. Levels of
live birth and prematurity also did not differ among the
three groups (25). In this study, using an assay system
based on the EST developed in our previous studies
(12-14), we have demonstrated that high concentration
(10 pum) of hyperforin increased expression level of
undifferentiated marker genes and reduced expression
level of mesodermal and endodermal marker genes
under differentiating conditions. In addition, hyperforin
inhibited differentiation of ES cells into cardiomyocytes.
We found, however, that undifferentiated marker expres-
sion levels were lower in ES cells that had been sub-
jected to 10 pm  hyperforin  treatment  under
differentiating conditions than they were in undifferenti-
ated ES cells, while mesodermal and endodermal marker
expression levels were higher in ES cells that had been
subjected to 10 um hyperforin treatment under differenti-
ating conditions than they were in undifferentiated ES
cells. These results suggest that high concentrations of
hyperforin could partiaily inhibit ES cell differentiation
into mesoderm and endoderm lineages, and that inges-
tion of large amounts of hyperforin could pose embryo-
toxic and teratogenic risks.

Hyperforin is currently in used in the clinic as a safe
and effective antidepressant. Our experimental data indi-
cate that it could be expected to have few embryotoxic
and teratogenic effects in general use, although ingestion
of large amounts of hyperforin may incur risks.

Acknowledgements

We thank Dr. Shinji Kusakawa of the Foundation for
Biomedical Research and Innovation for his valuable
support. This work was supported in part by research
grants from the Mishima Kaiun Memorial Foundation,
the Scientific Fund of the Ministry of Human Health
and Welfare of Japan (H24-Shokuhin-Wakate-019) and
the Grant of Natiopal Center for Child Health and
Development (22A-6).

References

1 Calixto JB, Campos MM, Otuki MF, Santos AR (2004) Anti-
inflammatory compounds of plant origin. Part II. modulation of
pro-inflammatory cytokines, chemokines and adhesion molecules.
Planta Med. 70, 93-103.

Cell Proliferation



2 Calixto JB, Otuki MF, Santos AR (2003) Anti-inflammatory com-
pounds of plant origin. Part I. Action on arachidonic acid pathway,
nitric oxide and nuclear factor kappa B (NF-kappaB). Planta Med.
69, 973-983.

3 Bailly C (2009) Ready for a comeback of natural products in
oncology. Biochem. Pharmacol. 77, 1447-1457. ’

4 Medina MA, Martinez-Poveda B, Amores-Sanchez MI, Quesada
AR (2006) Hyperforin: more than an antidepressant bioactive com-
pound? Life Sci. 79, 105-111.

5 Quiney C, Billard C, Salanoubat C, Fourneron JD, Kolb JP (2006)
Hyperforin, a new lead compound against the progression of cancer
and leukemia? Leukemia 20, 1519-1525.

6 Borrelli F, Izzo AA (2009) Herb-drug interactions with St John’s

wort (Hypericum perforatum): an update on clinical observations.

AAPS J. 11, 710-727.

Hostanska K, Reichling J, Bommer S, Weber M, Saller R (2003)

Hyperforin a constituent of St John's wort (Hypericum perforatum

L.) extract induces apoptosis by triggering activation of caspases

and with hypericin synergistically exerts cytotoxicity towards

human malignant cell lines. Eur. J. Pharm. Biopharm. 56, 121—

132.

8 Lin JY, Liu Z, Wang DM, Li MM, Wang SX, Wang R et al.
(2011) Induction of apoptosis in K562 cells by dicyclohexylammo-
nium salt of hyperforin through a mitochondrial-related pathway.
Chem. Biol. Interact. 190, 91-101.

9 Genschow E, Spielmann H, Scholz G, Pohl 1, Seiler A, Clemann N
et al. (2004) Validation of the embryonic stem cell test in the inter-
national ECVAM validation study on three in vitro embryotoxicity
tests. Altern. Lab. Anim. 32, 209-244.

10 Spielmann H, Pohl I, Droing B, Liebsch M, Moldenhauser F

(1997) The embryonic stem cell test, in vitro embryo toxicity test

using two permanent mouse cell line: 3T3 fibroblast and embryonic

stem cells. In Vitro Toxicol. 10, 119-127.

Seiler AE, Spielmann H (2011) The validated embryonic stem cell

test to predict embryotoxicity in vitro. Nat. Protoc. 6, 961-978.

12 Murabe M, Yamauchi J, Fujiwara Y, Hiroyama M, Sanbe A, Ta-
noue A (2007) A novel embryotoxic estimation method of VPA
using ES cells differentiation system. Biochem. Biophys. Res. Com-
mun. 352, 164-169.

~3

1

—

© 2013 John Wiley & Sons Ltd

Hyperforin inhibits ES cell growth 9

13 Murabe M, Yamauchi J, Fujiwara Y, Miyamoto Y, Hiroyama M,
Sanbe A er al. (2007) Estimation of the embryotoxic effect of CBZ
using an ES cell differentiation system. Biochem. Biophys. Res.
Commun. 356, 739-744.,

14 Kusakawa S, Yamauchi J, Miyamoto Y, Sanbe A, Tanoue A
(2008) Estimation of embryotoxic effect of fluoxetine using embry-
onic stem cell differentiation system. Life Sci. 83, 871-877.

15 Wang ZB, Liu YQ, Cui YF (2005) Pathways to caspase activation.
Cell Biol. Int. 29, 489-496.

16 Miura T, Mattson MP, Rao MS (2004) Cellular lifespan and senes-
cence signaling in embryonic stem cells. Aging Cell 3, 333-343.

17 Ouyang L, Shi Z, Zhao S, Wang FT, Zhou TT, Liu B et al. (2012)
Progranumed cell death pathways in cancer: a review of apoptosis,
autophagy and programmed necrosis. Cell Prolif. 45, 487-498.

18 Suzanne M, Steller H (2013) Shaping organisms with apoptosis.
Cell Death Differ. 20, 669-675,

19 Green DR, Galluzzi L, Kroemer G (2011) Mitochondria and the
autophagy-inflammation-cell death axis in organismal aging. Sci-
ence 333, 1109-1112. ‘

20 Wlodkowic D, Skommer J, Darzynkiewicz Z (2010) Cytometry in
cell necrobiology revisited. Recent advances and new vistas.
Cytometry A T7, 591-606.

