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Histone Methyltransferase PR-Set7 and Histone Variant
H2A.Z, Induced during Hepatocarcinogenesis, Repress
the Promoter Activity of the Tumor Marker Gene and
the Ras-Induced Colony Formation Activity
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Genetic and epigenetic studies are required to understand molecular mechanisms of carcinogenesis and tu-
morigenesis. Although alterations of DNA methylation and histone modification profiles are observed in cancer
cells, the knowledge of the epigenetic regulatory factors involved in carcinogenesis is insufficient. In this study, we
showed that the histone variant, H2a.z, and the histone methyltransferase, Pr-set7/Set8/KMT5a, were up-regulated
during chemically induced hepatocarcinogenesis. During this process, the glutathione S-transferase placental form
(GST-P), which is completely repressed in normal liver, is strongly induced and is therefore an excellent tumor
marker. Reporter analysis performed using the regulatory region of the Gst-p gene revealed that H2A.Z and PR-
SET7 repressed Gst-p promoter activity. The enhancer element responsible for hepatocarcinogenic-specific gene
expression was required for repression by H2A.Z, and the negative regulation by PR-SET7 mediated the regulatory
element but not the enhancer. Furthermore, we examined the effects of overexpression of H2A.Z and PR-SET7 on
the colony formation activity of mouse NIH-3T3 cells grown on a soft agarose medium. Colony formation based on
anchoring independent cell growth is a feature of malignant transformed cells. These factors did not exhibit colony
formation activity but repression of the ras oncogene induced this activity. PR-SET7 suppressed RASval12-mediated
colony formation through methyltransferase activity. These results suggest that H2a.z and Pr-set7 that are induced
during hepatocarcinogenesis may function as carcinogenesis suppressors.

Key words —— histone variant, histone methyltransferase, epigenetics, anchorage-independent growth, tumor
marker gene, hepatocarcinogenesis

INTRODUCTION

Genetic mutations generate mutated proteins
and disturb the regulation of gene expression. The
dysregulation of epigenetic programming also alters
gene expression. Genetic and epigenetic mutations
may lead to the disruption of homeostatic main-
tenance and ultimately result in malignant trans-
formation.1, 2) Epigenetic regulation involves DNA
methylation, covalent modification of core histone,
chromatin remodeling, and deposition of histone
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variants.
The best-studied epigenetic modification in can-

cer is DNA methylation within the CpG dinu-
cleotide. Global genomic DNA hypomethylation
in tumors disturbs genomic stability and hyperme-
thylation of the regulatory region in tumor sup-
pressor genes inactivates their expression. These
changes found in many cancers initiate carcinogen-
esis and tumor development.2, 3) Histone modifica-
tions such as acetylation, methylation, and phos-
phorylation regulate gene function, while their dys-
regulation leads to cancer. These findings promote
epigenetic therapies and develop inhibitors for DNA
methyltransferase and histone deacetylase (HDAC)
that are currently being evaluated in clinical trials.4)

Although epigenetic aberrations are observed in
cancer, epigenetic regulators, which lead to ma-
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lignant transformation in the early stages of car-
cinogenesis, are not fully understood. To identify
the regulators of epigenetic status involved in ma-
lignant transformation and tumor marker expres-
sion, we followed the Solt-Farber protocol, and hep-
atic preneoplastic lesions were chemically induced
in rats.5–8) During hepatocarcinogenesis, the glu-
tathione S-transferase placental form (GST-P) is up-
regulated in hepatic preneoplastic lesions and can be
used as an excellent tumor marker.9) In this process,
we found that histone acetyltransferases (HATs)
p300 and cAMP-response-element-binding protein-
binding protein were down-regulated, whereas the
expression of the monocytic leukemia zinc-finger
protein (MOZ) was induced. Furthermore, we
found that MOZ induced GST-P expression.7) In ad-
dition to HAT, we observed the expression profiles
of histone deacetylase (Hdac) family members and
found that Hdac9 was induced during hepatocar-
cinogenesis and promoted anchorage-independent
growth.8)

As described above, we investigated the reg-
ulators of the histone acetylation status. Next,
to gain insights about epigenetic regulatory fac-
tors, except for histone acetylation, involved in
the early stages of carcinogenesis, we focused on
genes up-regulated in GST-P positive foci com-
pared with control liver by cDNA microarray anal-
ysis.6) Genes induced in GST-P positive foci in-
clude negative and positive regulators of carcino-
genesis. Genes involved in transcription induced
in GST-P positive foci contained DNA-binding pro-
teins, chromatin components, and chromatin modi-
fication enzymes.6)

