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period of 7 days (Fig. 1C). IFN-a and -B both, but the latter
more actively, decreased cell proliferation time-dependently at
a concentration of 1,000 [U/ml, supporting the previous studies
(Mallat et al., 1995; Shen et al., 2002). Dose-dependency of the
growth inhibition is shown in IFN concentrations from 10 to
1,000 IU/ml (Fig. ID).

Effects of IFN-a and - on cell cycle distribution

To elucidate the mechanism of the growth inhibitory effect of
IFN, we next examined the change in cell cycle distribution in
response to IFN-a and -3 treatment by flow cytometry. LX-2
cells were synchronized in GO/G| phase by serum starvation for
24 h. In non-treated cells (control), population in GO/GI phase
was reduced after serum exposure, which was accompanied by
the increase of population in S phase. This cell cycle transition
peaked at 24 h (Fig. 2, upper part). In cells treated with IFN-a or
-B, the GO/GI phase population was larger and the S phase
population was smaller than in the control cellsat 15 hand 24 h.
In addition, the accumulation of cells in early S phase was
observed at 32—48 h (Fig. 2, middle and lower parts). These
delays in cell cycle shift were more potentin IFN-3-treated cells
than in IFN-a-treated cells. It was concluded that type | [FN
hampered HSC proliferation through a delay in the cell cycle at
the transition from G1 to S phase and in the progression of S
phase.

Regulation of cyclin El and p21 expression by IFN-B

IFN-B was chosen in the following experiments because of its
more potent inhibition of cell cycle progression than IFN-a as
described above. The transition from G|l to S phase and the

progression of S phase are known to be influenced by various
regulators (Golias et al., 2004). Among them, we found that
IFN-B significantly decreased cyclin El mRNA expression levels
by 0.6- to 0.7-fold at 6 and 24 h and increased p21 mRNA
expression levels by |.4-to 2.3-fold at 6,24,48,and 72 hiin LX-2
cells (Fig. 3). The expression levels of CDK4 and CDK6 were
also reduced by IFN-B at early phase with less extent. The
others showed negligible change within 24 h although variable
dynamics were seen thereafter; changes of cyclin DI, CDK2,
and p27 expression at late phase were toward cell cycle
promotion with currently unknown reason.

Regulation of miR-195 expression by IFN-f3

The result indicated from Figure | strongly suggested the
possibility that [FN-f3 increase the expression of miR-195 in
LX-2 cells. To test this possibility, we examined the expression
levels of miR-195 in IFN-B-treated LX-2 cells. As a result, the
miR-195 expression level was significantly increased by IFN-38
treatment at 24, 48, and 72 h (Fig. 4A).

Regulation of cyclin El and p21 expression by miR-195

The results obtained from experiments shown in Figures 3
and 4A led us to hypothesize that [FN-3 up-regulates the
expression of miR-195, which then down-regulates the
expression of cyclin El and up-regulates the expression of p21.
In addition, there had been a study reporting that miR-195
targets E2F3, CDK®, and cyclin D1 in addition to cyclin El
(Xu etal., 2009). Under these considerations, we examined the
changes in the expression levels of the above-mentioned cell
cycle-related molecules and CDK4 by introducing miR-195
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precursor into LX-2 cells. Transfection of miR-195 precursor
increased the miR-195 expression levels in LX-2 cells by up to
10,000-30,000 times compared with those in cells transfected
with negative control (data not shown). Cyclin El mRNA and
protein expression levels showed a remarkable reduction up to
72 h as result of miR-195 overexpression (Fig. 4B,C). On the
other hand, p21 mRNA and protein expression levels showed a
marked increase. CDK4, CDK®, and cyclin D| expression
levels were significantly changed at the mRNA level, but
negligibly at the protein level. E2F3 mRNA and protein
expression levels were unchanged (Fig. 4B,C). These results
suggested that miR-195 mainly regulated cyclin El and p21
expression in LX-2 cells. Moreover, transfection of miR-195
precursor (50 nM) decreased the proliferation of LX-2 cells in
the WST-| assay (Fig. 4D). These results showed that miR-195
down-regulates endogenous cyclin El expression and up-
regulates p2| expression, resulting in the attenuation of cell
cycle progression and cell proliferation.

