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Background/Aims: Aberrant c-Jun N-terminal kinase (JNK) activation has been linked to hepatocellular carcinoma
(HCC) in mouse models. It remains unclear whether JNK activation plays an important role in human HCC and, if
so, how JNK signaling contributes to the initiation or progression of HCC.

Methods: The JNK activation, global gene expression, and the status of histone H3 methylations were measured in 31
primary human hepatocellular carcinoma (HCC) samples paired with the adjacent non-cancerous (ANC) tissues.

Results: Enhanced JNK1 activation was noted in 17 out of 31 HCC samples (55%) relative to the corresponding ANC
tissues, whereas JNK2 activation was roughly equal between HCC and ANC tissues. This enhancement in JNK1 activa-
tion is associated with an increased tumor size and a lack of encapsulation of the tumors. In addition, an association of
JNKT1 activation with the histone H3 lysines 4 and 9 tri-methylation was observed in the HCC tissues, which leads to
an elevated expression of genes regulating cell growth and a decreased expression of the genes for cell differentiation
and the p450 family members in HCC.

Conclusions: These results, thus, suggest that JNK1 plays important roles in the development of human HCC partially
through the epigenetic mechanisms.
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Human hepatocellular carcinoma (HCC) accounts for
about 618,000 cancer deaths worldwide annually, which
represents the third leading cause of cancer death [1-3].
In Eastern Asia and Central Africa, HCC has accounted
for nearly 70% of cancer deaths [4]. In the last two dec-
ades, a remarkable increase in HCC incidence has also
been noted in Europe and the United States [5]. The most
common etiology of human HCC is chronic hepatitis
resulting from HBV (mainly in Asia and Africa) or
HCYV (more frequently in the West) infection [1,5]. Addi-
tional risk factors for HCC are non-alcoholic fatty liver
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disease, environmental pollutants including arsenic, afla-
toxin B1, aromatic amines, vinyl chloride, polycyclic aro-
matic hydrocarbons, and nitrosamines [2,6]. Despite the
enormous efforts that has been made, the molecular
mechanism underlying the initiation and progression of
HCC is still only poorly understood. It is generally
accepted that tumorigenesis in the liver results from a pro-
gressive genetic alterations that promote the malignant
transformation of hepatocytes by disrupting processes
important for cell cycle, apoptosis, and differentiation.
Indeed, a recent study employing an integrative oncoge-
nomic approach suggested that genomic amplification
of cIAP1 and Yap plays a pivotal role on the sustained
rapid growth of liver tumors [7]. Furthermore, a subset
of HCC signature genes has been identified by gene
expression profiling among patients with varied levels of
serum a-fetoprotein [8]. All of these HCC signature genes
are capable of contributing to active metabolism and
growth regulation of hepatocytes.

In addition to genomic abnormalities, aberrant signal-
ing networks that link to intracellular kinase activation or
activity have been frequently observed in a considerable
number of experimental systems. In animal models, sev-
eral recent studies suggested that kinase activation or defi-
ciency, such as c-Jun N-terminal kinase (JNK) and IxB
kinase (IKK), plays a major role in the clonal expansion
and proliferation of the hepatocytes [9—11]. INK was ini-
tially identified as a protein kinase in the liver of rodents
exposed to cycloheximide [12]. At least 10 JNK isoforms
are produced by alternative splicing of mRNAs tran-
scribed from JNKI1, JNK2, and JNK3 genes [13].
Although JNK was predominantly involved in cellular
stress responses, emerging evidence supports a role for
JNK in cell proliferation and tumorigenesis. Hepatocytes
express both JNK1 and JNK2 that are functionally over-
lapping in response to diverging stress or growth signals.
However, non-redundant roles of JNK1 and JNK2 have
been demonstrated in experiments using JNK 1 and JNK2
gene knockout mice or the cells derived from these ani-
mals [14]. JNK1, rather than JNK2, appears to be the
key kinase responsible for TNFa-induced c-Jun phos-
phorylation, cell proliferation and BCR/Abl-mediated
transformation of pre-B cells [14,15]. A sustained JNK1
activation has been linked to chemical carcinogen-
induced HCC in mice with hepatocyte-specific gene
knockout of IKKf, an upstream kinase for NF-kB acti-
vation [11]. It is unknown whether these animal models
are representative of human HCC, however, since there
are no data currently available that indicate alterations
in the activation and activity of these kinases in the devel-
opment of human HCC. In the present report, we
revealed that human HCC exhibited an increased activa-
tion of JNKI1 relative to the paired adjacent non-cancer-
ous (ANC) tissues, whereas equal levels of JNK2
activation were observed between HCC and non-cancer-
ous tissues. We also showed that JNK1 activation is asso-

ciated with an up-regulation of histone H3 lysine 4 tri-
methylation (H3K4me3), thereby increasing expression
of genes contributing to cell mitosis, metabolism and bio-
genesis. In addition, an inverse relationship between
JNKI1 activation and the expression of the genes for cell
differentiation, p450 members and redox regulation was
observed in the primary HCC samples.

