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Figure 3 Amnalysis of intrahepatic cytokine mRNA expression in
wt mice after diethylnitrosamine (DEN) exposure. Total RNA
(15 pg) was extracted from nontumorous liver tissue of represen-
tative mice killed and subjected to RNase protection assay to
monitor the expression of a panel of inflammatory cytokines.
Intrahepatic LT-B, TNF-o, IFN-y, IFN-8, TGF-f1, and TGF-f3
mRNA appeared after 1 month of DEN exposure and remained
elevated. The housskeeping genes, ribosomal protein light 32
(L32), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
were used to normalize the amount of RNA loaded in each lane.

were comparable between IFN-yR KO and wt
mice (CYP2E1 activities (+s.d.) (pmol/mg/min):

746.4+291.7 and 424.11+76.4, respectively; not

significant). In addition, CYP2E1 activities of IFN-
yR KO and wt mice without exposure to DEN were
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Figure 4 Tumor development in the livers of IFN-yR KO, FN-o/
BR KO, and wt mice exposed to diethylnitrosamine (DEN) in
drinking water. Numbers of liver tumars, diameters of the largest
liver tumors, and the mean diameters of the liver tumors were
determined at autopsy. (a) At 5 months after DEN exposure, IFN-
yR KO mice developed fewer tumors than IFN-o/fR KO and wt
mice (P<0.05). (b) The diameters of the largest liver tumors were
not significantly different among the three lineages. (c) The mean
diameters of the liver tumors were not significantly different
among the three lineages. (d) Twmor size distribution after 5
months of DEN exposure was not significantly different among
the three lineages. At 2 months, n=13, 5, and 12 in wt, IFN-o/ R
KO, and IFN-yR KO mice, respectively; 3 months, n=13, 3, and
10, respectively; 4 months, n=17, 12 and 15, respectively; 5
months, n=17, 9 and 18, respectively.

also comparable (CYP2E1 activities (+s.d.) (pmol/
mg/min): 3005.6+286.6 and 2530.6 4 305.0, respec-
tively; not significant). These data suggest that these
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strains may have similar capacity to activate DEN in
their liver tissues.

Inflammatory Reactions in the Livers of IFN-a2/fR KO
and IFN-yR KO Mice

To understand the effect of IFNs on inflammatory
cell infiltration during the process of chemical
hepatocarcinogenesis induced by DEN, liver sam-
ples collected from IFN-«/fR KO mice, IFN-yR KO
mice, and wt mice were stained and the numbers
of infiltrating mononuclear cells were counted.
Numbers of infiltrating mononuclear cells were
similar among three lineages (3 months; wt mice,
1597 4-502/mm?; IFN-e/ SR KO mice, 640+ 280/mm?;
IFN-yR KO mice, 890+ 122/mm? not significant).
Furthermore, liver section samples were stained
immunohistochemically with a rat monoclonal anti-
body to mouse macrophages. In wt mice, the
proportion of macrophages increased over the
period studied (2 months, 13.3£3.3%; 3 months,
16.7 +3.3%; 4 months, 20.0+0.1%; and 5 months,
32.54+10.3%). In contrast to IFN-o/fR KO and wt
mice, IFN-yR KO mice had reduced proportions of
macrophages in the liver (Figure 5). In addition, to
evaluate the activation status of inflammatory
infiltrates, intrahepatic expression of inflammatory
cytokines was analyzed using an RNase protection
assay. Intrahepatic expression of TNF-«, IFN-y, and
IFN-8 was lower in IFN-yR KO mice than wt mice

60
. wi P<0.01
[ m—"
50 - IFN-a/8R KO P<0.05
[] IFNyR KO —

Proportions of macrophages
in inflammatory infiltrates (%)

Months of DEN exposure

Figure 5 Quantitative immunohistochemical analysis of inflam-
matory infiltrates in the livers of IFN-yR KO, IFN-a/fR KO, and wt
mice after diethylnitrosamine (DEN) exposure. Mice were killed
at the time points indicated. Liver samples were stained
immunohistochemically with rat monoclonal antibody to mouse
macrophage. A total of 100 high-power ( x 400) fields representing
4mm? of liver tissue were examined. The proportions (%) of
macrophages are expressed as means + s.e. In contrast to IFN-«/SR
KO and wt mice, the proportions of macrophages were greatly
reduced in IFN-yR KO mice.
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(Figure 6). Collectively, the data suggest that IFN-y-
induced activation of macrophages may be involved
in the process of DEN-induced chemical hepatocar-
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Figure 6 Analysis of intrahepatic cytokine mRNA expression in
wt and IFN-yR KO mice after 3 months of diethylnitrosamine
(DEN) exposure. Total RNA (15 ug) was extracted from nontumor-
ous liver tissue of representative mice and subjected to RNase
protection assay to monitor the expression of a panel of
inflammatory cytokines. Intrahepatic expression of LT-8, TNF-z,
IFN-y, IFN-$, and TGF-f3 was weaker in IFN-yR KO mice than in
wt mice. The housekeeping genes, ribosomal protein light 32
(L32), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
were used to normalize the amount of RNA loaded in each lane.
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cinogenesis because the proportion of infiltrating
macrophages was diminished and the activation
status was reduced in IFN-yR KO mice, in which
the total numbers of liver tumors were lower than
wt mice.

Amounts of 8-OHdG Detected in the Liver

To estimate the oxidative DNA damage in chemical
hepatocarcinogenesis, genomic DNA was extracted
from nontumorous liver tissue of representative
mice treated with DEN for 3 months and subjected
to measurement of 8-OHdG by ELISA. Lower
amounts of 8-OHdG were detected in the livers of
IFN-yR KO mice than of IFN-a/fR KO and wt mice
(Figure 7). The results indicate that the oxidative
DNA damage caused during DEN exposure period
was reduced in IFN-yR KO mice, suggesting
that IFN-y may contribute to the enhancement of
the oxidative damage and allow cells that carry
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damaged DNA to survive in the process of DEN-
induced hepatocarcinogenesis.

Discussion

The current study shows that type O IFN, but not
type I IFNs, may be involved critically in the
initiation stage, but not the promotion stage, of
hepatocarcinogenesis in mice treated with DEN.
IFN-yR KO mice developed fewer HCCs than IFN-o/
BR KO and wt mice, although the diameters of liver
tumors were not significantly different among the
three lineages. In IFN-yR KO mouse livers, the
proportion of monocytes/macrophages was greatly
reduced and their activation status was reflected by
the lower levels of intrahepatic cytokine expression,
suggesting that IFN-y may contribute to the activa-
tion of monocytes/macrophages seen during the
process of DEN-induced hepatocarcinogenesis. The
activated state of the monocytes/macrophages was

o

OHdAG

&
5 i

e
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Figure 7 Immunochistochemical analysis of inflammatory infilirates and 8-hydroxydeoxyguencsine (8-OHdG) amounts detected in the

livers of IFN-yR KO, IFN-o/fR KO, and wt mice exposed to diethylnitrosamine (DEN]) for 3 months. Liver samples were stained
immunohistochemically with rat monoclonal antibody to mouse macrophage (in brown). In contrast to the subsets of infiltrating
inflammatory cells in [FN-¢/fR KO and wt mice liver, the proportions of macrophages were greatly reduced in IFN-yR KO mice. For

measuring 8-OHdG levels, four samples from each strain were used. The amounts of 8-OHdG are expressed as means+s.e. The amounts

of 8-OHdAG, indicated in each inset, were in lesser extent in the livers of IFN-R KO mice than in ‘those of IFN-o/ fR KO and wt mice

(P<0.05).
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reflected by the extent of intrahepatic cytokine
expression in the mice. Furthermore, on the basis
of amounts of 8-OHdAG detected, oxidative DNA
damage was induced to a lesser extent in livérs of
IFN-yR KO mice than in those of IFN-o/fR KO and
wt mice, leading to a difference in the mutagenic
potential and the development of HCC.

The pathogenetic importance of proinflammatory
cytokines in DEN-induced hepatocarcinogenesis
was evaluated in this study. Intrahepatic IFN-§ and
IFN-y mRNA expression, as well as TNF-«, LT-8,
TGF-f1, and TGF-§3, were induced after 1 month of
DEN exposure and remained high for the period of
study. Importantly, the induction of cytokines began
2 months earlier than the appearance of the liver
tumors, suggesting that the immune responses may
precede the development of HCC during the process
of chemical carcinogenesis. Previous studies de-
monstrated that type I IFNs inhibit the growth of
neoplastic cells by inducing apoptosis®® and that
type I IFN is the major proinflammatory cytokine
that regulates macrophage function and contributes
critically to the establishment of chronic inflamma-
tion.'® However, the pathophysiological role of the
cytokines in DEN-induced hepatocarcinogenesis
was not well determined.