Interaction of miR-195 with cyclin EI 3’"UTR in LX-2 cells

Next, we examined whether miR-195 interacted directly with
cyclin El 3’UTR in LX-2 cells. The predicted miRNA target sites
for miR-195 in the cyclin EI 3’UTR were analyzed using
TargetScan Human Release 5.1 (http://www.targetscan.org/).
The cyclin EI 3'UTR contained two target sites for miR-195
(Fig. 5A,B). To investigate the direct interaction between them,
the part of the cyclin EI 3’UTR containing the two miR-195
target sites (497 bp) was cloned from LX-2 cells, inserted the
downstream of a firefly luciferase reporter gene in a pmirGLO
vector (Fig. 5C), and cotransfected into LX-2 cells. As shown in
Figure 5D, luciferase reporter activity decreased significantly in
miR-195 precursor-transfected cells compared with cells
transfected with a negative control of the precursor. These
results suggested a direct interaction between miR-195 and
cyclin El 3'UTR in LX-2 cells. Binding site of miR-195 was not
found in p21 3'UTR by TargetScan.

Regulation of cyclin El expression by IFN-f3 and miR-195

To confirm the contribution of miR-195 to the inhibitory effect
of IFN-3 on cyclin El expression, LX-2 cells were first
transfected with 50 nM miR-195 inhibitor and then treated with
1,000 IU/ml IFN-B. As shown in Figure 6A, miR-195 inhibitor
blocked the inhibitory effect of IFN-f on cyclin EI mRNA
expression at |6 and 24 h. Although there was no difference in
the cyclin El mRNA expression between [FN-3-treated cells
and non-treated cells (control) at 48 h, the cyclin EI mRNA
expression level in miR-195 inhibitor plus IFN-B-treated cells
was up-regulated compared with non-treated cells (Fig. 6A).
Immunoblot analysis revealed that miR-195 inhibitor elevated
the cyclin El expression level of IFN-f-treated cells at 24 and
48h (Fig. 6B).

Discussion

In this study, we showed that IFN-{ is more antiproliferative on
LX-2 cells than IFN-a, which appears to be contradictory to
their known mechanism of action: both [FN-a and - exert
their activities through the common signaling pathway,
beginning with binding to the same type | IFN receptor (IFNAR)
consisting of IFNAR | and IFNAR2, which activate the common
components of janus kinase/signal transducer and activator of
transcription (STAT) pathway (Darnell etal., 1994). However, a
similar activity difference between the IFNs has also been
demonstrated in colon cancer cell lines (Katayama et al., 2007)
and in rat HSCs (Shen et al., 2002). Some studies showed that
IFN-B but not IFN-a formed a stable complex with IFNARs,
suggesting that IFN- may interact with IFNAR chains in a
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Fig. 6. Regulation of cyclin El expression by IFN-f and miR-195. LX-
2 cells were transfected with 50 nM miR-195 inhibitor or a negative
control. After 6 h, the culture medium was changed and then IFN-
(1,000 IU/ml) was added. Cells were then incubated for the indicated
time periods. A: mRNA expression levels of cyclin El. B: Protein
expression levels of cyclin EI. GAPDH are for loading adjustment.
Control; cells were transfected with a negative control and incubated
without IFN-B. *P<0.05, **P<0.01.

manner different from IFN-a (Croze etal., 1996; Russell-Harde
et al,, 1999).