In this study, we focused on the histone vari-
ant, H2A.Z, and the histone methyltransferase,
PR-SET7/SET8/KMT5a. H2a.z is a variant of
H2a and is more conserved than other H2A pro-
teins of the species.10, 11) The specific localiza-
tion of H2A.Z in chromatin contributes to the
positive and negative regulation of gene expres-
sion.12–15) PR-SET7 is a histone methyltransferase
that specifically monomethylates histone H4 lysine
20 (H4K20me1).16, 17) It is involved in DNA dam-
age response, cell cycle regulation, chromatin con-
densation, and chromatin segregation; a lack of
Pr-set7 leads to embryonic lethal mutations.18–24)

H4K20me1 is related to both transcriptionally re-
pressed chromatin and activated genes.12, 18, 25–27)

In this study, we demonstrated that these factors re-
pressed the promoter activity of the Gst-p gene and
the ras-induced colony formation activity. These

results suggest that H2a.z and Pr-set7 induced dur-
ing hepatocarcinogenesis may possess protective ef-
fects against malignant transformation.

MATERIALS AND METHODS

Chemical Hepatocarcinogenesis of Rats ——
Hepatocarcinogenic experiments were performed
according to the Solt-Farber protocol as de-
scribed previously.5, 6) Experiments were initiated
by intraperitoneal injection of diethylnitrosamine
(200 mg/kg, Wako Pure Chemical Industries, Ltd.,
Osaka, Japan) into 5-week-old Sprague-Dawley
rats. They were fed basal diets containing
0.02% 2-acetylaminofluorene (Nacalai Tesque, Ky-
oto, Japan) and a partial hepatectomy was per-
formed at 2 and 3 weeks after diethylnitrosamine in-
jection. Livers were resected 8 weeks after diethyl-
nitrosamine injection. At this stage, approximately
80% of the areas were GST-P positive. Control rats
were injected with saline and fed basal diets. Ani-
mal experiments were performed at Osaka Univer-
sity. All animal care and handling procedures were
approved by the animal care and use committee of
Osaka University.
Cloning of Rat Pr-set7 cDNA —— To gen-
erate primers for the cDNA cloning of rat
Pr-set7 open reading frame (ORF) by reverse-
transcriptase-coupled polymerase chain reac-
tion (RT-PCR), we referred to sequences of
rat genomic DNA and expressed sequence
tag (EST; accession no. CK366036). Primer
sequences such as the predicted translation ini-
tiation and termination codon were as follows:
5′-ATAGCTAGCGGAGATGGTGGAGCGGAGG-3′
and 5′-ATAGGATCCTTAGTGCTTCAGCCAAG-
GGTAG-3′. RT-PCR using rat liver RNA and
ReverTra Ace (Toyobo, Osaka, Japan) was per-
formed, and the amplified DNA was sequenced
and cloned. The resultant sequence encoding rat
Pr-set7 cDNA was registered with the DNA Data
Bank of Japan (accession number AB606422).
Northern Blot Analysis —— Total RNA was pre-
pared from 3 control livers (#50, #51, and #52)
as well as 3 livers with hyperplastic nodules (#43,
#44, and #46) using the TRIzol reagent (Invitro-
gen, Carlsbad, CA, U.S.A.). Twenty-five micro-
gram of total RNA was separated on 1% agarose gel
containing 2% formaldehyde and transferred to a
Hybond-N+ nylon membrane (GE Healthcare, Pis-
cataway, NJ, U.S.A.). Specific probes for H2a.z
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and Pr-set7 were amplified by RT-PCR using rat
liver RNA as a template with primers correspond-
ing to H2a.z (position 368–785; accession number
M37584) and Pr-set7 (position 159–620; accession
number AB606422). Labeling was performed with
a BcaBEST labeling kit (Takara Bio, Shiga, Japan)
and [α-32P] deoxycytidine 5′-triphosphate (dCTP),
and hybridizations were performed using standard
methods.
Plasmid Construction —— Reporter plasmids
were constructed by subcloning the regulatory
region of the Gst-p gene, −2.5 kb to +59 bp and
−2.15 kb to +59 bp, into the KpnI-HindIII and
XhoI-HindIII sites of pGL4.17 (Promega, Madison,
WI, U.S.A.), respectively.