To define the pathophysiological role of the IFNs
in the process of DEN-induced hepatocarcino-
genesis, mice genetically deficient for the IFN-o/f
or IFN-y receptor were exposed to DEN, and tumor
development was monitored. The results indicate
that IFN-y, but not IFN-o/f, may be involved
critically in the initiation stage, but not the promo-
tion stage, of hepatocarcinogenesis in mice treated
with DEN. The results are consistent with the
reports in which IFN-y was suggested to promote
tumor initiation of cholangiocarcinoma and lung
cancer by causing activation of inducible nitric
oxide synthase (INOS) and excess production of
nitric oxide (NO), increased manganese superoxide
dismutase (Mn-SOD) and decreased catalase, and
subsequent DNA damage.*”*®

Further, in contrast to the subsets of infiltrating
inflammatory cells in IFN-z/fR KO and wt mouse
livers, the proportion of monocytes/macrophages
was greatly reduced in IFN-yR KO mouse livers. The
reduction in the percentage of monocytes/macro-
phages in inflammatory infiltrates in IFN-yR KO
mice reflected a deficiency of IFN-y stimulation
because IFN-y is known to promote macrophage
chemotaxis indirectly and to induce its activation
directly. Its indirect chemotactic activity is reported
to be mediated by macrophage-attracting chemo-
kines, for example, macrophage inflammatory pro-
tein (MIP)-1x and monocyte chemoattractant protein
(MCP)-1.*® Recruited and activated macrophages
may induce oxidative DNA damage in hepato-
cytes, probably by NO production,®®* which is
consistent with our observation that oxidative DNA
damage was induced, on the basis of the amounts of
8-OHdG detected, to a lesser extent in the livers of

Laboratory Investigation (2005) 85, 655—663

IFN-yR KO mice than in those of IFN-«/fR KO and
wt mice. '

The current observations emphasize the pathoge-
netic potential of IFN-y during the course of
chemical hepatocarcinogenesis. Interestingly, IFN-y
influences the initiation stage, which is associated
with the recruitment/activation of monocytes/
macrophages and the induction of oxidative DNA
damage in hepatocytes, and not the promotion stage
of hepatocarcinogenesis.
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Aberrant expression of serine/threonine kinase Pim-3 in hepatocellular carcinoma
development and its role in the proliferation of human hepatoma cell lines
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Most cases of human hepatocellular carcinoma develop after per-
sistent chronic infection with buman hepatitis B virus or hepatitis
C virus, and host responses are presumed to have major roles in
this process. To recapitulate this process, we have developed the
mouse model of hepatocellular carcinoma using hepatitis B virus
surface antigen transgenic mice. To identify the genes associated
with hepatocarcinogenesis in this model, we compared the gene
expression patterns between pre-malignant lesions surrounded by
hepatocellular carcinoma tissues and control liver tissues by using
a fluorescent differential display analysis. Among the genes that
were expressed differentially in the pre-malignant lesions, we
focnsed on Pim-3, a member of a proto-oncogene Pim family,
becanse its contribution to hepatocarcinogenesis remains un-
known. Moreover, the unavailability of the nucleotide sequence of
full-length human Pim-3 cDNA prompted us to clone it from the
¢DNA library constructed from a human hepatoma cell line,
HepG2. The obtained 2,392 bp human Pim-3 ¢DNA encodes a
predicted open reading frame consisting of 326 amino acids. Pim-3
mRNA was selectively expressed in human hepatoma cell lines, but
not in normal liver tissues. Moreover, Pim-3 protein was detected
in human hepatocellular carcinoma tissues and cell lines but not in
normal hepatecytes. Furthermore, cell proliferation was attenu-
ated and apoptosis was enhanced in human hepatoma cell lines by
the ablation of Pim-3 gene with RNA interference. These obser-
vations snggest that aberrantly expressed Pim-3 can cause auton-
omous cell proliferation or prevent apoptosis in hepatoma cell
lines.

© 2004 Wiley-Liss, Inc.

Key words: protein serine-threonine kinases; pre-malignant lesions;
hepatocellular carcinoma; RNA interference; apoptosis

Hepatocellular carcinoma (HCC) is the 8th highest cause of
death among human cancers and is endemic in Asia, Africa and
southern Europe. Most cases of HCC arise from persistent chronic
infection with human hepatitis B virus (HBV) or hepatitis C virus
(HCV).! Host responses are presumed to be involved in the de-
velopment of HCC among patients harboring HBV or HCV, be-
cause these viruses lack apparent oncogenes and the infected
patients develop HCC after suffering from chronic hepatitis-re-
lated pathology.®3?

Hepatitis virns infection induces the generation of virus antigen-
specific cytotoxic T lymphocytes, which have been implicated in
both the eradication of viruses and liver injury.* Cycles of cyto-
toxic T lymphocyte-mediated liver cell destruction and regenera-
tion are thought to prepare the mitogenic environment.*S To eln-
cidate the molecular and cellular mechanism of HCC initiation and
development, Nakamoto ef al.b has established a mouse model of
HCC by using HBV surface antigen (HBsAg) transgenic mice
(HBsTg). In this model, bone marrow cells and splenocytes were
obtained from syngeneic wild-type mice, which were immunized
with HBsAg and were transplanted into HBsTg mice, which were
irradiated beforehand. At 15 months after the transplantation, the
transgenic mice developed muliiple foci of HCC surrounded by
non-malignant areas consisting of hepatocytes with atypical nu-
clear configuration.6? )

To obtain the molecular insights on hepatocarcinogenesis, we
compared the gene expression pattern between non-turnor portion
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of this model as a pre-malignant lesion and normal tissues by using
a fluorescent differential display (FDD) analysis. We observed that
several genes are expressed differentially in this pre-malignant
lesion, compared to normal liver tissues. Of interest is that the gene
expression of Pim-3, originally identified as depolarization-in-
duced gene in a rat pheochromocytoma cell line,® was enhanced in
this pre-malignant lesion. We demonstrated that Pim-3 was ex-
pressed aberrantly in human HCC tissues and hepatoma cell lines
but not normal liver tissnes. We also provided evidence to suggest
the involvement of Pim-3 in the proliferation of human hepatoma
cell lines.

Material and methods
Experimental animals

HBsAg transgenic mouse lineage 107-5D (official designation
Tg[Alb-1,HBVIBri66; inbred B10D2, H-2% was provided by Dr.
F.V. Chisari (The Scripps Research Institute, La Jolla, CA).?
Lineage 107-5D contains the entire HBV envelope-coding region
(subtype ayw) under the transcriptional control of the mouse
albumin promoter, and expresses the HBV small, middle and large
envelope proteins in their hepatocytes.® They display no evidence
of liver disease during their lifetime unless they receive the adop-
tive transfer of HBsAg-specific cytotoxic T lymphocytes,® due to
their immunological tolerance to the HBs transgene at the T cell
level.'®

Chronic hepatitis-related liver disease model was generated as
described previously.S Briefly, after male HBsAg transgenic mice
were thymectomized and irradiated (900 cGy), their hematopoietic
system was reconstituted with the bone marrow cells from synge-
neic non-transgenic B10D2 (H-2% mice. At 1 week after the bone
marrow transplantation, the animals received 108 splenocytes from
syngeneic non-transgenic B10D2 (H-2%) mice that were infected
intraperitoneally with a recombinant vaccinia virus expressing
HBsAg 3 wk before the splenocyte transfer. At 12-15 months after
the lymphocyte transfer, multiple HCC foci developed in mice.57.
Non-tumor and tumor portions were demarcated macroscopically
and were removed separately. A pathologist without a prior knowl-
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edge on the experimental procedures confirmed the presence of
hepatocytes with atypical configurations but not malignant cells in
this non-tumor potion. Non-tumor portions were designated as
pre-malignant lesions in the following experiments. Liver tissues
were also obtained from untreated or HBsTg mice transplanted
with tolerant splenocytes as a control.

Fluorescent differential display

Total RNAs extracted from liver tissues were subjected to FDD
according to the method described by Ito et al.l! Briefly, total
RNAs were isolated with RNA-Bee (Tel-Test, Inc., Friendswoods,
TX), followed by the treatment with RNase-free DNase (Takara
Shuzo, Kyoto, Japan). The purified total RNAs (2.5 pg) were
reverse-transcribed with SuperScript II reverse transcriptase (In-
vitrogen, Carlsbad, CA) and fluorescein-labeled anchor primer,
GT,5A, GT,sC or GT,;G. The resultant cDNA equivalent to 50 ng
of RNA was subjected to polymerase chain reaction (PCR) with
0.5 pM anchor primer, 0.5 pM arbitrary primer (10 mer kit A;
Operon Biotechnology, Huntsville, AL), 50 pM each dNTP, 1 unit
of Gene Tag DNA polymerase (Nippon Gene, Toyama, Japan),
and 1 U of Tag DNA polymerase (Takara Shuzo). PCR products
were separated with 6% polyacrylamide-8 M urea gel and ana-
lyzed by employing Vistra Fluor Imager SI (Molecular Dynamics,
Sunnyvale, CA). The bands of interest were excised from the gel
and cloned into pSTBlue-1 Vector (Novagen, San Diego, CA). The
inserted cDNA was sequenced with CEQ 2000 DNA Analysis
Systern (Beckman Coulter, Fullerton, CA) and analyzed with the
BLAST program to search the GenBank database.