21 Leist M, Gantner F, Bohlinger I, Germann PG, Tiegs G, Wendel A
(1994) Murine hepatocyte apoptosis induced in vitro and in vivo by
TNF-alpha requires transcriptional arrest. J. Imnunol. 153, 1778-1788.

22 Liedike C, Plumpe J, Kubicka S, Bradham CA, Manns MP, Bren-
ner DA et al. (2002) Jun kinase modulates tumor necrosis factor-
dependent apoptosis in liver cells. Hepatology 36, 315-325.

23 Agrosi M, Mischiatti S, Harrasser PC, Savio D (2000) Oral bio-
availability of active principles from herbal products in humans. A
study on Hypericum perforatum extracts using the soft gelatin cap-
sule technology. Phytomedicine T, 455-462. '

24 Vitiello B, Shader RI, Patker CB, Ritz L, Harlan W, Greenblatt DJ
et al. (2005) Hyperforin plasma level as a marker of treatment
adherence in the National Institutes of Health Hypericum Depres-
sion Trial. J. Clin. Psychopharmacol. 25, 243-249.

25 Moretti ME, Maxson A, Hanna F, Koren G (2009) Evaluating the
safety of St. John’s Wort in human pregnancy. Reprod. Toxicol.
28, 96-99.

Cell Proliferation



OPEN o ACCESS Freely available online

{@PLOS |one

DNA Methyltransferase Inhibitor Zebularine Inhibits

Human Hepatic Carcinoma Cells Proliferation and
Induces Apoptosis

Kazuaki Nakamura'*, Kazuko Aizawa', Kazuhiko Nakabayashi? Natsuko Kato', Junji Yamauchi',
Kenichiro Hata?, Akito Tanoue’

1 Department of Pharmacology, National Research Institute for Child Health and Development, Tokyo, Japan, 2 Department of Maternal-Fetal Biology, National Research
Institute for Child Health and Development, Tokyo, Japan '

:Abstract

;’ ity on' '
) 'atlon in

HepGZ cells Oon the other hand zebulanne't eatm nreg
protein (Rb), and upreguiated pZ‘I"‘”‘F”:‘P(1 and p53 We als

Citation: Nakamura K, Aizawa K, Nakabayashi K, Kato N, Yamauchi J, et al. (2013) DNA Methyltransferase Inhibitor Zebularine Inhibits Human Hepatic Carcinoma
Cells Proliferation and Induces Apoptosis. PLoS ONE 8(1): €54036. doi:10.1371/journal.pone.0054036

Editor: William B. Coleman, University of North Carolina School of Medicine, United States of America
Recelved September 18, 2012; Accepted December 7, 2012; Published January 8, 2013

Copyright: © 2013 Nakamura et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported in part by research grants from the Takeda Science Foundation (Osaka, Japan, http://www.takeda-sci.or.jp/index.html), and
The Grant of National Center for Child Health and Development (22A-6) (Tokyo, Japan, http://www.ncchd.go.jp/index.php). The funders had no role in study

* E-mail: nakamura-kz@ncchd.gojp

design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Hepatocellular carcinoma (HCC) is the sixth most common
newly diagnosed cancer and the third most common cause of
cancer mortality worldwide. Its treatment outcome is far from
satisfactory and the five-year survival rate is dismal (approximately
10%) [1]. Liver transplantation is currently considered to be the
only curative therapy. Unfortunately, however, a majority (>80%)
of patients with advanced and unresectable HCC are not suitable
candidates for transplantation or surgical resection {2,3]. Chemo-
therapy using conventional cytotoxic drugs, such as doxorubicin,
cisplatin, and fluorouracil, is a common treatment option,
especially for patients with unresectable tumors. However, because
of poor response rates, severe toxicities, and high recurrence rates,
the mean survival time is approximately six months [3,4]. Thus,
there is a very high demand for more effective agents to better
combat this malignancy.

It has been considered that hypermethylation of CpG islands in
tumor suppressor genes represents one of the hallmarks in human
cancer development [5,6]. It has been reported that the analysis of
gene expression and promoter CpG island hypermethylation in

PLOS ONE | www.plosone.org

HCC revealed that both genetic and epigenetic changes contribute
to the initiation and progression of liver cancer and are correlated
with poor survival [7]. Epigenetic changes such as DNA
methylation are pharmacologically reversible, and this offers
a promising multi-target translational strategy against cancer in
which the expression of a variety of silenced genes could be
reactivated. DNA methylation is specifically mediated by the
action of DNA methyltransferase (DNMT) enzymes [8], which
includes DNMT1, DNMT2, DNMT3a, and DNMT3b [9].
DNMT1 has de novo as well as maintenance methyltransferase
activity, and DNMT3a and DNMT3b are potent de novo
methyltransferase [10]. Overexpression of DNMT has been
reported to be involved in tumorigenesis [11] and has been
suggested as a prognostic factor in large B cell lymphomas [12].
Therefore, it has been proposed that the inhibition of DNMT
activity can strongly reduce the formation of tumors [13]. Thus
far, three DNMT-inhibiting cytosine nucleoside analogs (i.e., 5'-
azacitidine, decitabine, and zebularine) have been studied as
potential anti-cancer drugs [14~16]. Decitabine and its prodrug
5'-azacitidine are two widely used DNMT inhibitors for the

January 2013 | Volume 8 | Issue 1 | e54036



treatment of patients with various cancers, such as myelodysplastic
syndromes (MDS) and acute myeloid leukemia (AML) [17,18].
Although Decitabine and its prodrug 5’-azacitidine are effective in
treating various cancers [17,18], the formation of irreversible
covalent adducts with DNA may cause long-term side effects,
including DNA mutagenesis, a potential cause of tumor re-
currence.