Expression plasmids for H2A.Z and PR-SET7
were constructed by subcloning H2a.z and Pr-set7
ORFs into the EcoRI-BamHI site of p3xFLAG-
CMV-10 (Sigma, St. Louis, MO, U.S.A.) and the
EcoRI-NotI site of pCMV-Myc (Clontech Mountain
View, CA, U.S.A.), respectively.

RASval12 expression plasmid (pCEV4-rasval12)
was kindly provided by Kaibuchi (Nagoya Univer-
sity) for colony formation assay.28) To synthesize
the construct of pCEV4-Myc-PR-SET7, the Myc-
tagged Pr-set7 ORF from pCMV-Myc-PR-SET7
was subcloned into the BamHI site of pCEV4.
pCEV4-Myc-PR-SET7ΔC lacking the carboxy ter-
minal region was constructed by inserting the
Myc-tagged fragment corresponding to amino acid
residues 1–186 to the BamHI site of pCEV4. A mu-
tation was introduced in the catalytic region of PR-
SET7 using a QuickChange site-directed mutagene-
sis kit (Stratagene, La Jolla, CA, U.S.A.) following
the manufacturer’s instructions, and confirmed by
sequencing. All fragments generated by PCR were
also verified by sequencing.
Cell Culture —— Rat hepatoma H4IIE cells, pur-
chased from Dainippon Sumitomo Pharma, Osaka,
Japan, and mouse fibroblast NIH-3T3 cells, ob-
tained from the Japanese Collection of Research
Bioresources, were maintained in an α-medium
supplemented with 10% (v/v) fetal bovine serum
and Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) calf serum.
Reporter Assay —— Transfection of H4IIE cells in
24-well plates was performed using HilyMax (Do-
jindo, Kumamoto, Japan) in accordance with the
manufacture’s instructions. All transfections in-
cluded 50 ng of the reporter plasmid and 350 ng
of the expression plasmids for H2A.Z and PR-
SET7. The amount of plasmid during transfection

was kept constant by using an empty vector. The
β-galactosidase expression plasmid, pCMV-β-gal,
kindly provided by Hayashi (Nagoya City Univer-
sity), was used as the internal control.29) Transfec-
tants were harvested 40 hr after transfection. A lu-
ciferase assay was performed as described previ-
ously.30) Protein concentrations were determined by
the Bradford method. In case of experiments using
H2A.Z and PR-SET7, luciferase activities were nor-
malized to the protein amount and β-galactosidase
activity, respectively.30)

Anchorage-independent Growth Assays
and Western Blot Analysis —— To evaluate
anchorage-independent growth of NIH-3T3 cells,
5 µg of the expression plasmid or empty vector was
introduced with 5 µg of the RASval12 expression
plasmid into them by the calcium phosphate
co-precipitation method.31) As a negative control,
10 µg of the empty vector was transected. After
24 hr, 2× 105 cells in 2 ml of DMEM contain-
ing 0.55% agarose were poured over a layer of
0.5% agarose/DMEM in a 60-mm dish. After 2
weeks, the plates were incubated overnight at 4◦C.
Colonies (diameter greater than or equal to 100 µm)
were counted on 3 plates. Results are shown as
the mean ± standard deviation (S.D.). Significant
differences were identified using Student’s t-test.

For the Western blot analysis, transfected
cells were seeded (1.25× 105 cells/12-well plate
or 6× 105 cells/60-mm dish), incubated for 24 hr,
harvested by centrifugation, and suspended in
1x sodium dodecyl sulfate (SDS) loading buffer
[50 mM Tris-HCl (pH 6.8), 100 mM dithiothreitol,
2% SDS, 0.01% bromophenol blue, and 10% glyc-
erol] or lysed with the lysis buffer [25 mM Tris-
HCl (pH 7.5), 5 mM MgCl2, 137 mM NaCl, 10%
Glycerol, 1% Nonidet P-40] or RIPA buffer [50 mM
Tris-HCl (pH 8.0), 1% Nonidet P-40, 0.1% SDS,
0.5% sodium deoxycholate, 150 mM NaCl, 1 mM
dithiothreitol]. Samples were boiled, loaded onto
a 10% or 12% SDS-polyacrylamide gel, trans-
ferred to a Hybond ECL nitrocellulose membrane
(GE Healthcare) or a Immobilon-P transfer mem-
brane (Millipore, Billerica, MA, U.S.A.), and de-
tected using the ECL Western blotting analysis de-
tection reagents (GE Healthcare) and a BCIP/NBT
Western Blotting Kit (Kirkegaard & Perry Labo-
ratories, Gaithersburg, MD, U.S.A.). The follow-
ing antibodies were obtained commercially: anti-
myc (Roche, Indianapolis, IN, U.S.A.), anti-FLAG
(Sigma), anti-β-actin (Sigma), and anti-H-RAS
(Santa Cruz Biotech, Santa Cruz, CA, U.S.A.).
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RESULTS