We showed here that IFN-B down-regulated the expression
of cyclin El and up-regulated the expression of p21, which
caused the cells to be less active proceeding in the transition
from GO to G| phase and in the progression of S phase. The cell
cycle is regulated by various molecules, such as cyclins and
CDKs. Cyclin E is essential in activating CDK2. The cyclin
E-CDK2 complex phosphorylates pRb at G| phase, leading to
gene transcription activities that are needed in S phase, and also
activates the factors involved in DNA replication at early S
phase (Golias et al., 2004). It has been reported that cyclin El
expression increased in non-parenchymal cells of human
fibrotic liver and that cyclin El-deficient mice developed milder
liver fibrosis compared with wild-type mice after CCly
administration (Nevzorova et al., 2010). These results imply
that cyclin El regulates the progression of liver fibrosis by
accelerating HSC proliferation.

The most frequent miRNAs that targets cyclin El are the
miR-16 family, which consists of miR-15, =16, -195, -424, and -
497 (Liu et al., 2008; Wang et al,, 2009). We here observed the
induction of miR-195 by IFN-B. miR-195 was reported to be
down-regulated in human HCC tissues and to suppress HCC
growth through the targeted interference of cyclin DI, CDKS,
and E2F3 in a xenograft mouse model (Xu et al., 2009), while it
was reported to target cyclin El in addition to the above-
mentioned factors in A549 cells (Liu et al., 2008). miR-15b and
miR-16 are down-regulated concomitantly with HSC activation
and their overexpression induces apoptosis and a delay of cell
cycle in HSCs by targeting Bcl-2 and cyclin DI (Guo et al,,
2009a,b). However, the role of miR-195 in HSCs remains
unknown. We showed here that miR-195 expression was
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decreased during spontaneous activation of primary-cultured
mouse HSCs and that miR-195 interacted with cyclin El 3'UTR
and lowered the expression levels of the cyclin EI mRNA and
protein in LX-2 cells. These results suggest that the down-
regulation of miR-195 may associate with the proliferation of
HSCs in fibrotic liver similarly to miR-15 and miR-16. In this
study, the changes of the protein expression levels of E2F3,
CDKS, and cyclin D1, which were reported to be regulated by
miR-195 (Xu etal., 2009), were negligible by miR-195, although
the exact reason for this phenomenon was not determined.
However, because the total context scores obtained by
TargetScan were —0.73 for cyclin El, —0.33 for E2F3, —0.32 for
cyclin DI, and —0.09 for CDKS, the result obtained here was
thought to be reasonable. In addition, minimal or negligible
effect of miR-195 on the expression of E2F3, CDK4, CDK$, and
cyclin D1 was compatible with that of [FN-$3 on these factors.
Furthermore, inhibition of miR-195 by miR-195 inhibitor
attenuated the effect of IFN- on cyclin El expression, though
not so strong. Taken together, it is most likely that the down-
regulation of cyclin El by IFN- treatment in HSCs is mediated
through miR-195 up-regulation. The mechanism through which
IFN-B induces miR-195 in LX-2 cells need to be explored
further.

It is well known that IFNs induce the expression of p21 in
various cancer cells (Sangfelt etal., 1999; Katayama et al., 2007).
We also observed the up-regulation of p21 in IFN-B-treated
cells. Therefore, p21, in addition to cyclin El, may play a role in
IFN-induced growth inhibition of HSCs. Until now, it has been
reported that IFNs induce p2| expression through the binding
of STAT and IFN regulatory factor, which are critical signaling
molecules after [FN-IFNAR interaction, to p2| gene promoter
(Gartel and Tyner, 1999). Unexpectedly, we found the up-
regulation of p21 by miR-195 (Fig. 4). The results obtained here
raise a new possibility that the up-regulation of p21 by IFN-{ in
HSCs may be partially mediated through miR-195.