Zebularine is a second-generation, highly stable lrydrophilic
inhibitor of DNA methylation with oral bioavailability that
preferentially targets cancer cells [19], as demonstrated in bladder,
prostate, lung, colon, and pancreatic carcinoma cell lines [20]. It
acts primarily as a trap for DNMT protein by forming tight
covalent complexes between DNMT protein and zebularine-
substitute DNA [21]. Zebularine is also a cytidine analog that was
originally developed as a cytidine deaminase inhibitor. It exhibits
low toxicity in mice, even after prolonged administration [22-24].
Given that aberrant methylation is a2 major event in the early and
late stages of tumorigenesis [25,26], including hepatocarcinogen-
esis [7], this process may represent a critical target for cancer risk
assessment, treatment, and chemoprevention [19]. In the previous
study, a zebularine signature that classified liver cancer cell lines
into two major subtypes with different drug response was
identified. In drug-sensitive cell lines, zebularine caused inhibition
of proliferation coupled with increased apoptosis, whereas drug-
resistant cell lines were associated with the upregulation of
oncogenic networks (e.g., E2F1, MYC, and TNT) [19]. However,
little is known about the anti-cancer effect and possible mechanism
of action of zebularine on HCC.

In the present study, we investigated the molecular mechanism
of zebularine against HCC. We demonstrated that zebularine
exhibited antitumor activity by inhibiting cell proliferation and
inducing apoptosis. This effect was independent of DNA
methylation, and characterized by the downregulation of GCDK2

>

Effects of Zebularine on HepG2 Cell Growth

and the phosphorylation of retinoblastoma protein (Rb) as well as
the upregulation of p21WAF/C™F! 4nq p53. We also found that
zebularine induced apoptosis though the intrinsic and extrinsic
apoptosis pathways. In addition, the data in the present study
suggest that the inhibition of the double-stranded RNA-dependent
protein kinase (PKR) is involved in inducing apoptosis with
zebularine.

Materials and Methods

Cell culture

HepG2 cells (JCRB1054) and HeLa cells (JGRB9004) were
purchased from the Health Science Research Resources Bank
{(Japan Health Sciences Foundation, Osaka, Japan), and were
maintained at 37°C under an atmosphere of 95% air and 5% CO,
in Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum (FBS), 100 U/ml penicillin, and 100 pg/ml
streptomycin. Cells were immersed in a culture medium contain-
ing the indicated zebularine concentrations. Zebularine (Wako
Pure Chemical Industries, Osaka, Japan) was dissolved in distilled
water as a stock solution.

Cell viability assay

The cell viabilities after exposure to zebularine were determined
using WST assay. The assay was performed using a Cell Counting
Kit-8 (Dojindo Laboratories, Kumamoto, Japan) according to the
manufacturer’s instructions. Cell cultures exposed to 0 puM
zebularine were considered to be 100% viable. The cell viability
of each drug-treated sample was presented as a percentage of the
viability of cultures treated with 0 pM zebularine. All samples
were run five times in the same assay.
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Figure 1. The effect of zebularine on HepG2 celt viability. HepG2 cells were tre-ated with .zebu rine Y
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doi:10.1371/journal.pone.0054036.g001
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doi:10.1371/journal.pone.0054036.g002

Apoptosis analysis

Qnantification of apoptotic cells was performed using a Cell
Death Detection ELISA™Y® (Roche Diagnostics; Tokyo, Japan).
After 72 h of incubation with zebularine, cells were lysed with
a lysis buffer (included in the kit). The assay was performed
according to the manufacturer’s instructions. Absorbance values
were measured at 405 nm using a microplate reader (ARVO,
PerkinElmer Japan, Kanagawa, Japan). The apoptotic ratio of
each drug-treated sample was presented as a fold-change of the
apoptosis of cultures treated with 0 pM zebularine. All samples
were run five times in the same assay.

5-bromo-2'-deoxy-uridine (BrdU) incorporation assay
Cellular DNA synthesis rates were determined by measuring
BrdU incorporation with the commercial Cell Proliferation ELISA
System (Roche Diagnostics). After 24 h of incubation with
zebularine, cells were incubated for 3 h with a BrdU labeling
solution (included in the kit) containing 10 pM BrdU. The assay
was performed according to the manufacturer’s instructions.
Absorbance values were measured at 405 nm using a microplate

PLOS ONE | www.plosone.org

reader. The BrdU incorporation of each drug-treated sample was
presented as a percentage of the BrdU incorporation of cultures
treated with 0 pM zebularine. All samples were run five times in
the same assay.

lllumina Infinium HumanMethylation450 BeadChip
analysis

Genomic DNA was extracted from three independent cell
culture batches for zebularine (1000 pM)-treated and control
HepG2 cells. Genomic DNA (1000 ng) was bisulfite-treated and
purified using the EpiTect Bisulfite Plus Kit (QIJAGEN K.K,,
Tokyo, Japan). Three hundred nanograms of bisulfite-treated
DNA were hybridized to the Ilumina Infinium HumanMethyla-
tion450 BeadChip using Illumina-supplied reagents and protocols.
Both the CpG loci included on this array and the technologies
behind the platform have been described previously [27].
GenomeStudio software (Ilumina) was used to calculate the
methylation level at each CpG site as beta value (B = intensity of
the methylated allele [M]/[intensity of the unmethylated allele (U)

January 2013 | Volume 8 | Issue 1 | e54036
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treatment for 24 h at different concentrations. After treatment, the cells were harvested and western blot analysis was performed to detect the
protein level of CDK2, p-Rb, and Rb. GAPDH was used as a loading control. Data are the means = SEM of results from at least three independent

experiments. *p<<0.05, compared to 0 pM.
doi:10.1371/journal.pone.0054036.g003

+ intensity of the methylated allele (M) + 100]) [27]. Region-level
methylation analysis was conducted using the IMA package [28].

Caspase assays

Caspase-3/7, -8, and -9 activities were assayed with Caspase-
Glo Assays (Promega KK, Tokyo, Japan) according to the
respective manufacturer’s standard cell-based assay protocol.
The luminescence of each sample was measure using a plate-
reading luminometer. Comparison of the luminescence from
a treated sample with a control sample enables determination of
the relative increase in caspase activity. All samples were run five
times in the same assay.