Molecular Cloning of Rat Pr-set7 cDNAs ——
Nucleotide sequences for human and mouse, but
not rat, Pr-set7 cDNA are publicly available. We
cloned rat cDNA encoding Pr-set7 by RT-PCR us-
ing rat liver RNA and primers based on rat ge-
nomic DNA and EST sequences. The rat Pr-set7
ORF included 969 nucleotides and encoded 322
amino acids. Mammalian PR-SET7 proteins were
highly conserved in the whole region. In particu-
lar, the sequences for the su(var)3-9, enhancer-of-
zeste, and trithorax (SET) domains, required for hi-
stone methyltransferase activity, were almost iden-
tical to each other (Fig. 1). PR-SET7 was evolu-
tionarily conserved in several species; the predicted
PR-SET7 in yeast has been also registered with the
database.
Expression of H2a.z and Pr-set7 during Hepa-
tocarcinogenesis —— The cDNA microarray, uti-
lized previously, uses 3′-untranslated regions as
probes. To certify the expression of H2a.z and
Pr-set7 during chemical hepatocarcinogenesis, we

Fig. 1. Schematic Diagram of PR-SET7 of Several Species
The SET domain required for histone methyltransferase activity

is indicated by a gray box. Numbers below SET domain and the
amino-terminal side of the SET domain indicate the percentage identity
compared with the rat sequence. Accession numbers of the sequences
compared are as follows: human (Homo sapiens, AAL40879), mouse
(Mus musculus, NP 084517), frog (Xenopus laevis, NP 001121300),
zebrafish (Danio rerio, NP 001093559), fly (Drosophila melanogaster,
NP 650354), nematode (Caenorhabditis elegans, NP 510241), yeast
[Schizosaccharomyces pombe, NP 593610 (predicted)]. The number
of amino acid positions is presented above the schematic diagram.

performed Northern blot analysis using probes that
included coding regions and RNA prepared from
control livers and livers with hyperplastic nodules,
harboring approximately 80% GST-P positive foci,
from each of the 3 rats (Fig. 2). No Gst-p was de-
tected in control rats, but it was drastically induced
during hepatocarcinogenesis. In this condition, both
H2a.z and Pr-set7 in livers with hyperplastic nod-
ules were up-regulated compared with the control
liver.
Effects of Overexpression of H2A.Z and PR-
SET7 on the Promoter Activity of Tumor
Marker Gene —— GST-P is a reliable tumor
maker for chemically induced hepatocarcinogene-
sis, and the regulation of its expression is well
understood.32) A typical promoter region includes
a TATA-box and GC-box, and the antioxidant re-
sponsive element/phorbol 12-O-tetradecanoate 13-
acetate (TPA) responsive element (ARE/TRE) is lo-
cated at 61 bp upstream of transcription start site
(TSS) (Fig. 3A). These elements are critical for
the basal expression.33) For specific activation of
Gst-p during hepatocarcinogenesis, a strong en-
hancer element (Gst-p enhancer, GPE), located
2.5 kb upstream from the TSS, is required.34) In
addition to the positive regulatory elements, si-
lencer elements recognized by nuclear factor 1 and

Fig. 2. Expression of H2a.z and Pr-set7 during Hepatocar-
cinogenesis

Northern blot analysis of H2a.z and Pr-set7 using total RNA pre-
pared from control livers (#50, #51, and #52) and livers with hyper-
plastic nodules (#43, #44, and #46). Hyperplasic nodules were induced
as described in the Materials and methods. Gst-p is control for a dras-
tic induction during hepatocarcinogenesis. Ethidium bromide (EtBr)
staining showed that equal amount of RNA was loaded for Northern
blot analysis.
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Fig. 3. Effects of Overexpression of H2A.Z and PR-SET7 on
Gst-p Promoter Activity in Rat Hepatoma H4IIE Cells