2. Materials and methods

2.1. Collection of tissue samples

The HCC tissue samples along with the adjacent non-cancerous
(ANC) tissues were obtained from surgical resections of liver tumors
with informed consent of the patients according to the approved pro-
tocol of the institutional review board at Qidong Liver Cancer Insti-
tute, PR China. HCC was diagnosed according to EASL guidelines
[4]. Clinical or pathological stage was determined using Okuda score
systems [16]. Demographic data of the patients were indicated in
Table 1 and Supplemental Table 1. The tissue samples were numeri-
cally labeled based on the date of collection, such as 1, 2, or 3. All
samples were histopathologically examined and classified based on cri-
teria outlined by the Liver Cancer Study Group of Japan [17]. Tumor
volume (cm®) was determined by measuring the length (L),
width (W), and thickness (7) of the resected tumors and calculated
as Lx WxT.

2.2. Western blotting

Total tissue lysates were prepared using RIPA buffer for Western
blotting. The tissue lysates were separated by SDS-PAGE and
transferred to nitrocellulose membranes that were immunoblotted
with antibodies against phospho-JNK, total JNK, H3K4mel,
H3K4me3, H3K9me3, H3K9me36, and a-tubulin. Specific antibod-
ies for JNK1 and JNK2 were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA) and Cell Signaling Technology (MA),
respectively. The antibodies against methylated histones were pur-
chased from Abcam Inc. (MA). Quantification of the Western blot-
ting was made by using AlphaEase software version 5.5 (Alpha
Innotech Corporation, San Leandro, CA). In some experiments,
the mouse embryo stem cell (ES) lines derived from wild-type or
SEK1 knockout E14K ES cells, gifts of Dr. Hiroshi Nishinea at
University of Tokyo, were used for protein preparation. The cells
were maintained in complete DMEM containing 15% fetal calf ser-
um. The differentiation of ES cells was prevented by passing the
cells every 2 or 3 days and by supplying the cells with 1000 U/ml
of ESGRO (Chemicon, Temecula, CA).

Table 1
Demographic data of the HCC patients.

Number of patients

Total number of patients 31
Male/female 23/8

Age (mean/range) 53 (32-74)
AFP (—/<100/100-400/>400) 7/8/4/12
HBV (+/—) 22/9
Family HCC history (Yes/No) 13/18
Tumor size (mean/range cm®) 146 (8-504)
Encapsulation (+/-) 15/16
Tumor grade (II/IIT) 14/17
Cirrhosis (+/-) 14/17
Liver inflammation (+/—) 26/5
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2.3. RT-PCR

For traditional RT-PCR, 1 pg of total RNA was used for each
reaction of RT-PCR with a temperature scale of 40 °C for 50 min
for reverse transcription, and 25 cycles of 94 °C for 30s, 56 °C for
1 min 30 s, and 72 °C for 1 min 30 s. For the purpose of verification,
a quantitative real-time RT-PCR was performed as reported
previously [18]. Data show mRNA expression levels relative to those
of GAPDH. The PCR primers are:

products to lengths of 35-200 bp, the cRNAs were added to a solution
at a final cRNA concentration of 50 pg/ml for hybridization to
Affymetrix GeneChip HG-U133 plus 2 oligonucleotide microarray
chips. Following hybridization the microarrays were washed, stained,
and scanned. Genechip Operating Software v1.4 (Affymetrix, Santa
Clara, CA) was used to extract images. The raw chip data were nor-
malized by using GeneSpring software 7.3.1 (Agilent Technologies,
Waldbronn, Germany).

Gene names Sense (5" ->3) Antisense (5" ->3')

MAP3K7 ATGTCTACAGCCTCTGCCGC GCTCTGTCCTTCATCTGAATACTGAC
MAP3K13 TTTATTCTTACCACGTGGGATGCAT ACAGGGTTGTTGTGAGGATCATAATG
MAP4K3 CACTGGTGAATTAGCAGCAATTAAAG CGATTGCCAAAGACCGTGTCAAATG
MAPK9 ATGAGCGACAGTAAATGTGACAGTC CTTCCAACTGGGCATCATAAATTTG
PBK ATGGAAGGGATCAGTAATTTCAAGAC CTAGACATCTGTTTCCAGAGCTTCA
RHAMM GATGAGGGGTATGATGGCTAAGCA TAACGCTTTATAGCTTTCAAATTGAG
SMYD3 TCTTGGCAGAGTTGTCTTCAAACTTA TTAGGATGCTCTGATGTTGGCGTC
SMYD5 TTGGCAGCCACTGAGCAATAC CACACATCAGTCATCTCATCCCCCAG
STAB2 TACAATTAGGACCGAGTGCCGAT GCAAATGCATTCAGTTCGGCCTG
EZH2 TGTGGACCACAGTGTTACCAGCAT ATGGCTCTCTTGGCAAAAATACCT
IKKa ACGTCTGTCTGTACCAGCATCG ATTTATTCCAGTTTCACGCTCA