Cell culture

Human hepatoma cell lines (HepG2, Hep3B, HLE, HLF, HuH7
and SK-Hepl) were maintained in DMEM (Sigma-Aldrich, St.
Louis, MO) supplemented with 10% heat-inactivated FBS (Atlanta
Biologicals, Norcross, GA) at 37°C in a humidified atmosphere
with 5% CO, in the air.!2

Semi-quantitative RT-PCR

Total RNAs were isolated with RNA-Bee, followed by the
treatment with RNase-free DNase (Takara Shuzo), and a semi-
quantitative RT-PCR analysis was carried out as described previ-
ously.!* The cDNA was amplified using the sets of the primers that
specifically amplify Pim family kinases and glyceraldehyde
3-phosphate dehydrogenase (GAPDH). The sequences are as fol-
lows; Pim-1, sense 5'-CCCGAGCTATTGAAGTCTGA-3', anti-
sense 5'-CTGTGCAGATGGATCTCAGA-3'; Pim-2, sense 5'-
CATCCCCAGCAGCTCTTTAG-3', antisense 5'-CAGTAGGG-
TCCCTCACCAAA-3'"; Pim-3, sense 5'-AAGCAGTGACCTCT-
GACCCCTGGTGACC-3', antisense 5'-CAGCGGAACCGCT-
CATTGCCAATGG-3'; GAPDH, sense 5'-ACCACAGTCCAT-
GCCATCAC-3', antisense 53'-TCCACCACCCTGTTGCTGTA-
3'. The resultant PCR products were separated on 1.5% agarose
gel and visualized by ethidium bromide staining. The band inten-
sities were measured using NIH Image Analysis Software Ver 1.61
(National Institutes of Health, Bethesda, MD) and the ratios to
GADPH were calculated.

cDNA library construction and screening

Total RNA was isolated from HepG2 cell line and polyA
mRNA was further separated from total RNA by Oligotex-dT30
mRNA Purification kit (Takara Shuzo). cDNA was synthesized
with SuperScript II reverse transcriptase (Invitrogen) and oligo-dT
primer, and ¢cDNA library was constructed in pCMVSPORT6
(Invitrogen) with Escherichia coli DH10B (Invitrogen), according
to the manufacturer’s instructions. The initial screening was car-
ried out using GENE TRAPPER® cDNA Positive Selection Sys-
tem (Invitrogen) and the oligomer, CTGTGAAGCACGTGGT-
GAAG, as a probe. The obtained colonies were subjected to
colony PCR screening with the sets of primers described above.
The inserted cDNA was sequenced with CEQ 2000 DNA Analysis
System (Beckman Coulter).

FUINL ET AL

Northern blor analvsis

Human Pim-3 mRNA expression was analyzed by using Human
12-Lane MTN Blot (Clontech, Palo Alto, CA). In virre transcribed
digoxigenin-labeled probes were hybridized overnight at appropri-
ate temperatures (70°C for Pim-3 and 68°C for GAPDH). After
being washed sequentially each for 15 min in 2X and 0.5X SSC
buffer containing 0.1% sodium dodecyl sulfate at room tempera-
ture and at 68°C, respectively, the hybridized probes were detected
by the DIG detection kit (Boehringer Mannheim Biochemicals,
Mannheim, Germany), according to the manufacturer’s instruc-
tions.

Preparation of anti-Pim-3 polvclonal antibodies

Anti-Pim-3 antibodies were prepared by Asahi Techno Glass
Co. (Tokyo, Japan). Briefly, chickens were immunized with key-
hole limpet hemocyanin-conjugated Pim-3 peptide, CGPG-
GVDHLPVKILQPAKAD, which corresponds to the amino acid
residues between 13-32 in human Pim-3 and is conserved in
murine Pim-3, and their egg yolks were harvested before and after
the immunization. IgY proteins were purified with EGGstract IgY
Purification System (Promega, Madison, WI) according to the
manufacturer’s instructions. They were affinity-purified with
Pim-3 peptide conjugated NHS-activated HP (Amersham Bio-
sciences, Tokyo, Japan). Purified antibodies were quantified by
measuring the absorbance at 280 nm.

Immunohistochemical analysis

Human liver .specimens were surgically obtained from the pa-
tients with their informed consent. Mouse liver tissues were ob-
tained from HBsTg mouse at the indicated time intervals after
splenocyte transfer. Paraffin-embedded tissue sections were depar-
affinized in xylene and rehydrated through graded concentrations
of ethanol (70-100%). After incubation with 0.3% hydrogen per-
oxide in 10 mM phosphate buffer, pH 7.4, containing 150 mM
NaCl (PBS [—]), sections were incubated sequentially with 3%
normal rabbit serum (DAKO, Kyoto, Japan) and 2% BSA in PBS
(—) and with Avidin-Biotin blocking kit (Vector Laboratories,
Burlingame, CA). Slides were treated subsequently with 10 pg/ml
anti-Pim-3 IgY or pre-immunized IgY at 4°C overnight, followed
by the incubation with 2.5 pg/ml biotin-conjugated rabbit anti-
chicken IgY antibodies (Promega) at room temperature for 30 min.
The immune complexes were visnalized by using the Vectastain
Elite ABC kit (Vector Laboratories) and Vectastain DAB substrate
kit (Vector Laboratories) according to the manufacturer’s instruc-
tions. The slides were counterstained with hematoxylin (DAKO),
mounted, and observed under a microscope (BX-50; Olympus,
Tokyo, Japan).

Immunocytochemical analysis of HuH7 cells

Cells were cultured on Lab-Tec chamber slides (Nalge Nunc, -
Roskilde, Denmark). They were fixed with 4% paraformaldehyde
in PBS (—) and permeated in methanol. Then, they were blocked
by incubation with 3% normal rabbit serum and 2% BSA in PBS
(—) at room temperature for 30 min, and with Avidin-Biotin
blocking kit. They were treated subsequently with 20 pg/ml af-
finity-purified anti-Pim-3 IgY or pre-immunized IgY at 4°C over-
night, with 2.5 p.g/ml biotin-labeled rabbit anti-chicken IgY at
room temperature for 30 min. The signals were amplified and
visualized by the Vectastain Elite ABC kit and Vectastain DAB
substrate kit according to the manufacturer’s instructions. The
slides were counterstained with methyl green (DAKO), mounted,
and observed under a microscope (BX-50; Olympus).

RNA interference

Short interfering RNA (siRNA) was synthesized with Silencer
siRNA Construction Kit (Ambion, Austin, TX) according to the
manufacturer’s instructions. By employing siRNA Target Finder
and Design Tool (Ambion), siRNA duplexes were designed to
target AA(N,,)UU sequences in the open reading frame of mRNA
encoding Pim-3. The selected siRNA target sequence (5'-

- 459 -



TABLE I—IDENTIFICATION OF GENES DIFFERENTIALLY EXPRESSED IN PRE-MALIGNANT LESION OF HBsTg MICE

PIM-3 IN HEPATOCELLULAR CARCINOMA

211

Classification Description A:‘;e“séxc(:n
Upregulated
Transcription factors Y box protein 3 AK029441
Immune system proteins Complement component 3 BC043338
Kenobiotic metabolism Ceruloplasmin NM_00775
Metallothionein IT AK002567
Oncogenes 24p3 (lipocalin 2) X81627
Metabolisim enzymes Aldehyde dehydrogenase family 1, subfamily Al BC044729
Hemoglobin o, adult chain 1 NM_008218
Phosphoenolpyruvate carboxy-kinase 1 NM_011044
Succinate dehydrogenase complex, subunit A flavoprotein BC031849
Growth factors, cytokines, and chemokines ~ Growth differentiation factor 15 (macrophage inhibiting compound-1) ~ NM_011819
Insulin-like growth factor binding protein 1 NM_008341
Non-receptor protein kinases Serine/threonine kinase pim-3 NM_145478
Not classified BetaKlotho AF178429
Pol protein XM_196572
Serine (or cysteine) proteinase inhibitor, clade A, member 6 NM_007618
Putative proteins Hypothetical Esterase/acetylhydrolase structure containing protein NM_026347
Putative el protein AK090127
Similar to bile acid Coenzyme A: amino acid N-acyltransferase NM_145368
Est AWO047153
BE132832
BB168703
BM?224373
Unknown Fibronectin non-coding region
Hypothetical protein non-coding region chromosome 5
Downregulated
Immune system proteins B2-microglobulin M84367
Complement component CISA AF459017
Extracellular transport/carrier proteins Serum amyloid A-1 M13521
Metabolism enzymes Cytochrome P450 4A10 BC031141
Hemoglobin B, adult major chain AK027904
Stearoyl-Coenzyme A desaturase 1 BC007474
Isocitrate dehydrogenase 1 (NADP+), soluble AKOR7063
Not classified Endogenous retrovirus 3' LTR K02892
Glutatione S-transferase BC009805
Group 1 major urinary protein X03208
Major urinary protein 1 BC012221
Major urinary protein 2 BC012259
Major urinary protein 3 XM_135398
Major urinary protein 11 and 8 AKO011413
Preimplantation protein 2 AK028563
Ubigquitin-associated protein 1 NM_023305
Mitchondrial gene Cytochrome oxidase Al V00711
Putative proteins Archerase AY071852
Dis3 protein homolog AK032091
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was further subjected to BLAST searches against other human
genome sequences to ensure its target specificity. We identified 2
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Figure 1 - Semi-quantitative RT-PCR analy-
sis for proto-oncogene Pim family mRNA ex-
pression in HBsTg mice. (¢) Total RNAs were
extracted from HBsTg ice before (N), 9 (whole
liver, 9), 15 months (pre-malignant lesions, 15)
after splenocyte transfer, or transgenic spleno-
cytes transfer (C). (b) Total RNAs were extracted
from pre-malignant (P) or malignant (M) tissues
of HBV transgenic mice 15 months after spleno-
cyte transfer. Representative results from 3 inde-
pendent experiments are shown in the upper pan-
els. The ratios of the PCR product for Pim-3 to
GAPDH were determined, and relative intensi-
ties were calculated to assume the ratio of un-
treated mice as 1.0. Means and SD were calcu-
lated and are shown in the lower panels.
Statistical significance was evaluated using
ANOVA test, and p < 0.05 was accepted as
statistically significant. *p < 0.05 compared
to N.

distinct cDNAs, which exhibit identity with the target sequence at
16 of 19 nucleotides. We could not, however, detect any specific
bands corresponding to these ¢cDNAs in HuH7 and Hep3B cell
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lines by RT-PCR analysis (our unpublished data), further indicat-
ing the specificity of the used target sequence. Scramble siRNA
(5'-GCGCGCUUUGUAGGAUUCG-3' designed by B-Bridge In-
ternational, Inc.) was used as a negative control. Each siRNA
duplex (final concentration 50 nM) was mixed with 12.5 ! and
12 ul of Lipofectamine 2000 (Invitrogen) for HuH7 and Hep3B,
respectively. The mixtures were added into 2.5 ml of Opti-MEM
(Invitrogen) and allowed to stand at room temperature for 20 min.
The final mixture was then added directly into the semi-confluent
cells in 6-cm culture dishes, which were washed with serum-free
DMEM beforehand. The following day, 2.5 ml of DMEM plus
20% FBS medium was added to adjust the FBS concentration to
10%. At the indicated time intervals, cells were harvested for
further analyses.