Overexpression of PKR and forward transfection

The PKR plasmid, pFN21A-hPKR (FN21AE2332), and
empty vector, HaloTag control vector, were purchased from
 Promega. Transient transfection in HepG2 cells was performed
according to the Lipofectamine 2000 (Invitrogen, LifeTechnolo-
gles Japan, Tokyo, Japan) methods. Cells cultured in a six-well
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culture plate were washed twice with phosphate-buffered saline
and the medium was replaced with 2ml of Opti-MEM
(Invitrogen) with 1% FBS. Two micrograms per well of
pFN21A-hPKR or the empty vector (HaloTag control vector)
were then mixed with 10 pl/well of Lipofectamine 2000 in Opti-
MEM and the mixture was added to the wells 20 min later. After
6 h of transfection, the cells were then cultured in regular medium
for 48 h and subsequently treated with zebularine for 72 h.

Immunoblotting

Cells were lysed in lysis buffer (20 mM HEPES-NaOH pH 7.5,
150 mM NaCl, 1% NP-40, 1.5 mM MgCl2, ] mM EGTA, 1 pg/
ml leupeptin, 1 mM PMSF, and 1 mM NazVO,) and stored at
—80°C until use. After centrifugation, aliquots of the supernatants
underwent sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE). The electrophoretically separated proteins
were transferred to polyvinylidene fluoride (PVDF) membranes,
blocked, and immunoblotted with anti-CDK?2 (78B2, #2546), Rb
(4H1, #9309), phospho-Rb (Ser807/811) (#9308), p21WAr/CIF!
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Figure 4. Effects of zebularine on the protein expression of p21"A¥ /@1 and p53. The expression of p21"YA”“"* and p53 after zebularine
treatment for 24 h at different concentrations. After treatment, the cells were harvested and western blot analysis was performed to detect the
protein level of p21"A7“! and p53. GAPDH was used as a loading control. Data are the means % SEM of results from at least three independent

experiments. ¥*p<0.05, compared to 0 pM.
doi:10.1371/journal.pone.0054036.9g004
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Figure 5. Effects of zebularine on phosphorylation of p44/42
MAPK. The phosphorylation and expression of p44/42 MAPK after
zebularine treatment for 24 h at different concentrations. After
treatment, the cells were harvested and western blot analysis was
performed to detect the phosphorylated and total p44/42 MAPK
protein level. GAPDH was used as a loading control. Data are the means
+ SEM of results from at least three independent experiments. *p<<0.05,
compared to 0 pM.

doi:10.1371/journal.pone.0054036.g005

(12D1, #2947), p44/42 mitogen-activated protein kinase (MAPK)
(137F5, #£4695), phospho-p44/42 MAPK (The202/Thy204)
(#4370), Bax (D2EL1, #5023), Bcl-2 (50E3, #2870), PKR
(N216, #2766), DNMT1 (D63A6, #b5032) (Cell Signaling
Technology Japan, Tokyo, Japan), phospho-PKR (E120,

Effects of Zebularine on HepG2 Cell Growth

ab32036, abcam, Tokyo, Japan), p53 (M 7001, Dako Japan,
Tokyo, Japan), DNMT3a (sc-20703), DNMT3b (sc-81252) (Santa
Cruz Biotechnology, Santa Cruz, CA), or glyceraldehyde 3-
phosphate dehydrogenase ,(GAPDH) (#MAB374, Millipore,
Temecula, CA) antibodies, and then with peroxidase-conjugated
secondary antibodies (NA931 or NA940, GE Healthcare Japan,
Tokyo, Japan). The bound antibodies were detected using the
*ECL system (GE Healthcare Japan).

Statistics

All experiments were performed at least three times. Values are
expressed as means = standard error of the mean (SEM).
Statistical analyses were performed using an unpaired Student’s #
test or two-way analysis of variance (ANOVA) followed by Fisher’s
protected least significant difference as a post-hoc test. $<<0.05 was
considered to indicate statistical significance.

Results

The effects of zebularine on HepG2 cell viability

In order to investigate the effect of zebularine on HepG2 cell
viability, we performed WST assay after zebularine exposure.
WST assay indicated that zebularine affected cell wviability.
Exposure of cells to zebularine for 72 h resulted in a decrease in
cell viability (Fig. 1A). To further determine whether zebularine
could inhibit the proliferation of HepG2 cells, we conducted BrdU
incorporation assay after zebularine treatment for 24 h. Although
WST assay indicated that zebularine could not affect cell viability
after 24 h (Fig. 1B), BrdU incorporation assay clearly showed that
the uptake of BrdU by HepG2 cells was already reduced after 24 h
exposure to zebularine (Fig. 1C). At a concentiation of 250 pM,
the uptake of BrdU was reduced to 22.120.6% compared with
0 pM and a similar reduction of BrdU uptake (20.1%1.5%) was
observed at a concentration of 1000 pM. In addition, we
examined whether zebularine could induce HepG2 cell death.
Terminal deoxynucleotidyl transferase dUTP nick end labeling
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Figure 6. The effect of zebularine on apoptosis-related proteins. HepG2 cells were treated with zebularine at indicated concentrations for
72 h. (A) Caspase-3/7, -8, and -9 activities were determined .using Caspase-Glo Assays. The data are expressed as fold-increase relative to the
respective untreated samples (RLU/60 min/ug protein). (B) The protein level of Bax and Bcl-2 after zebularine treatment for 72 h at different
concentrations. After treatment, the cells were harvested and western blot analysis was performed to detect the protein level of Bax and Bcl-2.
GAPDH was used as a loading control. Data are the means = SEM of results from at least three independent experiments. *p<<0.05, compared to

0 pM.
doi:10.1371/journal.pone.0054036.g006
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Figure 7. Effects of zebularine on phosphorylation of PKR. (A) The phosphorylation and expression of PKR after zebularine treatment for 72 h
at different concentrations. After treatment, the cells were harvested and western blot analysis was performed to detect the phosphorylated and total
PKR protein level, GAPDH was used as a loading control. *p<<0.05, compared to 0 pM. (B) Effect of the overexpression of PKR in zebularine-induced
cell death. The forward transfection of the empty vector (Halo Tag control vector) as the control or the plasmid-containing PKR ¢cDNA sequence
(pFN21A-hPKR) was performed, and the cells were then treated with different concentrations of zebularine for 72 h. *p<<0.05, compared to control.
Data are the means = SEM of results from at least three independent experiments.