IKKB GGTGAGCAGATTGCCATCAAG ACCCTCAGTTCGCTGGTCTCG
NEMO AGGACGTACTGGGCGAAGAGT GGAACGGTCTCCATCACAATC
GAPDH CTCAGACACCATGGGGAAGGTGA ATGATCTTGAGGCTGTTGTCATA

2.4. Chromatin immunoprecipitation ( ChIP)

ChIP assays were performed according to the protocol from Chro-
matin Immunoprecipitation Kit (Upstate Technology, Lake Placid,
NY). Briefly, 100 pg of each sample tissue was selected and cut into
fine pieces. Then the samples were cross-linked with 1% formaldehyde
for 10 min and subjected to 10 sonication cycles for shearing cross-
linked DNA to 200-1200 bp in length [30 s sonication in an Ultrasonic
Processor (Dr. Hielscher) at 90 W, followed by a 2 min rest on ice].
One hundred microliter of aliquot was then incubated with anti-
H3K4me3 (4 pg, Abcam, # ab8580), or 5 pg of normal rabbit IgG,
as a negative control. Semi-quantitative PCRs were performed with
ChIP-bound and input DNA, respectively, using following primers:

2.6. Statistics and criteria of significance

To generate gene lists, log transformed data were compared be-
tween groups using Welch’s T-test with Bonferroni correction and
median normalization. Signal values were evaluated with the scale: a
signal log ratio of 1.0 indicating an increase of the transcript level by
2-fold and -1.0 indicating a decrease by 2-fold, and signal log ratio
of zero meaning no change.

A p-value cut-off of <0.05 and a fold change difference of >2 in all
analyzed samples were considered to be significant. Other quantitative
data were analyzed by using SigmaPlot 9.0 statistics software. Data are
expressed as means + standard deviations. The Fisher’s exact test was
used to analyze the statistic difference of the absence of encapsulation

CCNBI1 GCTGCTACCGTAGAAATGGAAAGTG
CCNA2 GGAAAAAGTCACTTAAGCTAACTAG
CDC2 AGAAGAACGGAGCGAACAGTAGC
CDC25C AGAGGGAGAGCCAATGATGCGC
CCNBIORF ATGGGAAGGGAGTGAGTGCCACG
CCNA20ORF CTATTCTTTGGCCGGGTCGGT
CDC20RF CTTTAGCGCGGTGAGTTTGAAAC
CDC25CORF TGGCTGACGCAGCTTAGAGGC

GCCACAGTGAGGCTAGGCCG
CAAGTATCCCGCGACTATTGAAATG
GTTTCAAACTCACCGCGCTAAAG
TGACCATTCAAACCTTCCGCCAG
AGCAGGCAGCAGCTAAGAAGGC
TCTTCGGCCTCTGCTGCTGC
AGTGTGGCTCACACGGCCAGA
GGAGAGAAAGTAGATAGGGATCGGAC

2.5. Gene expression profiling

Total RNA was extracted from frozen HCC tissue samples and the
paired non-cancerous tissues (ANC) using TRIzol reagent according
to the manufacturers’ suggestion (Invitrogen). The RNA was then
cleaned up using RNEasy midi-columns (Qiagen, Chatsworth, CA).
The integrity of RNA from each sample set was confirmed with the
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA).
The labeling and the hybridization of mRNAs were performed accord-
ing to Affymetrix One-Cycle Target Labeling protocols (http://
www.affymetrix.com/support/developer/tolls/affytools.affx).  Briefly,
5 pg of total RNA was reverse transcribed with a T7-oligo (dT)24 pri-
mer and the Superscript II reverse transcriptase (Invitrogen). Second-
strand synthesis was followed by cRNA generation with incorporation
of biotinylated ribonucleotides. After fragmentation of the cRNA

of the tumors between groups showed in Fig. 1D. The representative
data of RT-PCR and Western blotting are derived from at least three
replications.