Semi-quantitative RT-PCR analysis of siRNA transfectant

Hep3B and HuH7 cells were harvested at 2 and 4 days after the
transfection, respectively. Total RNAs were extracted and a semi-
quantitative RT-PCR analysis was carried out as described above.
The cDNA was amplified using the sets of the primers that spe-
cifically amplify Pim-3 (sense 5'-ATGCTGCTCTCCAAGTTC-
GGCTCCCTGGCG-3', antisense 5'- TCCTGTGCCGGCTCG-
GGTCGCTCCAGCACC-3') and GAPDH.

Cell proliferation assay

Cells were trypsinized at 2 days after the transfection, and 5 X
10* cells were plated to each well of 96-well plate. This time point
was designated as Day 0. The cell viability was determined every
day using WST-1 reagent (an MTT analog from Bochringer-
Mannheim Biochemicals) according to the manufacturer’s instruc-
tions. The ratios to Day O were calculated.
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Cell-cycle analysis by a flow cytometry

HuH?7 cells were harvested at 4 days after the transfection and
fixed with graded concentrations of ethanol on ice. They were
incubated with 50 pg/ml propidium iodide and 1 pg/ml of RNase
A for 30 min at room temperature and quenched by adding EDTA
to a final conceniration of 10 uM. The filtered cells were analyzed
using a FACSCalibur (Becton Dickinson, Bedford, MA). The
distribution in each cell-cycle phase was determined by using Cell
Quest analysis software (Becton Dickinson).

Chromatin condensation analysis by Hoechst 33258

HuH7 and Hep3B cells were harvested at 4 days after the
transfection and stained with Hoechst 33258 to detect the cells
with condensed nuclei under a fluorescence microscope (BX-50;
Olympus).

Results

Identification of the genes differentially expressed in
pre-malignant liver tissue

We compared the gene expression patterns between pre-malig-
nant lesions and normal liver tissues by employing a FDD method.
The determination of the nucleotide sequence of the resultant
bands identified 24 and 19 distinct genes among the upregulated
and downregulated bands in pre-malignant lesions, respectively
(Table I). Among these genes, Pim-3 expression has not been
reported in normal hepatocytes. We focused on Pim-3, a member
of proto-oncogene Pim family including Pim-1 and Pim-2. A
semi-quantitative RT-PCR analysis confirmed that Pim-3 mRNA
expression was significantly enhanced in the pre-malignant tissues

F1Gure 2 - Immunohistochemical analysis of Pim-3 in HBsTg mice. HBsTg mice liver tissues before (4) and 15 months after splenocyte
transfer (b,d,e: non-tumor portions; c¢,ff tumor potions) were immunostained by anti-Pim-3 IgY as described in Material and Methods.
Representative results are shown here. (b) Pre-malignant lesion is indicated with arrowheads. (¢) Tumor portion is indicated with arrowheads.
(d) Positively-stained regenerated proliferating bile ductule. The arrow indicates regenerated proliferating bile ductule. (e,f) Positively-stained
hepatocytes at a higher magnification of the square in (b) and (¢). Original magnification = (a~c) X100; (d-f) X400. Scale bars = 50 pwm.
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We failed to detect Pim-3 protein in unmanipulated mice (Fig. 2a)
or 9 months after splenocyte transfer, when hepatocytes with
atypical nuclear configuration were not detected (data not shown).
On the contrary, Pim-3 protein was weakly detected in the cyto-
plasm of hepatocytes with atypical nuclear configurations in pre-
malignant lesion (Fig. 2b,¢) and highly differentiated neoplastic
hepatocytes in the tumor portion” (Fig. 2¢,f). Moreover, Pim-3

and to a lesser degree, in HCC tissues, compared to control
(Fig. 1). In contrast, specific Pim-1 and Pim-2 transcripts were
barely detected under these conditions (Fig. 1). These results
indicate that Pim-3 mRNA expression is enhanced during HCC
development in this model.

We further localized Pim-3 protein immunohistochemically in
liver tissues obtained from HBsTg mouse after splenocyte transfer.
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FiGurE 3 — (@) Structure of human Pim-3 cDNA. The nucleotide and predicted amino acid sequences of human Pim-3 are shown. The
nucleotide sequence is numbered. The predicted amino acid sequence is shown in a single-letter code below the nucleotide sequence. The
AT-rich motifs are indicated in boxes and highlights. The region used as the probe for Northern blot analysis is underlined. (b.c) Amino acid
alignment of Pirm family proteins. The amino acid sequences of human, rat, and mouse Pim-3s (b) or other members of human Pim family Kinases
(c) were aligned using DNASIS-Mac version 3.0 software (Hitachi Software Engineering Co., Ltd., Yokohama, Japan). The residues identical
to human Pim-3 are highlighted.
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protein was detected in regenerated proliferating bile ductules
(Fig. 2d, arrow), which are assumed to be the proliferation of
hepatic stem cells after chronic liver injuries (i.e., infection, tu-
mors).!* These results may indicate that Pim-3 protein expression
was aberrantly enhanced in liver during the course of hepatocar-
cinogenesis in this model.

FiGURE 4 — Human Pim-3 mRNA expression in human normal tis-
sues. Northern blot analysis was carried out as described in Material
and Methods. Representative results are shown, sk, muscle, skeletal
muscle; PBL, peripheral blood leukocytes. GAPDH mRNA expression
was analyzed in parallel to evaluate the amount of mRNA loaded in
each lane.

FUJIL ET AL,

Cloning and determination of nucleotide sequence of
human Pim-3

Because the full length human Pim-3 ¢cDNA nucleotide se-
quence has not been determined yet, we initially cloned and
determined the nucleotide sequence of human Pim-3 cDNA by
screening cDNA library constructed from a human hepatoma cell
line, HepG?2. Three positive clones were obtained after 2 rounds of
screening, and these 3 distinct cDNA clones contained the same
insertion consisting of 2,392 bp. The 5’-untranslated region is
82.3% G and C, whereas the 3'-untranslated region contains 35
copies of the ATTTA motif and 8 copies of TATT motif (Fig. 3a).
This sequence exhibits an identity with a partial human Pim-3
cDNA sequence predicted from EST database (data not shown).'s
Its open reading frame encodes the protein consisting of 326 amino
acids with a calculated molecular weight of 35,861 (Fig. 3a).
Moreover, the amino acid sequence of the predicted open reading
frame, shares a high degree of identity with the mouse's and rat
Pim-3 (KTD-1)8 proteins (95.0%; Fig. 3b). Based on these results,
we judged this clone as human Pim-3 cDNA. Human Pim-3
protein showed a high sequence identity with the quail qPim'?
(73.9%) and Xenopus Pim (Pim-1)'% (68.7%) at the amino acid
level (data not shown). Moreover, human Pim-3 protein shows a
high sequence identity with human Pim-1'9 (57.1%) and Pim-220
(44.0%) at the amino acid level (Fig. 3c). Northern blotting anal-
ysis detected 2.4-kb mRNA in various organs including heart,
skeletal muscle, brain, spleen, kidney, placenta, lung and periph-
eral blood leukocytes (Fig. 4). In contrast, no specific band was
detected in colon, thymus, liver and small intestine under the
present experimental conditions (Fig. 4).
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FiGURE 5 — Immunohistochemical analysis of Pim-3 in HCC tissues. Human normal liver tissue (@) or HCC tissues (b—f) were immunostained
by anti-Pim-3 IgY as described in Material and Methods. Representative results are shown. (b) Precancerous lesions. The lesions surrounded with
arrowheads and arrows are precancerous lesions and HCC lesions, respectively. (¢) Precancerous lesion in the square of (b) is shown at a higher
magnification. Arrows indicate regenerated proliferating bile ductules. (d.e) Positively-stained HCC cells. (e) Indicates the square in (d) at a
higher magnification. (f) Positively-stained regenerated proliferating bile ductules at a higher magnification of the square in (d). Arrows indicate
regenerated proliferating bile ductules. Original magnification: (a.b,d) 100; (c,e,f) X400. Scale bars = 50 pm.
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Pim-3 is expressed aberrantly in human HCC

Immunohistochemical analysis failed to detect Pim-3 protein in
normal liver tissues (Fig. 5a), consistent with the Northern blotting
analysis. On the contrary, Pim-3 protein was weakly but diffusely
detected in most of large regenerative nodules and adenomatous
hyperplasia, lesions with precancerous potential, which were lo-
cated adjacent to HCC areas (19 of 27 cases; Fig. 5b.c). Moreover,
a substantial proportion of HCC cells were immunostained with
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FIGURE 6 — (a) Pim-3 mRNA expression in various human hepatoma
cell lines. Total RNAs were extracted from human hepatoma cell lines
and normal liver tissue. RT-PCR was carried out. Representative
results from 3 independent experiments are shown here. Analysis for
Pim-3 expression was carried out without reverse transcriptase treat-
ment and the results are shown as non-RT. (b) Pim-3 protein expres-
sion in HuH7 cells. HuH7 cells were immunostained by anti-Pim-3
IgY (b[al), by pre-immunized IgY (b[b]), or by anti-Pim-3 antibodies
absorbed with the relevant peptide (b[c]) as described in Material and
Methods. Representative results from 3 independent experiments are
shown. Original magnification = X400. Scale bars = 50 pm.
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anti-Pim-3 IgY (6 of 27 cases; Fig. 5d.¢) but not the pre-immu-
nized IgY (data not shown). Furthermore, Pim-3 protein was
observed markedly in regenerated proliferating bile ductules (27 of
27 cases; Fig. 5c,f, arrows). Because the staining patterns were
similar to that observed in HBsTg mouse model (Fig. 2), these
results would indicate that Pim-3 protein expression was aber-
rantly enhanced in precancerous lesion, also in humans, and a
portion of HCC cells.