doi:10.1371/journal.pone.0054036.g007

(TUNEL) assay demonstrated that zebularine induced apoptotic Zebularine affects HepG2 cells growth arrest and
cell death on HepG2 cells. Exposure of cells to zebularine for 72 h apoptosis via DNA methylation-independent pathway
resulted in an increase in the number of apoptotic cells (Fig. 1D). Because of zebularine’s activity as a DNMT inhibitor in other

These results indicated that DNA replication was blocked and 154l systems [29,30], its effect on the expression of DNMTs in
apoptotic cell death was induced by treatment with zebularine,

ca HepG2 cells was examined. As expected, zebularine treatment was
which resulted in reduced HepG2 cell viability.

associated with a statistically significant dose-dependent depletion
of DNMT1, DNMT3a, and DNMT3b (Fig. 24).
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Figure 8. Effects of zebularine on phosphorylation of PKR in Hela cells. (A) Hela cells. were treated with ze.bularine at indicated
concentrations for 72 h. Cell growth was measured by WST assay. (B) The phosphorylation and expression of PKR after zebularine treatment for72 h
at different concentrations. After treatment, the cells were harvested and western blot analysis was performed to detect the phosphorylated and total
PKR protein level. GAPDH was used as a loading control. ¥p<<0.05, compared to 0 pM.

doi:10.1371/journal.pone.0054036.9008
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Since zebularine decreased DNMT protein levels, to determine
whether the growth inhibition and/or apoptosis induction in
HepG2 cells by zebularine are a result of a change in DNA
methylation, we obtained the genome-wide methylation profiles of
zebularine-treated and -untreated (control) HepG2 cells using an
Mumina Infintum HumanMethylation450 BeadChip (GEO ac-
cession number GSE42490). Among 482,421 assays for CpG sites,
482,260 assays fulfilled our quality control criteria (detection p
value <0.01 and no missing beta value for both groups) and were
subjected to the following analysis. For each assay, delta-beta value
(= average of the beta values of three zebularine-treated samples
— average of those of three controls) was calculated. As shown in
Tig. 2B, the methylation profiles were highly similar between
zebularine-treated and -untreated HepG2 cells. The number of
CpG sites whose delta-beta values are >0.1 and <—0.1 was 35

"and 162, respectively. At the majority (99.96%) of CpG sites,
methylation levels were nearly the same under the two conditions.
To further assess whether these minor methylation changes are
observed at specific genes or genomic regions, we conducted
region-level methylation analysis using the IMA package [28].
Among 26,659 CpG islands (CGIs), only five showed a significant
change (adjusted p value <0.05 and |delta-beta value| >0.1) of
the methylation level upon zebularine treatment (Table S1). All
five CGls were found to be highly methylated in control HepG2
cells (beta value >0.8), and to be partially hypomethylated (delta-
beta range —0.11-—0.21) in zebularine-treatment cells. One GGI
is located in an intron of the AGAP1 gene that encodes ArfGAP
with GTPase domain, ankyrin repeat, and PH domain 1 protein.
Another CGI islocated 10 kb downstream of the USP18 gene that
encodes ubiquitin specific peptidase 18. The other three CGIs are
not associated with any RefSeq gene structure (within 50 kb
distance). It is unlikely that the slight decrease in DNA methylation
at these five CGIs causes growth arrest and apoptosis in HepG2
cells. These results suggest that the administration of zebularine
has little effect on DNA methylation in HepG2 cells, and that the
inhibited cell growth and induced apoptosis observed in HepG2
cells upon zebularine treatment are caused by unknown mechan-
isms that are independent of DINA methylation.

Zebularine inhibited CDK and phosphorylation of protein
retinoblastoma

To estimate the mechanism by which zebularine inhibits
HepG2 cell proliferation, we investigated the change in CDK2
expression that was associated with cell-cycle regulation after
zebularine treatment. Our results showed that the levels of CDK?2
were downregulated in HepG2 cells at 24 h by zebularine
treatment (Fig. 3). Protein retinoblastoma (Rb) plays a critical
role in governing cell-cycle progression, especially for the
transition from the G1 to the S phase [31], where the total and
phosphorylation level of Rb was detected. Our results revealed
that phosphorylated Rb (p-Rb) decreased in a concentration-
dependent manner 24 h after zebularine treatment, which was
accompanied by a reduction in total Rb (Fig. 3).
Zebularine increased p21*WAF/CIP!
cells

Previous studies have demonstrated that tumor suppressor
protein p2 IWAFZCIRL 04 p53 play an important role in G0/G1
arrest in HepG2 cells [32]. Therefore, in order to determine
whether these two proteins play a role in inhibiting cell pro-
liferation, the HepG2 cells were exposed to zebularine and
analyzed for change on the protein level of 1’)21"\7““7/(“1}‘1 and p53.
The results showed that after 24 h of zebularine treatment, the

and p53 level in HepG2
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p21 WAF/CIPL 50d p53 protein level was higher in HepG2 cells than

in the control (Fig. 4).

The effect of zebularine on p44/42 MAPK expression

To further clarify the mechanism of the proliferation inhibitory
effect of zebularine on HepG2 cells, we examined the expression
of p44/42 MAPK in HepG2 cells after zebularine treatment. As
shown in Fig, 5, zebularine increased the level of phosphorylated
p44/42 MAPK, whereas total p44/42 MAPK was unaffected by
the zebularine treatment, as judged by comparisons with GAPDH
as a loading control. This data indicates that zebularine can
increase the phosphorylation of p44/42 MAPK.

Zebularine induced apoptosis via caspase pathway

To investigate whether zebularine-induced apoptosis was’
associated with the caspase family proteins, the activity of
caspase-3/7, -8, and -9 was examined after zebularine treatment
at 72 h. As shown in Fig. 6A, the activity of caspase-3/7 was
significantly increased at an apoptosis-inducible concentration of
zebularine. In addition to caspase-3, the activity of caspase-8 and -
9 was also increased with zebularine treatment. The expression of
the proapoptotic factor Bax and the antiapoptotic factor Bcl-2 was
examined by western blotting. The result demonstrated that Bax
expression was not affected. On the other hand, Bcl-2 expression
decreased with an increasing amount of zebularine (Fig. 6B).