3. Results
3.1. JNKI activation associates with HCC tumor size

We collected 31 HCC tissue samples during 2004 and
2005 for the present studies. The partial clinical character-
istics of these patients are summarized in Table 1. To
determine the state of kinase activity in human HCC,
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Fig. 1. Enhanced JNKI1 activation in human HCC. (A) Total protein extracts were prepared from 31 sets of HCC (C) along with the paired ANC tissue
(IN) and subjected to Western blotting using antibodies against phospho-JNK (p-JNK) and total JNK. The data show representative results from sample
pairs 22 to 31. The sample pairs with an increased JNK1 activation (p-JNK1) were indicated with asterisk (*). The status of inflammation and cirrhosis of
the ANC tissues for each pair of samples were indicated with ‘+” sign on the top of the panel. (B) Quantification of JNK1 activation in HCC(C) vs ANC
(IN) by densitometry using AlphaEase software. (C) Correlation of JNKI1 activation with the tumor sizes. HCC samples were grouped based on JNK1
activation relative to their paired ANC tissues. C > N: JNK1 activation in HCC is higher than that in ANC tissues. Average tumor sizes of the two HCC
groups were shown. (D) Absence of encapsulation of the HCC samples with higher (C > N) or lower (C < N) JNK1 activation. The p-value was calculated
by Fisher’s exact test. Deficiency in tumor encapsulation may be indicative for local invasiveness of the tumors.

we evaluated JNK activation in 31 human HCC tissue
samples that were paired with the adjacent non-cancerous
tissues by immunoblotting using antibodies against phos-
phorylated JNK (p-JNK) and total JNK, respectively.
While a roughly equal JNK2 activation was observed
between HCC and the paired ANC tissue in all of these
samples, an increased JNK1 activation could be detected
in 17 HCC samples relative to their paired ANC tissues
(group 1, C > N, Fig. 1A, the representative data for sam-
ples 22-31, and Supplemental Table 1). Fig. 1B shows the
ratio of p-JNK vs total INK between HCC and ANC
among sample sets 22, 23, 25, and 28 by densitometry
scanning of three independent Western blotting experi-
ments. Among the remaining 14 samples, 12 samples
showed a similar activation of JNK1 between HCC and
ANC (Supplemental Table 1, group 2, C =N, among
which five HCC samples exhibited higher level of total
JNKI1 and JNK2 proteins), two samples exhibited a
decreased JNK1 activation in HCC relative to the ANC
(group 3, C < N). The enhanced JNK1 activation, rather
than the activation of the alternatively spliced JNK1 or
JNK2 isoforms, was confirmed by the use of JINK1-spe-
cific antibody that has no cross-reaction with JNK?2 (data
not shown). The possibility of alternative splicing of
JNKI1 and JNK2 in the liver tissues was also ruled out
by RT-PCR analyses using RNAs extracted from liver tis-
sues and PCR primers that specifically amplify the 3'-ter-
minal 250 nt regions of a.1/B1 and o2/B2 mRNAs for both
JNKI1 and JNK2 (data not shown). No significant differ-

ence was noted in the patient data and patho-histological
analyses for the ANC tissues among these groups, except
for a relatively lower percentage of cirrhosis in the adja-
cent tissues in group 1 samples (Supplemental Table 1).
However, an association between enhanced JNK1 activa-
tion and increased tumor sizes was observed (Fig. 1C).
Furthermore, the encapsulation is missing in the HCC tis-
sues with higher JNK1 activation relative to the paired
ANC tissues, which possibly implies a local invasiveness
of the tumors (Fig. 1D).

Previous studies indicated that genetic deficiency in
IKK subunits resulted in an enhanced JNK activation
in both cell lines and animal models [9,10,19-21]. To
determine whether there is an inverse relationship
between JNKI activation and IKK expression, the
mRNA levels of IKKa, IKKB, and NEMO/IKKY in
HCC and the paired ANC tissue was determined by
RT-PCR. There appeared to be no defect in the expres-
sion of these IKK subunits in the HCC samples that
show an enhanced JNKI1 activation (data not shown).

3.2. Identification of gene expression pattern between
HCC and ANC tissues

It has been generally viewed that sustained JNK acti-
vation is one of the key driving forces for the expression
of genes that are linked to cell cycle transition and cell
proliferation, common features of the malignantly trans-
formed cells [11,22]. Accordingly, we next selected five
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sets of HCC samples that show either an enhanced JNK1
activation relative to the paired ANC tissues (samples 22,
23, and 28 in Fig. 1A) or an roughly equal level of JNK1
activation between HCC and the paired ANC tissue (sam-
ples 26 and 29 in Fig. 1A) for gene expression profiling by
microarray using Affymetrix human U133 plus 2 chip
containing over 54,000 probe sets for 39,500 human
genes. We first compared the general differences in gene
expression pattern between all of these HCC samples
and the paired ANC tissues. A roughly unified gene