Constitutive Pim-3 expression in human hepatoma cell lines

Immunochistochemical analysis indicated that Pim-3 protein ex-
pression was aberrantly enhanced not only in precancerous lesion
but also in a portion of HCC cells in human HCC tissues (Fig. 5).
This finding prompted us to examine Pim-3 expression in human
hepatoma cell lines, by RT-PCR. To exclude the possibility that
contaminated genomic DNA gave rise to the generation of the
amplified bands, we used total RNA samples that were treated with
DNase. Under the present condition, Pim-3 transcript was detected
in all hepatoma cell lines, whereas no specific band was detected
in the normal liver tissue (Fig. 6a), consistent with the Northern
blotting analysis. The exclusion of reverse transcriptase failed to
give rise to any bands, further indicating the specificities of RT-
PCR (Fig. 6a; non-RT). Moreover, an immunocytochemical anal-
ysis detected immunoreactive Pim-3 proteins in HuH7 cell line,
when incubated with anti-Pim-3 antibodies (Fig. 6b[a]) but neither
pre-immunized IgY (Fig. 65[b]) nor anti-Pim-3 adsorbed with the
relevant peptide (Fig. 6b[c]). Immunoreactive Pim-3 proteins were
similarly detected in all 6 human hepatoma cell lines, consistent
with RT-PCR analysis (data not shown). Collectively, these results
would indicate that Pim-3 was constitutively expressed in human
hepatoma cell lines.

RNAi ablation of Pim-3 induces cell death to hepatoma
cell lines

Because Pim-1 and Pim-2 were required to induce cell-cycle
progression2!-22 and anti-apoptotic effects,?)-25 we examined the
role of Pim-3 in cell proliferation by ablating endogenous Pim-3
mRNA expression in HuH7 and Hep3B cell lines with RNAi.
Endogenous Pim-3 mRNA level was decreased after the transfec-
tion with specific Pim-3 siRNA but not Scramble siRNA (Fig. 7a).
Under these conditions, transfection with Pim-3 siRNA signifi-
cantly retarded cell proliferation, compared to Scramble siRNA-
transfected and the control cells (Fig. 7b,c). These results sug-

HuH7 Hep3B

Pim-3

FiGure 7 - The effects of endogenous Pim-3  GAPDH |

ablation on cell proliferation. () Semi-quantita-
tive RT-PCR analysis for Pim-3 mRNA levels in
siRNA transfected cells. Total RNAs were ex-
tracted from the transfectant with Pim-3 siRNA
(P), Scramble siRNA (S), or no siRNA (N) 2
(Hep3B) or 4 days (HuH?7) after the transfection
as described in Material and Methods. (b,c) Cell
proliferation rates were determined on HuH7 (b)
and Hep3B (c¢) cells wansfected with Pim-3
siRNA (%), Scramble siRNA (00), or no siRNA
(A) by WST-1 assay. Cells were trypsinized and
5 X 10 cells were plated to each well of 96-well
plate at 2 days after the transfection. This time
point was designated as Day 0. The ratios to Day
0 were calculated. Results are expressed as
means (7 = 3), and error bars indicate SD. Rep-
resentative resuits from 3 independent experi-
ments are shown. Statistical significance was
evaloated using ANOVA test, and p < 0.05 was
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gested that Pim-3 ablation has adverse effects on the proliferation
of hepatoma cell lines. We further observed that HuH7 cells
detached from the plates later than 4 days after the transfection
with Pim-3 but not Scramble siRNA (Fig. 8a). Moreover, Pim-3
siRNA transfectants exhibited a higher ratio of sub-G1 populations

A

Pim-3

Scramble

B § ?
D, % b4
El e g
2| s 8 |
B TV w0 T e T
propidium iodide
subG1 52% 30%
G1 32% 50%
G2IM 13% 18%
S 3% 2%
407
C S ] Pim-3 .
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[&]
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g
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T 10}
[e]
Q
HuH7 Hep3B

Ficure 8 — The effects of endogenous Pim-3 ablation on apoptosis
in HuH7 cells. (@) HuH7 cells were observed under an inverted
microscope at 4 days after the transfection with Pim-3 or Scramble
siRNA under the same conditions as Figure 7. Representative results
from 3 independent experiments are shown. Original magnification =
X200. Scale bars = 50 pm. (b) Cell-cycles were analyzed at 4 days
after the transfection, by using a flow cytometry as described in
Material and Methods. Representative results from 3 independent
experiments are shown. (¢) Chromatin condensation was analyzed at
4 days after the transfection as described in Material and Methods.
Representative results from 3 independent experimenis are shown.
Results are expressed as means (z = 6), and bars indicate SE. Statis-
tical significance was evaluated using ANOVA test and p < 0.05 was
accepted as statistically significant. *p << 0.05 compared to Scramble
siRNA samples. .
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with reduced G1 and G2/M populations, compared to Scramble
siRNA transfectants and control cells (Fig. 8b). Furthermore, the
proportion of cells with condensed nuclei was significantly higher
in both HuH7 and Hep3B cells transfected with Pim-3 siRNA, than
those transfected with Scramble siRNA (Fig. 8¢). These observa-
tions would indicate that the ablation of Pim-3 might induce
apoptosis in these hepatoma cell lines.

Discussion

Transcriptome analysis has been applied widely to elucidate
molecular mechanisms of various types of diseases and can pro-
vide many important clues, particularly for undérstanding the
molecular pathogenesis of oncogenesis, where the expression of
many genes changes simultaneously.2627 Several independent
groups carried out transcriptomal studies on human HCC.28-33 In
most studies, however, the gene expression pattern was compared
between tumor and non-tumor portions obtained from the same
patients.?8—33 Because these non-tumor portions exhibit usually
hepatocyte dysplasia, this type of analysis may fail to detect the
changes in gene expression that have already existed at the stage of
hepatocyte dysplasia. To circumvent these pitfalls, we compared
gene expression patterns between pre-malignant lesions and nor-
mal tissues by using FDD. We observed that various genes were
selectively changed in pre-malignant lesions. Moreover, a semi-
quantitative RT-PCR analysis did not detect any significant differ-
ences in the expression of several of these genes between malig-
nant and pre-malignant lesions (our unpublished data), supporting
our assnmiption that the changes in gene expression which have
already existed at the stage of hepatocyte dysplasia, might be
undetected in the preceding studies.

Among the genes identified in our study, we focused on Pim-3.
Pim-3 was originally identified as depolarization-induced gene
KID-1 in PC12 cell line, a rat pheochromocytoma cell line.?
Subsequently, several independent groups observed a selective
expression of its mRNA in neuronal system,!6:3435 but not the
liver. By using human Pim-3 cDNA as a probe, we detected Pim-3
mRNA in several organs such as the brain and spleen but not the
liver. On the contrary, Pim-3 mRNA expression was detected in all
human hepatoma cell lines that we examined. Moreover, immu-
nohistochemical analysis detected immunoreactive Pim-3 protein
in precancerous lesions and a portion of HCC cells. Furthermore,
Pim-3 protein was also detected in regenerating bile ductules,
which are assumed to be the proliferation of hepatic stem cells
after chronic liver injury (i.e., infection, tumors).*

Deneen ez al.36 provided evidence on the crucial involvement of
Pim-3 in EWS/ETS-mediated malignant transformation of mouse
NIH 3T3 cells. They demonstrated that Pim-3 was a common
transcriptional target of EWS/ETS. EWS/ETS fusion proteins re- .
tain an intact ETS DNA-binding domain and can bind to a binding
sequence in the target genes through this domain.3? Pim-3 gene
transcription may be regulated not only by EWS/ETS fusion
proteins but also other Ets family proteins. Several independent
groups reported that Ets-1, one of the Ets family proteins, was
expressed in human HCC tissues.38:39 Ito ef al.38 demonstrated that
Ets-1 expression was markedly enhanced in non-cancerous lesions
adjacent to HCC lesions and suggested that Ets-1 had a crucial role
in hepatocarcinogenesis and HCC progression during their early
phases. In line with these observations, we also observed that
another transcription factor with an ETS-domain, polyomavirus
enhancer A binding protein-3, was expressed selectively in HCC
and induced constitutive gene expression of a pro-angiogenic
factor, interleukin (IL)-8, in HCC.#0 It is tempting to speculate that
a transcription factor(s) with an ETS-domain, may induce ectopic
Pim-3 gene expression in liver, during the course of hepatocarci-
nogenesis.