(A) Schematic diagram of luciferase reporter plasmids. GPE, the
enhancer element required for the specific activation of Gst-p during
hepatocarcinogenesis, and silencer elements are located at 2.5 kb and
396 bp upstream from the TSS, respectively. ARE/TRE, a GC-box, and
a TATA-box are present near the TSS. −2.5 GST and not −2.15 GST
possesses the enhancer element, GPE. (B) Effects of overexpression of
H2A.Z on Gst-p promoter activity. Each reporter plasmid was trans-
fected with the empty vector or the H2A.Z expression plasmid. Lu-
ciferase activity was normalized to the protein amount. (C) Effects
of overexpression of PR-SET7 on Gst-p promoter activity. Luciferase
activity was normalized to β-galactosidase activity. All transfection ex-
periments were performed in triplicates or quadruplicates. A typical
result from 2 or 4 independent experiments is shown. Values are pre-
sented as the mean± S.D. Significant differences identified with Stu-
dent’s t-test at p < 0.01 versus the results from the empty vector are
indicated by ∗.

CCAAT/enhancer binding protein families are
located between the −396 bp and −140 bp re-
gion.30, 35–37)

To analyze the effects of H2A.Z and PR-SET7
on the specific expression of Gst-p during hep-
atocarcinogenesis, we performed a luciferase re-
porter assay using rat hepatoma cells H4IIE and re-
porter plasmids including the entire regulatory re-

gions of the Gst-p gene (−2.5 GST) and −2.15 GST
lacking GPE. Although the β-galactosidase expres-
sion plasmid was used as an internal control, β-
galactosidase expression controlled by a promoter
of cytomegalovirus and Rous sarcoma virus was af-
fected by H2A.Z (data not shown). Therefore, the
transfection was carefully done, and it was con-
firmed that the transfection efficiency was constant.
Luciferase activities were normalized to the protein
amount (Fig. 3B). In contrast, as PR-SET7 did not
affect the β-galactosidase activity, luciferase activi-
ties were normalized to the β-galactosidase activity
(Fig. 3C).

H2A.Z repressed the luciferase activity from
−2.5 GST, but this repression was not observed
when −2.15 GST was used (Fig. 3B). These re-
sults suggest that H2A.Z repressed Gst-p promoter
activity through the enhancer element, GPE. PR-
SET7 repressed the luciferase activity derived from
−2.5 GST and −2.15 GST (Fig. 3C). This indicates
that PR-SET7 represses Gst-p promoter activity in a
GPE-independent manner.
Effects of Overexpression of H2A.Z and PR-
SET7 on Anchorage-independent Growth ——
One of the characteristics of the transformed cells
is acquisition of anchorage-independent growth.
Mouse NIH-3T3 fibroblasts possess a normal cel-
lular phenotype and are often used to estimate
the colony formation activity descended from
anchorage-independent growth.

To investigate whether H2A.Z and PR-SET7 in-
duce anchorage-independent growth, we introduced
expression plasmids for H2A.Z and PR-SET7 in
NIH-3T3 cells, and these cells were disseminated
on soft agarose medium. As a positive control for
colony formation, the oncogenic mutant of RAS,
RASval12, was used. Two weeks after the introduc-
tion of genes, the RASval12 transfected cells pro-
duced numerous colonies, unlike the empty vector
and the expression plasmids for H2A.Z and PR-
SET7 (data not shown). These results indicate that
H2a.z and Pr-set7 were unable to transform mouse
NIH-3T3 fibroblasts.

Next, we focused on the protective effect of
H2A.Z on transformation (Fig. 4). For this pur-
pose, the empty vector or expression plasmid for
H2A.Z was co-transfected with the RASval12 ex-
pression plasmid into NIH-3T3 cells. Although
the RASval12 expression plasmid produced approx-
imately 80 colonies in the absence of H2A.Z, the
number of colonies was halved when H2A.Z was
cotransfected. Western blot analysis indicated that
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Fig. 4. Effects of Ectopic Expression of H2A.Z on RASval12-
Induced Colony Formation in NIH-3T3 Cells

(A) Schematic diagram of the empty vector and H2A.Z expres-
sion plasmid. (B) RASval12 expression plasmid or empty vector was
transfected with the H2A.Z expression plasmid or empty vector into
NIH-3T3 cells and incubated for 2 weeks. The resultant colonies were
counted. Values are presented as the mean±S.D. A typical result from
3 independent experiments is shown. Significant differences identified
with Student’s t-test at p < 0.01 versus the control are indicated by ∗.
Ectopically expressed H2A.Z and RASval12 proteins were detected by
Western blotting with β-actin used as an internal control.

endogenous RAS was low or undetectable levels
and confirmed that the protein level of RASval12 was
indistinguishable in both types of transfected cells.
These results show that H2a.z is a negative regulator
of RAS mediated transformation of NIH-3T3 cells.