A B
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expression pattern was observed in these pairs of HCC
samples compared to their respective paired ANC tissues
(Fig. 2A). The HCC tissues exhibited a more than 2-fold
increase in expression of 1915 genes and a more than 2-
fold decreased expression of 499 genes with a p-value less
than 0.05 (Supplemental Table 2). A false discovery rate
(FDR) correction test was also applied to analyze above
data for significant changes of gene expression, which
showed that more than 60% of these genes with expres-
sion changes large than 2-fold passed the FDR < 0.15
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Fig. 2. HCC exhibited increased expression of the genes involved in cell growth, mitosis, biogenesis, metabolism, and RNA transcription. (A) Gene
expression profiles of five HCC (C) samples vs their corresponding ANC tissues (N). Data are extracted from microarray using Affymetrix human U133
plus 2 chip containing probes for 39,500 human genes. Red color indicates increased expression of 1915 genes; Green color indicates decreased expression
of 499 genes. Genes for CCNB1, CCNA2, CDC2, and CDC25C were indicated on the left of the panel. (B) Verification of the gene expression profiling
for the selected genes by RT-PCR. The numbers on the left of each panel indicate sizes of DNA markers. (C) Ontology categories for the genes whose
expression level was changed more than 2-fold in HCC. Red color shows increased expression of the genes in HCC as grouped by ontology terms on the
left side of the y-axis; Green color shows decreased expressed genes in HCC. The significance as determined by p-values was graphed along the x-axis.
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threshold (data not shown). The altered expression of
these genes was verified by RT-PCR for several randomly
selected genes for EZH2, MAP kinase signaling, PDZ
binding kinase (PBK), hyaluronan receptor for H-ras-
induced cell locomotion (RHAMM) and two proteins
involved in histone H3 lysine 4 tri-methylation (SMYD3
and SMYDS5) (Fig. 2B). The expression of stabilin2
(STAB2) was nearly undetectable in all of the five HCC
samples by RT-PCR, which is consistent with a more than
10-fold decrease in HCC relative to the ANC as demon-
strated in gene expression profiling. Further analysis of
gene expression profiling data by ontology categories sug-
gested that the highest expressed genes in HCC are those
critical for cell proliferation, cell cycle, metabolism, cell
organization, and biogenesis (Fig. 2C and Supplemental
Table 2), and histone H3 methylation (Supplemental
Table 3).

It is intriguing to note that HCC also showed a sub-
stantial decrease in the expression of the genes involved
in receptor signaling, response to abiotic or external
stimuli, morphogenesis, cell communication and signal
transduction, ion channel, development, and tumor sup-
pression (Fig. 2C and Supplemental Table 4).

3.3. JNKI activation associates with the regulation of
genes involved in cell growth and metabolism in HCC

Emerging evidence suggested a direct link between
JNK activation and cell growth and metabolic regula-
tion [23]. To discern relationships between JNK1 activa-
tion and alteration of the gene expression patterns that
contribute to the increased growth of HCC, the data
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of gene expression profiling were re-analyzed by extract-
ing the data from HCC samples only. A re-clustering
was made between HCC samples 22, 23, and 28 that ex-
hibit higher JNKI1 activation than their paired ANC tis-
sues and HCC samples 26 and 29 that show equal or
lower JNK1 activation relative to their corresponding
ANC tissues (Fig. 3A). JNKI1 activation affected the
expression of 1157 genes, of which 446 were up-regu-
lated and 711 were down-regulated (see Supplemental
Table 5). Ontology categorization of these genes by Ex-
Plain tool of the Biological Database [24] suggested that
genes for metabolism, electron transport, biosynthesis,
cell cycle, and cell death are statistically overexpressed
in the HCC samples exhibiting higher JNK1 activation
(Fig. 3B). In contrast, the expression of the genes for
G-protein receptor signaling, signal transduction, cell
communication, development, cell adhesion, morpho-
genesis, and differentiation were down-regulated in these
HCC samples with higher JNK1 activation (Fig. 3B). It
is additionally intriguing to note that the genes for all of
the p450 family members and the antioxidant enzymes
including SOD1, catalase, MGST1, MGST2, GSTKI,
AKR7A2, EPHX1, and EPHX2, that are critical for re-
dox regulation and antioxidant responses, are down-reg-
ulated in these HCC samples with higher JNKI
activation (Supplemental Tables 6 and 7).