In conclusion, type | IFN, in particular IFN-B, inhibited the
proliferation of human HSCs by delaying the cell cycle in GI to
early S phase through the down-regulation of cyclin El and
up-regulation of p2l. The cyclin EI down-regulation and p21
up-regulation were partially mediated by miR-195 that was
up-regulated by IFN-f. This study raises a new mechanistic
aspect of the antifibrotic effect of IFN in liver fibrosis and the
possibility of influencing miR-195 as a therapeutic strategy for
liver fibrosis.
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Cytoglobin (Cygb) is a recently discovered vertebrate
globin with molecular characteristics that are similar
to myoglobin. To study the biological function of
Cygb in vivo, we generated Cyghb knockout mice and
investigated their susceptibility to N N-diethylnitro-
samine (DEN)}induced tumorigenesis. Four-week-old
male mice were administered DEN in drinking water
at a dose of 25 ppm for 25 weeks or 0.05 ppm for 36
weeks. Cygh deficiency promoted the DEN-induced
development of liver and lung tumors. All Cygb™/~
and Cygb ™/~ mice treated with 25-ppm DEN exhibited
liver tumors, compared with 44.4% of their wild-type
counterparts. Lung tumors were present only in Cygh-
deficient mice. More than 40% of Cygb ™/~ mice devel-
oped liver and lung tumors at the nontoxic dose of
DEN (0.05 ppm), which did not induce tumors in
wild-type mice. Cygb loss was associated with in-
creased cancer cell proliferation, elevated extracellu-
lar signal-regulated kinase and Akt activation, over-
expression of IL-18, IL-6, Tnfea, and TgfB3 mRNAs, and
hepatic collagen accumulation. Cygb-deficient mice
also exhibited increased nitrotyrosine formation and
dysregulated expression of cancer-related genes (cy-
clin D2, p53, Pakl, Src, Cdkn2a, and Cebpa). These
results suggest that Cygb deficiency induces suscepti-
bility to cancer development in the liver and lungs of
mice exposed to DEN. Thus, globins such as Cygb will
shed new light on the biological features of organ
carcinogenesis. (4m J Pathol 2011, 179:1050-1060; DOL
10.1016/j.ajpath.2011.05.006)

1050

Cytoglobin (Cygb) was originally identified in 2001 as a
protein up-regulated in rat hepatic stellate cells under
profibrotic conditions. Accordingly, Cygb was originally
termed a stellate cell activation-associated protein' until
it was identified as the fourth globin in mammals.??® Hu-
man Cygb displays approximately 25% amino acid iden-
tity with vertebrate myoglobin and hemoglobin and 16%
identity with human neuroglobin. The Cygb gene is local-
ized to chromosome 17¢g25.3 in humans and chromo-
some 11E2 in mice.

Unlike myoglobin, which is tissue restricted to cardiomy-
ocytes and skeletal myofibers, hemoglobin in erythrocytes,
and neuroglobin in the nervous system, Cygb is ubiqui-
tously expressed in the cytoplasm of mesenchymal fibro-
blastic cells in many organs, including the heart, lung, liver,
kidneys, small intestine, and spleen. The presence of Cygb
in the nucleus of these cells has also been reported.*® In
particular, Cygh was present in stellate cells and myofibro-
blasts in the liver and pancreas, reticulocytes in the spleen,
mesenchymal cells in the submucosal layer of the gut, and
the mesangium and stromal cells of the kidney.* An inter-
esting aspect of Cygb expression is its presence in visceral
cells, with a strong storage ability for vitamin A. Thus, Cygb
may facilitate the diffusion of oxygen through tissues, scav-
enge nitric oxide (NO) or other reactive oxygen species, or
serve a protective function during oxidative stress.® How-
ever, the precise physiological role of Cygb in vivo remains
unresolved. Cygb is considered a hypoxia-responsive mol-
ecule because its mRNA expression is augmented under
hypoxia in fibroblastic cell lineages and rat brain.” Hypoxia-
inducible factor 1 is assumed to be an important transcrip-
tion factor for Cygb because hypoxia-responsive elements
at positions -141, -144, and -448 are essential for the acti-
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vation of CYGB gene expression, and the binding of hypox-
ia-inducible factor 1 to this area has been confirmed.®® In
contrast, CYGB overexpression rescues the human neuro-
nal cell line TE671 from prooxidant Ro19-8022-induced
DNA damage.'® CYGB overexpression also protected hu-
man neuroblastoma SH-SY5Y cells from H,O,-induced cell
death.”™2 Furthermore, the in vitro and in vivo overexpres-
sion of Cygb in rat hepatic stellate cells protected these
cells against oxidative stress and inhibited their differentia-
tion into an active phenotype.'® Together, these reports
suggest that Cygb may act as a cytoprotective and radical-
scavenging molecule in addition to its function as a gas
carrier.