Several lines of evidence demonstrated that the gene expression
of Pim-1 and Pim-2 could be regulated by IL-6-gp130-mediated

- signal transducers and activators of transcription (STAT) family
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protein, STAT3.414> STAT3 signals can advance cell-cycles and
prevent apoptosis by inducing Pim-1 and c-Myc in lymphomagen-
esis.? In the liver, IL-6-deficient mice exhibited an impaired liver
regeneration after a partial hepatectomy.** Several lines of evi-
dence have shown that Bcl-xL expression is upregulated by IL-6-
" gpl30-mediated STAT3 and prevents hepatocyte apoptosis, 56
and the constitutive activation of STATs observed during onco-
genesis can cause a permanent alteration in the genetic pro-
gram.*546 These observations suggest that STAT3 signals could
regulate hepatocyte regeneration during the course of HBV-in-
duced hepatocarcinogenesis. We observed that Pim-3 gene abla-
tion by RNAI attenuated proliferation rates and caused cell death
in hepatoma cell lines. Thus, if Pim-3 was also regulated by
STATS3, these observations suggest that Pim-3 would be involved
in STAT3-mediated prevention of apoptosis or cell-cycle progres-
sion.

Pim-1 and Pim-2 are also known as proto-oncogene to be
involved in lymphomagenesis.*’*¢ Because Pim-1 and Pim-2 can
induce anti-apoptotic effects,2->5 Pim-3 may be involved in cell-
cycle regulation or anti-apoptosis. We also observed that gene
ablation of Pim-3 caused cell death to human hepatoma cell lines,
later than 3 days after the transfection. These results suggest that
Pim-3 can regulate cell-cycle or apoptosis process indirectly by
phosphorylating a molecule(s) upstream in these processes. Al-
though Pim-1 can phosphorylate several molecules such as
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Cdc25A.,%° a G,/S cell-cycle regulator, Pim-3 could not interact
with Cdc25A.36 Pim-1 can also phosphorylate valosine containing
protein (VCP)/p97,4'4? a mammalian homolog of Saccaromyces
cerevisiae Cdc48p. Pim-1 can upregulate further the expression of
an anti-apoptotic molecule, Bcl-2 and Bel-xL, by augmenting the
expression of VCP.#243 In HCC tissues and human hepatoma cell
lines, evidence is accumulating to indicate that Bcl-xL is consti-
tutively expressed and is a major executer to prevent apopto-
$is.50-52 Moreover, VCP was also detected in human HCC tis-
sues.5? If VCP could be phosphorylated by Pim-3 as well as Pim-1,
Pim-3 may exert an anti-apoptosis effect by augmenting indirectly
the expression of an anti-apoptotic molecule, similarly as Pim-1.
Moreover, if the contents of target molecules may differ between
HuH7 and Hep3B cell lines, these may account for different
patterns of the effects of Pim-3 gene ablation on the proliferation
of these cell lines.

The kinase activity of Pim-3 was crucially involved in EWS/
ETS-mediated malignant transformation of mouse NIH 3T3
cells.36 Qur present observations suggest that Pim-3 can regulate
anti-apoptosis process or cell-cycle progression by modulating
molecules involved in these processes. Accumulating evidence
indicated that Pim-3 can auto-phosphorylate itself, 317 but it still
remains elusive on physiological substrates of Pim-3. The identi-
fication of a substrate(s) may shed novel light on Pim-3-mediated
regulatory mechanisms of apoptosis or cell-cycle progression.
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La Protein Is a Potent Regulator of Replication of Hepatitis C
Virus in Patients With Chronic Hepatitis C Through Internal
Ribosomal Entry Site-Directed Translation

MASAO HONDA, TAKEO SHIMAZAKI, and SHUICHI KANEKO

Department of Gastroenterology, Kanazawa University Graduate School of Medicine, Kanazawa, Japan

Background & Aims: Translation of hepatitis C virus is an
essential step of viral replication and is mediated by an
internal ribosome entry site. We previously reported that
the hepatitis C virus internal ribosome entry site is most
active during the synthetic (S) or mitotic (M) phases and
lowest during quiescent (Gy) phase. Here, we investi-
gated host factors responsible for the regulation of the
hepatitis C virus internal ribosome entry site. Methods:
We synchronized the celi-cycle progression and evalu-
ated gene-expression dynamics of host factors and Ki-
netics of hepatitis C virus internal ribosome entry site
activity in cells at various points during the cell cycle by
using a complementary DNA microarray. We also vali-
dated the significance of identified host factors on hep-
atitis C virus replication in vivo. Results: Hepatitis C virus
internal ribosome entry site activity correlated with a
gene cluster induced in the S and Gy/M phases. It is
intéresting to note that most initiation factors known to
bind or interact with the hepatitis C virus internal ribo-
some entry site [poly(rC)-binding protein 2, polypyrimi-
dine tract binding protein, eukaryotic initiation factor 3,
eukaryotic initiation factor 2v, eukaryotic initiation fac-
tor 23, La protein, and heterogenous nuclear ribonucle-
oprotein L] were induced during the S and G,/M phases.
Expression of La protein, polypyrimidine tract binding
protein, and eukaryotic initiation factor 3 (p1416, p170)
were predominantly repressed in Go phase and induced
in S and G,/M phases. Suppression or overexpression of
La protein and polypyrimidine tract binding protein in
RCF-26 significantly changed hepatitis C virus internal
ribosome entry site activity. In the livers of patients with
chronic hepatitis C, expression of La protein was signif-
icantly increased and correlated with the amount of
hepatitis C virus RNA. Conclusions: Hepatitis C virus uses
host factors induced during cell division but not during
quiescence for replication. Of these, La protein is a
potent regulator and enhances hepatitis C virus replica-
tion in regenerating hepatocytes in patients with chronic
hepatitis C.

H epatitis C virus (HCV), a positive-strand enveloped
RNA virus, belongs to the genus Hepacivirus of the
family Flaviviridae.! The human liver infected with

HCV develops chronic hepatitis, cirrhosis, and, in some
instances, hepatocellular carcinoma.’»? Although a com-
bination of ribavirin and interferon has become a popular
means of treating infected patients, the results are often
unsatisfactory, especially in patients with a high viral
load.3-6 Identification of host factors that regulate HCV
replication in infected patients could be helpful in the
development of a novel antiviral treatment strategy.
Translation of the polyproteins of the HCV RNA
genome is an essential step in viral replication and is
supposed to be a fruitful target of new antiviral treat-
ment strategies, such as antisense oligonucleotide (oligo)
or small intetference RNA. Translation of HCV is ini-
tiated by a highly structured RINA segment, the internal
ribosome entry site (IRES), that occupies most of the
5'-nontranslated (5'-NTR) RNA.7-5 The translation
machinery of HCV is simple and, because it is a pro-
karyote, requires only the ribosomal 40S subunit, the
eukaryotic initiation factor (elF)2/guanosine triphos-
phate/Met-transfer RNA complex, and eIF3 to initiate
translation.” In contrast, cap-dependent translation is
more complex and requires additional canonical initia-
tion factors, such as eIF4E, eIF4G, eIlF4A, and eIF4B.7
Many other noncanonical translation initiation factors,
such as La protein,’é17 polypyrimidine tract binding
protein (PTB),'® heterogeneous nuclear ribonucleopro-
tein L (RINPL),!® poly(rC)-binding protein (PCBP)-2,20
and ribosomal protein 89,7 interact with HCV IRES and
might regulate HCV translation. Thus, the machineries
of cap-dependent and HCV IRES-directed translation

Abbreviations used in this paper: CMV, cytomegalovirus; elf, eukary-
otic initiation factor; FBS, fetal bovine serum; FL, firefly luciferase;
IRES, internal ribosome entry site; nt, nucleotide; 5'-NTR, 5’ nontrans-
lated region; oligo, oligonucleotide; PABPC, poly(A)-binding protein,
cytoplasmic; PCBP, poly(rC)-binding protein; PTB, polypyrimidine tract
binding protein; RL, Reniila luciferase; RNPL, heterogeneous nuclear
ribonucleoprotein L; RTD, real-time detection; RT-PCR, reverse-trans-
cription polymerase chain reaction; SOM, self-organizing map.
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Figure 1. Organization of the transcriptional unit of plasmid pRL-HL
and pRL{AIRES)-HL. (A) Plasmid pRL-HL22 contains a dicistronic CMV
transcriptional cassette in which upstream Renilla and downstream
firefly luciferase genes are separated by the complete 5-NTR and
66-nt core sequence of HCV (nts 1-407; strain 1b) placed in the
intercistronic space. (B) Plasmid pRL{AIRES)-HL. was the control plas-
mid of pRL-HL in which the functional HCV IRES element (nts 1-279)
was deleted. CMV, cytomegalovirus promoter; T7, Bacteriophage T7
RNA polymerase promoter; BGH-pA, bovine growth hormone polyade-
nylation signal.

can be differentiated in terms of requirements for canon-
ical and noncanonical initiation factors.?!

We previously found that HCV IRES activity varies
during the cell cycle and is greatest during the synthetic

(S) or mitotic (M) phases and lowest during the quiescent

(Gy) phase.?? These findings suggest that HCV transla-
tion is regulated by cellular proteins that vary in abun-
dance during the cell cycle and that viral replication is
enhanced by factors that stimulate the regeneration of
hepatocytes in patients with chronic hepatitis C. This
finding implies that inflammation and the resulcing in-
creased turnover in hepatocytes may increase the number
of actively dividing hepatocytes, resulting in increased
IRES activity and enhanced HCV replication.