3.4. Correlation of JNKI activation with the elevated
levels of histone H3 methylation

In addition to these genes mentioned above, we also
noted that several genes that are important for histone
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Fig. 3. Comparison of the gene expression profiling between HCC samples showing higher JNK1 activation (C > N) and the HCC samples showing lower
JNKT1 activation (C < N) relative to their paired ANC tissues. (A) Gene expression profiling of the two groups of HCC samples based on the JNK1
activation. (B) Ontology categories for the genes whose expression level was changed more than 2-fold between two groups of HCC samples.
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H3 methylation were highly expressed in the HCC sam-
ples that showed higher JNKI1 activation as compared
to the HCC samples that showed lower JNKI1 activa-
tion. These genes include EZH2, DOTIL, and MLL3
(Fig. 4A and Supplemental Tables 2 and 3). Both
EZH2 and DOTIL are involved in histone H3 lysine 9
and/or 27 methylation, which associated with repression
of tumor suppressor genes. The MLL3, on the other
hand, is possibly able to induce histone H3 lysine 4
tri-methylation (H3K4me3), leading to active transcrip-
tion of genes for cell cycle and proliferation [22]. To

ting was performed using antibodies against the different
methylation states of histone H3 on lysines 4, 9, and 36
(Fig. 4B). Comparison of the JNK activation state with
the histone H3 methylation, as measured by the methyl-
ation-specific antibodies, reveals that HCC samples
showing higher JNK1 activation relative to their paired
ANC tissues are all in the group of samples with
increased levels of H3K4me3, H3K9me3, and
H3K36me3. In contrast, HCC samples showing equal
or lower JNK1 activation relative to the paired ANC tis-
sues are all in the group of samples exhibiting normal

determine whether the states of histone H3 methylation
were altered in HCC and the paired ANC, immunoblot-

level of H3K4me3 and H3K9me3 (Fig. 4B). Such corre-
lation between JNKI1 activation and the methylation
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Fig. 4. JNKI1 activation is associated with alterations in histone H3 methylation in HCC. (A) Expression levels of the mRNAs for EZH2, DOTI1L and
MLL3 in two groups of HCC samples that either show higher JNK1 activation (C > N) or lower JNKI actlvatlon (C < N) relative to their paired non-
cancerous tissues. The data were derived from gene profiling using Affymetrix U133 plus 2 chips. “p < 0.05; “p < 0.001. (B) The levels of histone H3
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respectively. The same membranes were stripped and re-probed with antibodies against H3K9me3, H3K9me2, and H3K36me3, respectively. The dash-
lined rectangles indicate HCC samples with higher JNK1 activation relative to their paired non-cancerous tissues. The level of a-tubulin was measured as
a loading control for each tissue sample. (C) The level of H3K4me3 occupancy on the promoter region of CCNB1, CCNA2, and CDC2 was determined by
ChIP assay using anti-H3K4me3 antibody. The input DNA and immunoprecipitated DNA (bound DNA) were amplified by PCR using primers
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grouped by the levels of JNK1 activation in HCC samples relative to their paired ANC tissues.
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states of histone H3 was further confirmed among the
remaining HCC samples and the paired ANC tissues
(Supplemental Table 8).

A recent study suggested that active gene promoters
are enriched in H3K4me3 [25]. It is very likely, thus, that
the increased expression of genes in cell growth and cell
cycle regulation in HCC where JNK1 is highly activated
is associated with the elevated level of H3K4me3. To ver-
ify this is indeed the case, we next used chromatin immu-
noprecipitation (ChIP) to examine the states of
H3K4me3 occupancy in the promoter region of cyclin
B1(CCNBI), cyclin A2 (CCNA2), CDC2, and CDC25C.
All of these genes were highly expressed in HCC relative
to the respective paired ANC tissues as demonstrated in
gene profiling (Fig. 2A and Supplemental Table 2), which
showed notable correlation with the JNK 1 activation sta-
tus in these HCC samples (Supplemental Table 5). We
selected samples 22 and 23, which showed clear enhance-
ment in JNK1 activation (Figs. 1A and 4B) and elevation
of H3K4me3 in HCC (Fig. 4B) as compared to their cor-
responding ANC tissues, for ChIP assay using anti-
H3K4me3 antibody. The input and H3K4me3 bound
DNA were amplified by sequence-specific PCR using
primers corresponding to the respective proximal pro-
moter regions. Notably, we found that the promoters
for CCNB1, CCNA2, and CDC2 were highly enriched
for H3K4me3 in HCC in both samples (Fig. 4C). In the
ANC tissues, only marginal binding of H3K4me3 to the
promoters of these genes could be detected. Both input
and H3K4me3 bound DNA for CDC25C promoter were
poorly amplified in either HCC or the paired ANC and,
therefore, the results for this particular gene are inclusive.
There was no difference between HCC and the non-can-
cerous tissues in the H3K4me3 occupancy in the open
reading frame (ORF) for all of these genes tested
(Fig. 4D). We next compared the abundance of
H3K4me3 occupancy on the CCNBI promoter in the
HCC samples showed different JNK1 activation. This
analysis suggested that HCC samples with higher JNK 1
activation relative to their ANC tissues exhibited a higher
abundance of H3K4me3 in the CCNBI promoter as
compared to the HCC samples with lower JNK1 activa-
tion relative to their ANC tissues (Fig. 4E). A quantitative
RT-PCR analysis confirmed that HCC samples with
higher JNKI1 activation exhibit increased levels of
CCNBI (Fig. 4F), CCNA2 and CDC2 mRNAs (data
not shown).