Although the function of Cygb in vivo remains largely
unknown, down-regulation of CYGB has been reported in
several human cancerous tissues and human cancer cell
lines. Decreased expression of CYGB and the hypermeth-
ylation of the CYGB promoter has been reported in patients
with tylosis, non—-small-cell lung carcinoma tissues, head
and neck cancers, ovarian cancers, and breast can-
cers.™="8 McRonald et al reported that CYGB gene ex-
pression in tylosis with esophagus cancer was reduced to
approximately 70% compared with the normal esophagus
and was accompanied by hypermethylation of the pro-
moter. Xinarianos et al'® reported a significant reduction of
CYGB mRNA expression in non-small-cell lung carcinoma
tissues and hypermethylation of CYGB, compared with
healthy samples. Similar results were reported in head and
neck, ovarian, and breast cancer tissues.'®~'® In addition,
Shivapurkar et al*® reported high levels of CYGB promoter
methylation in lung, breast, bladder, and colon cancers and
in leukemia in humans. The augmented growth of NCI-HE61
lung cancer cells that were CYGB silenced by RNA inter-
ference and the suppression of NCI-H228 cell proliferation
in cells stably transfected with plasmids containing CYGB
cDNA have also been reported. ™ These reports indicate a
tumor suppressor function of Cygb.

A Chromosome 11
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To study the biological function of Cygb at the tissue
level, we first generated Cygb-deficient (Cygb™'~) mice
and observed that, after treatment with N,N-diethyInitro-
samine (DEN), Cygb ™/~ mice showed a high incidence of
tumor development in the liver and lungs. These results
indicate the tumor suppressor role of Cygb in vivo.

Materials and Methods

Materials

All experimental reagents were obtained from Sigma
Chemical Co (St. Louis, MO) or Wako Pure Chemical Co
(Osaka, Japan), unless otherwise stated.

Construction of the Targeting Vector

Mice lacking exon 1 of the Cygb gene were generated
using the lox-P system, as previously described.?° The
targeting vector (pTVneo/Cygb) was constructed from
PCR DNA fragments from 129Sv mouse genomic DNA.
Two DNA fragments were used as the 3’ and 5’ arms.
One fragment contained Cygb exons 2, 3, and 4 (6.5
kb); and the other contained the transcription initiation
site in exon 1 and the 5’ upstream sequence of the
Cygb gene (6.0 kb). The neomycin-resistance gene,
driven by the phosphoglycerate kinase 1 promoter,
flanking the lox-P sequences was inserted into the
arms (Figure 1A).

Embryonic stem cells (1 x 107 cells/mL) were trans-
fected with a linearized targeting vector (20 pg) by elec-
troporation and cultured in selection medium containing
150 pg/mL geneticine (G418). Of 480 neomycin-resistant
clones, 6 (1.2%) were homologous recombinants by
Southern blotting using the 5’ probe (data not shown).