This study profiles the expression of cellular proteins
during cell-cycle progression and idenrifies factors re-
sponsible for cell cycle~dependent HCV IRES-directed
translation. We evaluated whether those factors are in
fact related to HCV replication in the livers of patients
with chronic hepatitis C.

Materials and Methods
Plasmids

Plasmid pRL-HL contains a dicistronic cytomegalovi-
rus (CMV) transcriptional cassette in which an upstream Re-
nilla luciferase (RL) gene and a downstream firefly luciferase
(FL) gene are separated by the complete 5’-NTR and 66-
nucleotide (nt) core sequence of HCV (nts 1-407 of a genotype
1b strain) placed within the intercistronic space?? (Figure 1A).
Plasmid pRL-(AIRES)-HL was the control plasmid of pRL-HL
in which the functional HCV IRES element (ats 1-279) had
been deleted (Figute 1B). This plasmid was constructed by
subcloning the 1.82-kilobase Stzx/I/Apal fragment of pRL-HL
(containing the deleted HCV IRES element [nts 280—-341 of
the HCV-1b 5'-NTR sequence and 66 nts of the core se-
quence] fused directly to FL) into the multiple cloning site of

GASTROENTEROLOGY Vol. 128, No. 2

pBluescript IISK (Stratagene, La Jolla, CA). A 1.82-kilobase
Notl/Apal fragment was subsequently excised from this plas-
mid and cloned into the Nosl/Apal site of pRL-HL.

The La expression vector pCMV-La was constructed as
previously described.?> The PTB expression vector pPRC/CMV-
PTB, the RNPL expression vector pcDNA3-myc-hnRINPL,
and the PCBP-1 and PCBP-2 expression vectors pcDNA3-
myc-haCP1 and pcDNA3-myc-haCP2 were provided by Dr.
Stanley M. Lemon,?* Dr. Gideon Dreyfuss,?> and Dr. Stephen
A. Liebhaber,?S respectively. Dr. John W. B. Hershey provided
the eIF2+y full-length clone in pSP72.27 We constructed the
elF27y expression vector pCMV-eIF2-y by excising the EcoRI
and EcoRI fragment of full-length coding sequences and clon-
ing into EcoRT of pCR 3.1 (Invitrogen, San Diego, CA) under
the control of the CMV promoter. Dr. Keith Johnson provided
the eIF3 pl70 full-length clone in PUC19.28 We constructed
the elF3 p170 expression vector pPCMV-elF3 pl70 by excising
the Kpal and SnaBI fragment of full-length coding sequences
and cloning into Kpnl and EcoRV of pCR. 3.1 under the control
of the CMV promoter. The complementary DNA (cDNA) of
ribosomal protein 89 was cloned by reverse-transcription poly-
merase chain reaction (RT-PCR) of total RNA isolated from
Huh-7 cells by using sense (5'-ACGGTGGAAGCGGACG-
CAACATGCCAGTGG-3") and antisense (5'-GGGACAG-
GTGGACTTAATCCTCCTCCTCGTCG-3") primers. The re-
sultant cDNA was cloned into the TOPO TA cloning vector
(Invitrogen), and nt sequences were confirmed. The expression
vector pCMV-S9 was constructed by excising and cloning
HindlIl and Xhol fragments from TOPO TA into the same
sites of pCR 3.1.

Cell Lines

The RCE-26 was a stably transformed cell line from
Huh-7 cells (human hepatocellular carcinoma cells) that con-
stitutively express dicistronic RNA transcripts containing se-
quences encoding 2 reporter proteins, RL and FL, separated by
a functional HCV IRES?? (Figure 1A). The ARCF-9 was a
stably transformed cell line from Huh-7 cells that constitu-
tively expressed dicistronic RNA transcripts in which the
functional HCV IRES element (ats 1—279) had been deleted
(Figure 1B).

Overexpression of Canonical and
Noncanonical Initiation Factors in RCF-26

The RCF-26 cells were cultured in Dulbecco’s modi-
fied Eagle medium (Gibco BRL, Gaithersburg, MD) contain-
ing 10% fetal bovine serum (FBS), 1% penicillin/streptomy-
cin, and 400 pg/mL of Geneticin (active compound) (Gibco
BRL, Gaithersburg, MD). Cells cultured in a 5% CO, incu-
bator at 37°C were transfected with 0.5-1.0 pg of plasmid
DNA by using FuGENE 6 (Roche Molecular Biochemicals,
Basel, Switzerland) according to the manufacturer’s instruc-
tions. After 24—48 hours of transfection, the cells were har-
vested, and reporter genes were assayed.
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Reporter Gene Assays

Cells cultured in 10- or 15-cm dishes in’ Dulbecco’s
modified Eagle medium containing 10% FBS were trypsinzed.
A quarter of the cells were lysed in 1 mL of passive lysis buffer
(25 mmol/L Tris-phosphate {pH 7.8}, 2 mmol/L dithiothrei-
tol, 2 mmol/L 1,2-diaminocyclohexane-N ,N,N’ N’-tetraacetic
acid, 10% glycerol, and 1% Triton X-100). RL and FL activ-
ities were measured in 20 pL of cell lysate by using the
Dual-Luciferase Reporter Assay System (Promega, Madison,
W1). Total RNA was isolated from the remainder and pro-
cessed for analysis by ¢cDNA. microarray, Northern blotting,
and real-time detection (RTD) PCR.

Antisense Oligodeoxynucleotide

We designed respective antisense phosphorothioate
oligos that were complementary to the sequence from 5 nts
upstream to 15 downstream of the predicted translational
initiation site of the La protein, PTB, elF3 pl70, elF2y,
RNPL, poly(A)-binding protein, cytoplasmic 1 (PABPC-1),
PCBP-2, and ribosomal protein 89 gene. The nt sequences
of antisense oligos were 5'-GCCATTACGGCTATCIT-
TAA-3' for La protein, 5 -TCCATGGCACACAGAG-
CAGA-3' for PTB, 5'-GGCATTTTCCGGCCTCTGAA-3'
for eIF3 p170, 5'-CCAGCTTCTCCGCCCGCCAT-3" for
elF2y, 5'-ACCATCGCTCCCGACCGCCT-3' for RNPL,
5/ TTCATCTCGGCACGGCTGCC-3' for PABPC-1, 5'-
TCCATGTCGAGCAGTGTTCT-3' for PCBP-2, and 5'-
GGCATGTTGCGTCCGCTTCCGCC-3' for ribosomal pro-
tein S9. Positive and negative controls consisted of an
antisense oligo for the 5' region of HCV (nt 330-350),
5'.GTGCTCATGGTGCACGGTCT-3",?? and the random-
ized oligo, 6961, 5'-TACGTTTCTATGTCGATGGG-3',?
respectively. Oligodeoxynucleotides (0.5-1.0 pmol/L) were
added to the medium by using the FuGENEG transfection
reagent (Boehringer Mannheim, Mannheim, Germany), and
the cultures were incubated for 24 hours. Cells were har-
vested, and HCV IRES activity was evaluated by assaying
the reporter genes. To validate repressed targeted gene
expression, 1 pg of total RNA was amplified by RT-PCR
with specific primers for La protein, PTB, elF3 pl70, and
ribosomal protein $9. The internal control was the level of
B-actin expression.

Synchronization of Cell Growth and
Analysis of Cellular DNA Content

To examine the relationship between HCV IRES~
directed translation and cell growth, RCE-26 cells and
ARCF-9 cells were incubated in 15-cm dishes with low serum
or at confluence for 24~48 hours. RCF-26 cells and ARCF-9
cells in 10-cm dishes were synchronized at the Gy/S phase
border by starvation for 24 hours in medium containing 0.1%
FBS, followed by a wash and an 18-hour incubation in medium
containing 10% FBS and 2.5 pg/mL aphidicolin. Aphidicolin
was removed from the synchronized cells by washing and
adding fresh medium containing 1% FBS. The cells were
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harvested at 3-hour intervals over 48 hours to assess the
cell-cycle phase and reporter enzyme activities. The cell-cycle
phase distribution in each sample cell population was deter-
mined by measuring the DNA content of individual cells by
flow cytometry.??

Complementary DNA Microarray Analysis

We profiled gene expression in cells at different phases
of the cell cycle by cDNA microarray analysis. We recon-
structed the gene set of cDNA microarray slides containing
1080 ¢DNA clones?® by adding canonical and noncanonical
initiation factors. The new microarray included La protein,*¢
PTB,18 elF23,31 elF2y,3! elF3 pll6, elF3 p170,32 RNPL,'? '
ribosomal protein S9,” PCBP-2,2° PABPC-1,3% and cell divi-
sion cycle 2-like 1 (PITSLRE proteins)®® that bind HCV or
other viral IRES structures and might affect the IRES activity.
Other canonical initiation factors, such as eIlF1A, eIF2A,
elF4A, elF4B, elF4E, and elF5,72135 were also included to
analyze cap-dependent translation machinery.