Zebularine decreases the activity of PKR in HepG2 cells

A previous study showed that PKR regulates the protein
expression level and phosphorylation of Bcl-2 and plays an anti-
apoptotic role in HepG2 cells [33]. Since zebularine can reduce
the Bcl-2 protein level, we examined PKR and the phosphorylated
PKR Jevel with zebularine treatment. Our results showed that
zebularine can reduce the phosphorylated PKR level; this was
accompanied by a reduction in total PKR. (Fig. 7A). To determine
whether PKR has an anti-apoptotic effect in HepG2 cells treated
with zebularine, we overexpressed the PKR gene in HepG2 cells
and exposed the cells to zebularine. We found that zebularine-
induced cell death was reduced by overexpression of PKR
(Fig. 7B).

The effect of zebularine on the activity of PKR in other
cancer cells

Zebularine also inhibits the growth of bladder cancer, breast
cancer, and cervical cancer cells [29,30,34]. Since PKR is
ubiquitously expressed, we examined whether zebularine de-
creases the activity of PKR in other cancer cells. It was recently
reported that zebularine inhibits the growth of HeLa cervical
cancer cells via cell-cycle arrest and caspase-dependent apoptosis
[30]. We also observed that zebularine inhibited the growth of
HeLa cells, which coincided with the results of the previous study
(Fig. 8A). However, our results showed that cell growth inhibiting
concentration of zebularine did not reduce the phosphorylated
PKR and total PKR levels in HeLa cells (Fig. 8B).

Discussion

In the present study, we investigated the effect of zebularine on
human hepatic carcinoma cells and the possible mechanism. To
the best of our knowledge, this is the first study to demonstrate that
zebularine inhibits hepatic carcinoma cell HepG2 proliferation by
inducing cell growth arrest and apoptosis via intrinsic and extrinsic
apoptotic pathways.

In this study, we observed that zebularine decreased the level of
DNMT1, DNMT3a, and DNMT3b in HepG2 cells. These results
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were similar to the reports that DNMT inhibitor induces the
depletion of DNMT1, 3a, or 3b protein in human bladder, breast,
and cervical cancer cells [24,30,35]. Because tight covalent
complexes of zebularine and DNMT could lead to compositional
change in DNMT protein, it is plausible that DNMTs can be
degraded via a ubiquitination system, consequently being observed
in the reduction of its expression [30]. On the other hand, our
results suggest that zebularine has little effect on DNA methylation
in HepG2 cells. Thus, it seems that the cell-cycle arrest and
apoptosis observed in HepG2 cells upon zebularine treatment are
caused by mechanisms that are independent of DNA methylation.

Eukaryotic cell proliferation is a highly regulated system that is
controlled by CDK-cyclin complexes. The cell-cycle transition
from the G1 to the S phase was the major regulatory checkpoint in
this process. This transition is characterized by the phosphoryla-
tion of Rb, and the CDK-cyclin complex catalyzes the reaction
[36,37]. In this study, we found that zebularine inhibited the
CDK2 and p-Rb accompanied by a decrease in total Rb, which
resulted in cell-cycle arrest and the exertion of its antiproliferative
effect. Cell-cycle inhibitor p2 JWAF/CIPL b1a9s an important role in
the G1/S progression process. It may inhibit the activity of the
CDK-cyclin complex to regulate cell-cycle progression. These
effects can be mediated through p53-dependent or -independent
machinery according to the types of stimuli [38-43]. There are
two p53-binding elemenis located at the p2 [WAF/CIPL gene
promoter that can be transactivated by the accumulated nuclear
p53 after DNA damage [44]. It is reported that p53—d§¥endent Gl
growth arrest is mediated by p2 [WAF/CIRL o p21™ F/CIPL is the
CDK inhibitory protein transcriptionally regulated by p53 [45].
Our results showed that the p2 | WAF/CIPL 1o ve] was increased after
zebularine treatment. In addition, zebularine also upregulated p53
protein. Thus, in the present study, both p33 and p2 pwAt/GIm
may perform their function by inhibiting the kinase activities of
CDK-cyclin complexes to stimulate cell-cycle arrest, which was
attributed to the zebularine effect.

MAPKs are essential components of the intracellular signal
transduction pathways that regulate cell proliferation and apopto-
sis. One subgroup of MAPKs, p44/42 MAPK (ERK1/2), is an
important target in the diagnosis and treatment of cancer and has
been reported to be required for the upregulation of p2 | WAF/CIPL
that results in cell-cycle arrest [46—48]. Furthermore, the high-
intensity p44/42 MAPK signal leads to the repression of CDK2
kinase activity for p-Rb, which mainly regulates the proliferation
of HepG2 cells [49]. In the present study, MAPK signaling
pathway regulation after zebularine treatments was mvestigated.
We found that zebularine treatment upregulated the phosphory-
lation of p44/42 MAPK. Therefore, it is suggested that the p44/
49 MAPK pathway plays a role in zebularine-induced cell-cycle
arrest by regulating the activity of p21WAF/ CIP! and Rb.