In addition, we observed the effects of PR-
SET7 on RASval12-mediated colony formation
(Fig. 5). The number of colonies produced by
RASval12 introduction was reduced by the cotrans-
fection of PR-SET7. To investigate whether the
methyltransferase activity of PR-SET7 is required
to reduce the colony formation activity, the ex-
pression plasmids, Myc-PR-SET7ΔC and Myc-PR-
SET7R265G, lacking the methyltransferase activ-
ity were constructed. Loss of methyltransferase ac-
tivity by the deletion of the carboxy terminal re-
gion including the methyltransferase domain and
the substitution of arginine residue (265) by glycine
was already known in human PR-SET7.18, 25) The
number of colonies formed by expression plasmids
transfected with mutated PR-SET7 was similar to
that with RASval12 alone. The levels of RASval12

in NIH-3T3 cells transfected with PR-SET7 expres-

Fig. 5. Effects of Overexpression of PR-SET7 and Their Mu-
tants on RASval12-Induced Colony Formation on NIH-
3T3 Cells

(A) Schematic diagram of the empty vector and PR-SET7 expres-
sion plasmids. (B) Colony formation assay was performed, and the
results are shown in Fig. 4. Significant differences identified with Stu-
dent’s t-test at p < 0.01 versus the control are indicated by ∗. Ec-
topically expressed PR-SET7 and RASval12 proteins were detected by
Western blotting with β-actin used as an internal control. Wild-type
and mutated Myc-tagged PR-SET7 are indicated by arrows, and the
asterisk denotes the non-specific signal.

sion plasmids were indistinguishable from those of
RASval12 and empty vector transfected cells. These
results imply that PR-SET7 suppresses RASval12-
mediated colony formation activity by methyltrans-
ferase activity.

DISCUSSION

In this study, we demonstrated that the histone
variant, H2a.z, and the histone methyltransferase,
Pr-set7, were induced during hepatocarcinogenesis,
and these factors repressed Gst-p promoter activity
and ras-induced colony formation activity.

H2a.z is a variant of H2a and is more conserved
than other H2A proteins of the species.10, 11) H2A.Z
is incorporated into the nucleosome by H2A.Z spe-
cific remodeling factor complexes.38–41) Chromatin
immunoprecipitation of H2A.Z coupled with DNA
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microarray studies showed that H2A.Z containing
nucleosomes are enriched at the TSSs in the active
genes, and a few nucleosomes are positioned further
downstream.12, 13) On the other hand, H2A.Z nega-
tively regulates gene expression. H2A.Z locates at
the p53-binding site in p21WAF1/CIP1, and knock-
down of H2A.Z expression increases p21 expres-
sion.14) Ectopic expression of c-Myc, a known neg-
ative regulator of p21 expression, increased H2A.Z
localization at the c-Myc recognition site in the
promoter region of the p21 gene.14) The effects
of H2A.Z deposition on gene expression are de-
pendent on the target genes. Our results demon-
strated that the repressive effect of H2A.Z on Gst-p
promoter activity was dependent on the enhancer
element, GPE. Positive regulators for GPE are
nuclear factor erythroid 2-related factor 2/muscu-
loaponeurotic fibrosarcoma K heterodimer and hi-
stone acetyltransferase MOZ: the presence of addi-
tional factors is also speculated.7, 42) Analysis of the
effects of H2A.Z on the localization of positive reg-
ulators to GPE is required to understand of H2A.Z-
mediated negative regulation of Gst-p promoter ac-
tivity.