Total RNA (50 jug) isolated from serum-starved or confiu-
ent cells (10% FBS and at 60%—70% cell density) was labeled
with a fluorescent dye for the cDNA microatray.30:3637 To
profile gene expression in cells during the cell cycle, total RNA
was periodically extracted from synchronized cells at 3, 9, 15,
18, 24, 30, 36, and 42 hours released from aphidicolin block
(G4/S bosder). After 1 round of amplification, antisense RNA
was labeled and hybridized with the cDNA microarray.3%.36:37
Images were acquired, and cDNA microartay slides were an-
alyzed as previously described.3%3637 A 1-dimensional self-
organizing map (SOM) was constructed to cluster genes with
a similar expression profile thronghour cell-cycle progres-
sion (Cluster and Tree view; http://www.microarrays.org.hrml/
software).

Northern Blotting

We evaluated La protein, PTB, and albumin expres-
sion in cultured cells and in tissue samples by Northern
blotting. Total RNA (20 jg) was separated on denaturing
agarose/formaldehyde gels, transferred to a membsane, and
hybridized with specific probes under standard conditions.

Western Blotting

RCF-26 cells seeded in a 10-cm dish were grown to
subconfluency and washed twice with phosphate-buffered sa-
line. Cells were lysed in radioimmunoprecipitation assay
buffer. Cell lysates were collected by pelleting cell debris, and
the concentration of protein was quantified by using a dye-
binding assay (Bio-Rad, Hercules, CA). Bighty micrograms of
cell lysate was electrophoresed in a sodium dodecy! sulfate/
12.5% polyacrylamide gel and electrotransferred to a nitrocel-
lulose membrane. After blocking with phosphate-buffered sa-
line with 0.3% Tween-20 containing 5% skim milk for 1
hour, the membranes were reacted with appropriate antibod-
ies. After washing with phosphate-buffered saline with 0.3%
Tween-20, membranes were reacted with horseradish peroxi-
dase—conjugated anti-mouse immunoglobulin G or anti-rab-
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bit immunoglobulin G antibodies diluted 1:3000. Membranes
were washed again and then visualized with an enhanced
chemiluminescence kit (Amersham Pharmacia Biotech, Upp-
_sala, Sweden).

Real-Time Detection Polymerase Chain
Reaction

The PCR reaction mixture was prepared by using Tag-
Man Universal Master Mix (PE Applied Biosystems, Foster City,
CA). The primer set applied to amplify La protein messenger
RNA (mRNA) consisted of 5 -CGCIGGGAGGTG-
GAGTCGTT-3' (exon 1) and 5'-CCCGTGGCAAATT-
GAAGTCG-3' (exon 2). The probe, 5'-TGCCCTGGAGGC-
CAAAATCTGTCATC-3' (exon 2), was designed to target an
internal region between the forward and reverse primers. The
primer set for PTB mRNA was 5-AGCACGCCAAGCT-
GTCGCT-3' (exon 8) and 5'-GGAACGGAAAGGC-
CGAAGG-3' (exons 8-10). The probe was 5'-ACACACGC-
CCAGACCTGCCTITCCG-3" (exon 8). The primer set for eIF3
pl70 protein mBRNA was 5'-CCGGAAAATGCCCT-
CAAACTA-3' (exon 1) and 5'-AAGTGGCTCTTGCGAA-
GATCCACGC-3' (exon 7). The probe sequence was 5'-
CCAACGAATTTCTTGAGGTT-3’ (exon 2). The primer set for
the internal control glyceraldehyde-3-phosphate dehydrogenase
mRINA was designed according to GenBank M33197 by using
the following primers: exon 7, 5'-TGCACCACCAACTGCT-
TAGCACCC-3'; and exon 8, 5'-CITGATGTCATCATATTT-
GGCAGG-3'. The probe for glyceraldehyde-3-phosphate
dehydrogenase-P, designed on the basis of exons 7 and 8, was
5'-TGACCACAGTCCATGCCATCACTGC-3'. Fifty PCR am-
plification cycles of 95°C for 30 seconds, 60°C for 40 seconds, and
72°C for 30 seconds were repeated by using a real-time PCR
system (ABI PRISM 7700 Sequence Detection System; PE Ap-
plied Biosystems). To prepare standard RNA, PCR products were
cloned into pBluescript vector and linearized at the T3 promoter
site. Standard RINA was synthesized by using T7 RINA polymer-
ase and purified by using Isogen (Wako Junyaku, Osaka, Japan)
and deoxyribonuclease I (TaKaRa, Shiga, Japan). We detected
HCV RNA in liver by using RTD-PCR as previously de-
scribed.38

Statistical Analysis

All data are expressed as means = SEM. Significance
was tested by the Student 7 test and 1-way analysis of variance
with Bonferroni's methods.

Resulis

Gene-Expression Profiling in Confluent or
Serum-Starved Cells and the Activities of
Hepatitis C Virus Internal Ribosomal Entry
Site-Directed Translation

RCF-26 cell lines constitutively express dicis-
tronic RNA transcripts containing sequences encoding
the reporter proteins RL and FL separated by a functional
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HCV IRES (Figure 1). The activities of these proteins
expressed in RCF-26 cells reflect cap-dependent and
HCV IRES-directed translation, respectively. To rule
out the possibility that FL activity from the second
cistron reflected the nonspecific ribosomal scanning
rather than HCV IRES—directed translation, we evalu-
ated RL and FL activities in ARCF-9 cells in which the
functional HCV IRES element had been deleted. The
ratio of FL to RL (relative HCV IRES activity) in
ARCEF-9 was 2.5% of that in RCF-26, thus reflecting the
specificity of HCV IRES activity in RCF-26 cells (Figure
2B-D). '

To examine the relationship of the cellular proteins
that vary in abundance and HCV IRES activities,
RCF-26 cells and ARCF-9 cells were cultured in 15-cm
dishes at confluence or under serum depletion for 48
hours, and changes in cellular gene expression and HCV
IRES activities were evaluated. Under these conditions,
the cellular DNA content increased at Go/G phase (49%
to 74% in confluent cells and to 59% in serum-starved
cells) and decreased at S phase (38% to 18% in confluent
cells and to 35% in serum-starved cells) or Go/M phase
(14% to 8% in confluent cells and to 6% in serum-
starved cells; Figure 2A). The degree of changes during
the cell cycle was much greater in the confluent cells than
in the serum-starved cells. The activities of HCV IRES—
directed translation were reduced to 24% in confluent
cells and to 22% in serum-starved cells compared with
controls (Figure 2C and D), whereas the activities of
cap-dependent cellular translation were essentially main-

_tained (Figure 2B). Neither a significant difference in FL

activity nor relative HCV IRES activity was found in
ARCEF-9 under these conditions (Figure 2C and D).

These results were not due to variations in the RNA
stability of the RL and FL reporter genes. Northern
blotting of mRNA transcribed from dicistronic con-
structs containing sequences encoding these 2 reporter
proteins did not show either RNA degradation or splic-
ing (data not shown). The relative expression ratio of
mRNA of RL to FL determined by cDNA microarray did
not change in either confluent or serum-starved cells
(Figure 2E).

Gene-expression profiling changed in response to these
conditions listed in Table 1. Serum proteins such as
op-macroglobulin and albumin, as well as cell adhesion
molecules such as cadherin, major histocompatibility
complex, and fibronectin, were up-regulated by more
than 1.8-fold. Albumin, a major serum protein that is
specifically produced in the liver, was remarkably regu-
lated in a cell-cycle dependent manner. However, cell-
cycle and growth-related genes such as cyclin A, cyclin
B, CDK1, cell division cell cycle 18, p53, hepatoma-~
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Figure 2. HCV IRES-directed translation in confluent or se-
rum-starved cells. (A) DNA content analysis of cell-cycle distri-
bution in control, confluent, and serum-starved cells. (B)
Changes in Renilia luciferase activities (cap-dependent trans-
lation) in confluent and serum-starved cells. (C) Changes in
firefly luciferase activities (HCV IRES-directed transiation) in
confluent and serum-starved cells. (D) Changes in relative
HCV IRES activities in confluent and serum-starved cells. (E)
Ratios of firefly luciferase to Renilla luciferase mRNA deter-
mined by cDNA microarray. **P < .01.

derived growth factor, and nm23 were down-regulated,
as were genes related to RNA polymerase, such as RNA
polymerase II, subunit 5-mediating protein (RMP), la
protein, and topoisomerase II. The La protein binds the
stem loop IV structure in HCV IRES and stimulates
HCV IRES-directed translation.’¢'? With regard to
changes in the expression of canonical and noncanonical
initiation factors (Table 2), La protein and PTB expres-
sion were repressed in both confluent and serum-starved
cells. The expression of elF3 (p170 and pl16) was pre-
dominantly repressed in confluent cells, and the expres-
sion of elF2y was predominantly repressed in serum-
starved cells. Conversely, the expression of ribosomal
protein S9 and PABPC-1 was induced in confluent cells.
The degree to which gene expression changed was more
predominant in confluent cells than in serum-starved

cells. This might reflect the greater degree of changes in
the cell-cycle distribution of Go/G; and S phases in
confluent cells than in serum-starved cells (Figure 24).
The results of northern blots of La protein, PTB, and
albumin expression coincided with these results (Figure
3). We evaluated changes in La protein and PTB expres-
sion by using RTD-PCR. The relative expression of La
protein in confluent and serum-starved cells was 16%
and 33% of conrrol cells, respectively. The relative ex-
pression of PTB in confluent and serum-starved cells was
10% and 26% of control cells, respectively (data not
shown). These data suggest that several canonical and
noncanonical initiation factors, such as La protein, PTB,
elF3, and elF27y, are initiation factors responsible for
regulating FICV IRES activity in a cell cycle—dependent
manner.
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