During the process of apoptosis, caspases are essential for the
initiation and execution of cell death in a self-amplifying cascade
in response to various stinuli [50]. Two major apoptotic pathways
have been identified: the extrinsic and intrinsic apoptotic path-
ways. The extrinsic pathway is activated by death receptors, which
recruit initiator caspase-2, -8, or -10 through adaptor molecules,
whereas the intrinsic signals result in the activation of caspase-9.
These initiator caspases can sequentially cleave and activate the
effector caspase (caspase-3, -6, and -7), which play an important
role in mediating cellular destruction [51]. Our results showed that
zebularine appeared to induce the apoptosis of HepG2 cells via the
intrinsic pathway, as shown by the activation of caspase-9, and the
extrinsic pathway, as shown by the activation of caspase-8, which
led to caspase-3 activation. Proteins from the Bcl-2 family can be
divided into two groups: suppressors of apoptosis (e.g., Bcl-2, Bel-
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XL, and Mcl-1) and activators of apoptosis (e.g., Bax, Bok, Hrk,
and Bad). These proteins are key regulators of the intrinsic
pathway of apoptosis, setting the threshold for engagement into
the death machinery [52,53]. Among these, the anti-apoptotic Bcl-
2 protein acts to suppress apoptosis by preventing the release of
apoptogenic proteins, such as cytochrome c, that reside in the
intermembrane space of mitochondria. Functionally, Bax acts in
opposition to Bcl-2 and facilitates the release of these mitochon-
drial apoptogenic factors by translocation and oligomerization
[54-56]. Thus, the ratio of Bax/Bcl-2 determines, in part, the
susceptibility of cells to death signals and might be a critical factor
in a cell’s threshold for apoptosis [57]. In this study, the expression
of Bax and Bdl-2 proteins in zebularine-treated HepG2 cells was
examined by western blot assay. We found that although Bax
protein levels were not affected, Bcl-2 protein level was down-
regulated with zebularine treatment, which led to a marked
increase in the Bax/Bcl-2 ratio and then apoptosis.

Initially identified as an antiviral protein, PKR is best known for
triggering cell defense responses and initiating innate immune
responses by arresting general protein synthesis and inducing
apoptosis during virus infection [58]. Activated PKR, known as
a eukaryotic initiation factor 2-alpha (eIF-20) kinase, induces the
phosphorylation of elF-20 [59], which inhibits the initiation of
translation through the tRNA-40S ribosomal subunit. On the
other hand, PKR is involved in controlling the transcription of
Bel-2 in HepG?2 cells, mediated by the transcription factor NF-«B
[33]. In this study, we observed that zebularine can reduce the
phosphorylation of PKR, which indicates the activated PKR. In
addition, overexpression of PKR reduced zebularine-induced cell
death. Thus, our results suggest that zebularine decreases the
activity of PKR and results in apoptotic cell death via reduced NF-
kB activity and the downregulation of Bel-2. The fact. that
zebularine inhibits the growth of bladder, breast, and cervical
cancer cells [29,30,34] and that PKR is ubiquitously expressed led
us to hypothesize that zebularine induced the cell growth arrest via
the downregulation of PKR in other cancer cells. When we
examined the effect of zebularine on PKR expression in Hela
cells, we observed, however, that zebularine did not decrease the
phosphorylation of PKR and the total PKR level. These results
suggest that there are differences in the mechanism by which
zebularine inhibits cell growth among the different types of
carcinomas. The action and mechanisms of zebularine must
therefore be further investigated in other cancer cells.

In conclusion, our observation indicated that zebularine
inhibited cell growth and induced apoptotic cell death, which
contributed to its antiproliferation effects against hepatocellular
carcinoma HepG2 cells. The most likely mechanism underlying
the zebularine-induced growth arrest involves an initial induction
of p44/42 phosphorylation and an increase in p2 WAF/CIPL
expression, which leads to a reduction in G-related CDKs such as
CDK2 protein and p-Rb, and then ultimately arrests the HepG2
cell cycle. Furthermore, zebularine decreased the activity of PKR,
and resulted in apoptotic cell death via the downregulation of Bcl-
2.

Supporting Information

Table S1 List of CGIs showing a significant change in
DNA methylation level upon zebularine-treatment in
HepG2 cells.

(XLS)
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FRRAMR WI-38 iR % Rl b ir e 4 A3 BRYE  (Hep-BST
15) ST, Hep-ESTIRICEA 70l (VPA) O
R E e 2 PR L 7 5, WI-38 MR L DIERE3E 1T e~ HepG2
HEAR & D IEHERRITIS\NT VPA 0 BS MBEIC3H - A Ria it
DFER BN, Fh, ESHBIZH T3 VPA D451k
= — A —REFEEL) I HepG2 MIfA L D138 1 Lhing)
Sh, —FTHepG2 fMilal D IHEEIC K0 HR3E~— T —
FERB LR LU, ZhbofsE)D, HepG2 MBIz Kt
SV VPA DIEM: BIARBEMIZ LY BS M~ DIt
L, ¥72VPA @ ESHIRRSMUIT S 2 28BN B L-bE s
B, Hep-ESTIEICLVEMITRBEDZZE L RES
DTN FRE THAZ LR RENTE,
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AR, BUERIC A AR & R OB R AT B

DT, FREEEMBOFEMERSN TS, IR -

L & MM S S LR HER L Sk kiR e
TEIETES A ENTRETHY, BAER~ORAIC
AT, BIEE~OSAbHBESHLTVAY,
Spielmann HIZ &> TEFEEI /2 Embryonic Stem Cell Test
(BSTHE) 1%, ~VAD ES MO LA IS ErfeE
C&UTcin vitro BAEBMRRIETHSY, <V ES IS
REGMT CHRETHILERLFERITOTL BRI
BRI ~bL, Fo BEONHEEENC Lo CO I~
DEHEERE S ITHRETES, BSTIRIE, “0OX57%~wRES
HREDRERFIAL, BBIEICEDEZEMT201050,
MR A TF R B LB HIBE~D S ICRT T B3 D%
A, M OREFRBEETETBH 5 ThD, F/-BST 1
T, REMBRTHSES HRLEMERICBITS (15
Ry, el RESFIL) 2B ERICBIS (B
B LREL, FMIAOEFRICHT AR OBEY .
B9 aZLlThy, BELIRIROBRZEOESRET A LM
AETHDY, ZOIHRESTIEREROEMEBR L DLl
TOHFBLERT 5L, ERETERERMEORERE DR
WREETHY, TTIa—uy " EEOHIEETORY

T—arTAMMETL, LhORARET —F L0 E
BEMECHEIMEIC OV THRRD BILTVA Y, LhL, fEkn
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RN=EBE ORISR RT3 O BT ST,
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THZLITdD, BSOS b~ DEE S LOSEMICHETL T
X750, EBLIZHE &1L BST IR FESYE, BST Ik BS #ifa
DRREHIE 5 L E L TH D SDIA (Stromal cell-Derived
Inducing Activity) ¥EEEAEDYE, PRERMERSMEIC
TR DR B R T B R RERESI L T 78,