3.5. Deficiency in JNK signaling compromises EZH?2
induction

The above data suggested a clear correlation between
JNKI activation and gene expression, such as EZH2, in
HCC tissues. Accumulating evidence suggests an abnor-
mal elevation of EZH2 expression during tumorigenesis,
such as prostate cancer and breast cancer [26,27]. It is
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Fig. 5. Deficiency in JNK signaling compromises EZH2 induction.
Wild- type (WT) ES cells and SEK1 '~ ES cells were cultured in
DMEM medium containing 20% FCS and nucleosides (30 pM adeno-
sine, 30 pM guanosine, 30 pM cytiding, 30 pM uridine, and 10 pM
thymidine) in 6-well plates. When the cells form sub-confluence, the cells
were treated with 0, 2.5, 5, 10, or 20 pM arsenic (As3 *) for 6 h. Total cell
lysates were used for Western blotting using the indicated antibodies.

believed that overexpression of EZH2 provides a prolifer-
ative advantage to either primary cells or transformed
cells by disrupting the pRb-mediated suppression on the
genes for cell cycle regulation [28]. To provide direct evi-
dence showing the role of JNK signaling on the expres-
sion of the genes important for the tumorigenic
transformation of the cells, we tested the inducibility of
EZH2 in embryonic stem cell line (ES) with a genetic dis-
ruption of SEK1 (JNKKI1) gene. SEK1 is a direct
upstream kinase for JNK activation in cellular responses
to a variety of extracellular and intracellular stress signals
[29]. In wild-type (WT) ES cells, arsenic (AS*"), a previ-
ously documented potent JNK activator [19], induced a
pronounced activation of JNK (p-JNK) as well as
SEK1 (pSEK1) in a dose-dependent manner (Fig. 5, lanes
1-5, 0, 2.5, 5, 10, and 20 pM of As*"). In SEK1~/~ ES
cells, however, only a marginal activation of JNK could
be seen in As*'-treated cells (Fig. 5, lanes 6-10). The
induction of EZH2 was notable in the WT ES cells, which
was parallel with the activation of JNK. In contrast, the
induction of EZH2 was compromised in the SEK1 /-
ES cells (Fig. 5). Thus, these data suggest that the expres-
sion of EZH?2 is indeed dependent on JNK signaling, at
least partially.

4. Discussion

We have investigated the potential roles of JNKI1
activation in human HCC and demonstrated a strong
association of JNK1 with tumor size and expression of
the genes involved in metabolism, cell cycle, and prolif-
eration. We also provide evidence showing that JNK1
activation is responsible, at least partially, for the altered
expression of genes in human HCC by affecting the epi-
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genetic modifications of the histone H3 protein. Specif-
ically, JNKI1 activation up-regulates expression of
MLL3, DOTIL and EZH2 that contribute to tri-meth-
ylation of lysines 4, 9, 36, and possibly 27 in HCC.
The elevated level of H3K4me3 might be directly
involved in the increased expression of genes for cell
growth regulation, such as CCNBI, CCNA2, and
CDC2. JNK1 might also be accountable for the silenc-
ing of genes required for differentiation, development,
morphogenesis, ion channels, cell-to-cell communica-
tion, and tumor suppression.

Human HCC has been generally viewed as a disease
with accumulation of genetic alternations that are respon-
sible for the expression of genes controlling cell cycle and
cell proliferation [2]. The importance of epigenetic altera-
tions in HCC, however, has been largely unexplored,
despite a limited number of reports suggesting hyperme-
thylation of the genes encoding p16(INK4a) [30], E-cad-
herin [31], target of methylation-induced silencing 1
(TMS1) [32], COX2 [33], and deleted in liver cancer 1
(DLC1) [34] in HCC. It is also unclear whether the
changes in the epigenetic landscape of the histone pro-
teins played considerable roles on DNA methylation
and the pathogenesis of HCC. The amino-terminal tails
of histone H3 and H4 undergo a variety of post-transcrip-
tional modifications, such as phosphorylation, ubiquiti-
nation, acetylation, and methylation [35]. The tri-
methylation of lysine 4 of histone H3 (H3K4me3) and
acetylation of lysines 9 and 14 (H3K9ac and H3K 14ac)
are associated with active transcription of the genes. In
contrast, the tri-methylation of lysines 9 and 27 of histone
H3 (H3K9me3 and H3K27me3) are acting as inhibitory
markers for silencing of gene expression through inducing
DNA methylation and the formations of constitutive,
facultative, and focal heterochromatins [36].