As PR-SET7 is the only known enzyme that
monomethylates H4K20me1, PR-SET7 may both
positively and negatively regulate gene expression
mediated by H4K20me1. We showed that PR-
SET7 repressed Gst-p promoter activity indepen-
dently of GPE. Recently, Congdon et al. reported
that PR-SET7-mediated H4K20me1 induces tran-
scriptional repression at specific genomic regions,
and H4K20me1 is required for the transcriptional
repression of all H4K20me1-associated genes ana-
lyzed regardless of their basal expression status.43)

Silencer elements located between the −396 bp and
−140 bp region in the Gst-p gene function in rat
non-hepatoma and hepatoma cells and are thought
to be general regulatory element for gene expres-
sion.35) The repressive effect of PR-SET7 may be
mediated by silencer elements and the proximal pro-
moter, required for the basal transcription. Both
H2A.Z and PR-SET7 repressed Gst-p promoter ac-
tivity. As H2A.Z and PR-SET7 targeted to GPE and
the regulatory region except for GPE, respectively,
these factors repressed Gst-p promoter activity by
different mechanisms.

In this study, we showed that both H2A.Z and
PR-SET7 repressed RASval12-mediated colony for-
mation activity. RAS proteins are well-studied
oncogene products, and the signaling cascade is di-
verse and complex.44, 45) RAS functions as guano-

sine triphosphatase, interacts with serine/threonine
kinase RAF1, and connects to mitogen-activated
protein kinase/extracellular signal-regulated ki-
nase (ERK) kinase (MEK), ERK1/2, and E26-
transcription factor proteins (ETS). This signaling
is sufficient and necessary for RAS-mediated trans-
formation of NIH-3T3 cells. RAS signals are also
involved in the phosphoinositide 3-kinases pathway,
including the serine/threonine kinase AKT/protein
kinase B and the transcription factor nuclear factor-
κB (NF-κB). These signal transductions lead to anti-
apoptotic effects. Analysis of the effects of H2A.Z
and PR-SET7 on the expression of the target genes
of ETS and NF-κB will reveal the molecular mech-
anism of repressive effects of H2A.Z and PR-SET7
on RAS-mediated transformation.

We found that H2a.z was induced during the
early stages of hepatocarcinogenesis, and over ex-
pression of H2a.z was also observed in colorectal
cancer and breast cancer.46, 47) Furthermore, over-
expression of H2A.Z increases estrogen dependent
breast cancer proliferation.14) This study demon-
strated that H2A.Z did not possess the colony for-
mation activity and repressed RAS-mediated trans-
formation of NIH-3T3. These observations and pre-
vious reports suggest that H2A.Z may exhibit pro-
tective effects against the establishment of trans-
formed state of normal cells and the progression of
cancer cells. H2A.Z may be a bifunctional epige-
netic regulator possessing both promoting and sup-
pressing activities for tumorigenesis. These bifunc-
tional activities are known in macroH2A (mH2A),
another member of H2A variants. mH2A is in-
volved in epigenetic silencing of tumor suppressor
gene p16, and knockdown of mH2A has a growth
inhibitory effect.48) On the other hand, mH2A sup-
presses melanoma progression.49) These observa-
tions indicate that histone H2A variants may func-
tion as positive and negative regulators for tumori-
genesis. The methylation status of H4K20 reflects
various cellular processes including gene expres-
sion, cell cycle progression, and DNA damage re-
pair.18–24) The levels of H4K20me3 decreased in a
mouse model of multistage skin carcinogenesis and
liver and breast cancers.50–52) Further research on
the conversion of the methylation status of H4K20
in normal and ras-dependent transformed cells may
enable us to understand carcinogenesis.

As H2A.Z and PR-SET7 repressed the pro-
moter activity of the tumor marker and ras-mediated
colony formation activity, these factors may pos-
sess protective effects against malignant transfor-
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mation. Though the roles of the up-regulated H2a.z
and Pr-set7 in the livers with hyperplastic nodules
have not been defined, these genes may be induced
to mask the hepatocarcinogenic specific Gst-p in-
duction. Ras mutation in GST-P positive foci dur-
ing chemical hepatocarcinogenesis has not been ob-
served. Further analyses of H2a.z and Pr-set7 in
GST-P positive foci are required for the understand-
ing of mechanism of the malignant transformation
in the early stages of hepatocarcinogenesis. We
previously found that the over-expression of his-
tone acetyltransferase MOZ and histone deacetylase
HDAC9 activates GST-P expression and promotes
anchorage-independent growth, respectively; these
may function as positive regulators for carcinogen-
esis.7, 8) Further investigation of the factors involved
in epigenetic regulation induced during hepatocar-
cinogenesis will reveal the mechanism of malignant
transformation based on aberrant epigenetic status.
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