=77, BIRITFEOF CIEEZN L TRELEREICEb-
THY, EERETEBEROESZEORENOERESEIC
HREEINDT, EYORAZMLEM N vitro R G
TRITERADR DD, EYORES B CRBShD L
20, EMORE~ORE (FBR) BOFHIC LIRS
YMOR B EZER U RABERRIENEETHELEILN
%o L, BEED BST GRS 2 38 i\ R
ME 570, O FFREED DREAFHEETEMTDI8IT
TEDoTed, ZOREBRBTHID, SEFH2 IHEED
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PR WI-38 MM 2 FEREfRAEE 8 5 A3 BRYE (Hep-EST ) %
BEL, IR RS EDLERB LR ESHRER
EOMEN E BT L,
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1) fRESEMERER

FEMREEHEO L MNTHIIE S U T HepG2 #HfE, HRRLLTL
MBHE ST WI-38 AR IU B 96 B B L Fyp— gL
P—bFL—hk Millipore) D7 4/VZ—RL A~ 9x 103 F /7 =
NAETEL, 10% FEBMET T REIRMIE, 50 U/ml penicillin,
50 pg/ml streptomycin &7 35 Dulbecco’s Modified Eagle
Medium (DMEM) 1T, 37°C, 5% CO: D&M TF T3
oo BH, <URBSHEEZIVEA I8 ELINLTF o — 1 1
P —bF V= hDU— S =R~ 1,255 103 B/ = /L $EFE
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Gene symbol

Official Full Name (NCBI Reference Sequence)

GIEY) Forward (57 —3") Reverse (5’ —3°)
Poubfl POU domain, class 5, transcription factor 1 (NM_013633.3)
(Oct3/4) GGTGGAGGAAGCCGACAACV TTCGGGCACTTCAGAAACATG
Soxt SRY-box containing gene 2 (NM_011443.3)

AGATGCACAACTCGGAGATCAG CCGCGGCCGGTATTTATAAT
Gata GATA binding protein 6 (NM_010258.3)

CGGTCATTACCTGTGCAATG GCATTTCTACGCCATAAGGTA
A albumin  (NM_009654.3) |

GGAACTTGCCAAGTACATGTGTGA CAGCAATGGCAGGCAGATC
Binpd bone morphogenetic protein 4 (NM_007554.2)

CTGCCGTCGCCATTCACTAT TGGCATGGTTGGTTGAGTTG
Nppa natriuretic peptide type A (NM_008725.2)
(ANF) CGGTGTCCAACACAGATCTG TCTCTCAGAGGTGGGTTGAC
Syp synaptophysin (NM_009305.2)
(Syn) GTGGAGTGTGCCAACAAGAC ATTCAGCCGAGGAGGAGTAG

) oligodendrocyte transcription factor 2 (NM_016967.2)

Otie? TGCGCCTGAAGATCAACAG CATCTCCTCCAGCGAGTTG
Gapdh glyceraldehyde—3-phosphate dehydrogenase (NM.008084.2)

TGCACCACCAACTGCTTAG

GGATGCAGGGATGATGTTC
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&5 DMEMIC TV, 7 B B O NIH-3T3 M0
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0.1 mM 2-mercaptoethanol,
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COs DT TR Lz, BR, <wVAESHii%Z BZ-Bin-
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EZ-BindShut [l COREEE\Z VTSI ES MM IRARAZ
Ve 24BN INT AP T L= DL =R
A~1T7zVHT0 LEBL, HepG2 M2 bUNT WI-38 #l
AR EREL TRV 24 VAT — A=
L bDTANE—R A LI, BSTRERIEHICT, 37°C,
5% CO:DEMETT10 B BETHEIELH% ES Mgz EIN
Lz,

3) Real Time-PCRFHT

B L7 ES §EMA 5 total RNA ZHIHIL, WERERIGIC
TV DNAZAFR Uz, HIBITIZExTag RYAT—E (AT
AR BERAUL, R1CHITFE7IM<—2HWT, SYBR
Premix Ex Taq 1 (A#F,34F) 12XV Real Time-PCRZAT
V>, Thermal Cycler Dice Real Time PCR System (X773
AX) FRVWVCEREYEELL, FERETFREEL ey
ceraldehyde—3-phosphate dehydrogenase (GAPDH) #IRE
WCTHITEL, VPAFERSMEEORREE 1LLT, MRxEEL
TRLTZ,

4) HE
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AU XV AL 4-ene-VPA EIIUH & 55 VPA DIEHE R
KRB EDICLOMABEIEE U RN E 2 oD,

INFETOFE L OWEHD VPA I ES B DOFS b~ —
B RBE TS E B ERALNIT 2o TS, KRR
B Th, WI-38 e O 55 T VPATRINC XY Oct3/4
R0 Sox2 LW o Tk — I — RO TLENBESN T,
—77, HepG2#ifalniLiE#&E T, ESHREOKSb~—
H—RBIIEEICIE S, ZoBRE, FREEST
TeZ XY, VPA @ BS MICH ARSI DB IR
BB LIzZ b RIRLTWA, RS, ARE~—T—F
BB IO R~ — b —RFI WI-38 MR LU HepG2 #
Rl ot cE B REITeh o7, HepG2 flilal
DI I PRI~ — b —REBUITLE L, ThbDf
Bnb, VPA DFFREBTFEMIX VPA LB ES MO FIREE
S ERERSEAERE R/ OZLATRRIND,

iR X5z, WI-38 MRl DiLEEE AL HepG2 MR ED
HHEFEFITIVNC, VPA D ES MM~ 5 2 DEENTELL
Teo TNHDOFERE, VPA OFFREE®H O ES Mk 522
BN VPA LIXBRARBEEFRRTHHOLE LIS, Lz
WoT, S EF % PHeSLUTI- Hep-BST &1L, SO FFREH
PER L RAEBERRITT 7O 0T ARBRRLRDL
Zz bbb,
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