Compelling evidence suggests that the JNK family
kinases are key regulators of gene transcription through
AP-1 transcription factors [22], whereas the potential epi-
genetic modulation of JNK on a broad range of gene
expression is currently underemphasized. In Drosophila,
DFos phosphorylation by JNK is capable of recruiting
histone acetyltransferase (HAT), Chameau, leading to
histone H4 acetylation and target gene transcription
[37]. It is conceivable, therefore, that INK might be able
to promote formation of H3K4me3 through either induc-
tion of MLL3 or the facilitation of histone H3 acetyla-
tions, or both, which provide a proliferative advantage
of the cells. Evidence supporting this was from the
observed enrichment of H3K4me3 in the gene promoters
and the increased expression of CCNA2, CCNBI1 and
CDC2, along with other cell proliferative genes, in HCC
samples with a higher level of INK1 activation. The asso-
ciation of JNK1 activation with the enhanced expression
of EZH2 and DOT1L, on the other hand, might be critical
for the silencing of the differentiation- and development-
related genes in the hepatocytes. As an active catalytic

component of polycomb repressive complex 2 (PRC2)
for the formation of H3K9me3 and H3K27me3, EZH2
has been previously demonstrated to be an oncogenic
protein in prostate cancer [38,39], breast cancer [40], ovar-
ian carcinoma [41], lymphomas [42], gastric cancer [43],
and HCC [44-46]. Emerging evidence suggests that
EZH2 along with other assembled PRC2 subunits
represses expression of the genes required for cell differen-
tiation, linecage development, and tumor suppression
through methylations on H3K9, H3K27, and DNA
[47-49]. Ontology characterization of the differential
expressed genes in the HCC samples with a higher
JNKI1 activation suggested a significant down-regulation
of the genes for G protein receptor signaling, signal trans-
duction, cell-cell communication, cell adhesion, ion
transport, development, and differentiation (Fig. 3B).
The spectrum of these down-regulated genes is strikingly
similar to the de novo methylated genes in the cancer cells
[50], which further supports the notion of JNKI activa-
tion and the EZH2-dependent repression of the differen-
tiating genes and tumor suppressors. It is currently
unclear how JNK affects the expression or function of
EZH2. Our preliminary data suggest that activation of
JNK is critical for stress-induced expression of EGRI1, a
transcription factor important for the transcription of
many earlier response genes. Surveying the genomic
sequence of the EZH2 gene suggested that there are at
least two conserved EGRI1 sites located in the proximal
promoter and 5-UTR regions, respectively, of the
EZH?2 gene. It is very likely, therefore, INK1 contributes
to elevation of the EZH2 level through the EGR1-medi-
ated transcription of the EZH2 gene.

It is intriguing to note an inverse relationship between
JNK1 activation and the expression of p450 family mem-
bers as well as several enzymes important for redox regu-
lation in HCC samples. Both p450 family members and
redox regulators are important in metabolism and detox-
ification of carcinogens. Some types of genetic polymor-
phisms in p450 genes contribute to HCC susceptibility
[51], possibly due to compromised metabolic activity of
p450 proteins on carcinogens. An appreciable decrease
in the expression of the p450 genes was also noted in
HCV-associated HCC [52]. In a mouse hepatocarcinoma
model induced by arsenic, the expression of the majority
of male-predominant p450 members was decreased [53].
The later observation may be complementary to the pres-
ent study showing inverse relationship between JNKI
activation and p450 expression, since the fact that arsenic
is an established potent inducer for JNK activation in a
wide range of cell types [19]. Although it is currently
unknown whether JNK signaling and the EZH2/PRC2
directly repress the expression of the p450 genes, pro-
moter CpG DNA methylation of several p450 members
had been previously demonstrated either in cancer tissues
or cell lines [54-57]. The decreased expression of the redox
regulatory enzymes including SOD, catalase, MGSTs,
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AKR7A2, and EPHXs may enhance the carcinogenic
potential of aflatoxin B1, one of the most common
HCC etiologic factors [2]. Genetic studies suggested that
patients with some polymorphisms associated with com-
promised function of these enzymes have an increased risk
of developing HCC [58].

The importance of JNK activation or activity in
human HCC has not been addressed yet, although few
animal studies suggested linkage of JNK activation in
chemical carcinogen-induced HCC [10,11]. The associa-
tion of JNK1 with the epigenetic alternations, mainly
the elevation of H3K4me3, H3K9me3, and the expression
of EZH2 that is involved in both histone and DNA meth-
ylation indicates a pivotal role of JNK on the develop-
ment of the human HCC. Both environmental and viral
carcinogens are capable of activating JNK. As a conse-
quence, genetic and epigenetic signals are altered, leading
to a sustained expression of cell proliferative genes and a
repression of the genes important for cell differentiation
and tumor suppression. Thus, biological or pharmacolog-
ical intervention on JNK activation may be a plausible
new strategy in delaying the initiation and progression
of HCC in the high risk population.
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