B M Cygb** Cygb*  Cygb*
2.8 kb —>
-
1.8 kb =—> ; L8
C ++ +- - e +- -

s R — >+ == i
S — — — — — — R

Figure 1. Generation of Cygh-deficient mice. A: Strategy for inactivation of the Cygh gene by homologous recombination in embryonic stem cells. A partial
genomic map of the Cigh gene with coding exons (black boxes). noncoding regions (light gray boxes). and flanking introns (solid lines) is shown (top).
Targeting vector pTVneo/Crgh with homology to the Cigh gene locus is shown (middle). The translation initiation site in exon 1 was repluced with a
neomycin-resistance cassette. The predicted Cugh gene locus after homologous recombination is shown (hottom). B: Southern blot analysis shows the sizes of
the wild-type (2.8-khy) and disrupted (1.8-kb) Cyeh fragments after Pstl ceavage. M. molecular weight marker. C: RT-PCR and immunoblot analysis of Cygh

expression in the liver from Cygh™ ™, Quh™ ™, and Cugh™ ~ mice. GAPDH was used as a loading control. Dz Representative THC images of Cygh in the liver of
Cygh* . Cygh™ ™. and Cygh™ ™ mice. Cygh is present along the sinusoids of €ygh' " mice. whereas it is undetectable in Cygh™ ™ mice. p. portal vein, Scale

bar = 30 pm.
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Production of Cygb-Deficient Mice

Two clones were aggregated with C57BL/6-DBA2 F1
mouse morulae, and one produced chimeric mice that
transmitted the knockout (KO) construct. Chimeric
males were mated with C57BL/6J females to obtain
Cygb heterozygous mice that were backcrossed to the
C57BL/6J background for more than nine generations.
To assess the role of the Cygb gene in development,
we intercrossed Cygh heterozygous mice. The litter
sizes were normal, and analysis of the tail biopsy spec-
imens at the age of 4 weeks, from 102 offspring from
heterozygote crosses, revealed the presence of ho-
mozygous mutant mice at a frequency of 24%. The
homozygotes appeared normal morphologically and
histopathologically 1 month after birth. Four-week-old
Cygb*'* (wild-type), Cygb™/~ (heterozygote), and
Cygb~'~ (homozygote) male mice were used in this
study.

All mice were cared for according to the guidelines
approved by the Institutional Animal Care and Use Com-
mittee of Osaka City University, Osaka.

Genotyping of Mice

PCR genotyping of mouse tail DNA produced the expected
338-bp product from wild-type mice using the following
primer pairs: forward, 5'-CTCCCAGCCGGGACCGCG-
GTGGCCTT-3; and reverse, 5-GGAGCCGAGGCCGGT-
GCGTGCGAGGC-3'. A 529-bp product was diagnostic for
the Cygb KO allele using the described forward primer and
the following reverse primer: 5-GTGGGGTGGGATT-
AGATAAATGCCTGCTCT-3'. PCR was performed in a
15-uL reaction mixture containing 1 ul of extract from
mouse tail DNA, which was digestion extracted using
LYPPO (Gene Modification R&D Co Ltd, Osaka), according
to the manufacturer's protocol; 1 umol/l of each primer;
2.5% 10 5% dimethy! sulfoxide; and 0.5 U GO Tagq polymer-
ase (Promega, San Luis Obispo, CA). PCRs were per-
formed for 40 cycles, each cycle being 1 minute at 94°C, 30
seconds at 70°C, and 1 minute at 72°C.

Table 1. Primary Antibodies Used for IHC Analyses

Southern blot analysis confirmed the Cygb-null allele.
Genomic tail DNA (5 pg) was cleaved with Pstl, subjected
10 agarose gel electrophoresis, blotted onto nylon mem-
branes, and hybridized to the 32P-labeled Cygb KO 3’
probe/TA (Figure 1A). DNA fragments of 2.8 and 1.8 kb rep-
resented the Cygb wild-type and null alleles, respectively.

RT-PCR was performed to confirm the absence of
Cygb mRNA in tissues. Total RNA was extracted from the
homogenates of liver tissues using the RNeasy Mini Kit
(Qiagen, Valencia, CA). cDNA was synthesized using 1
ug of total RNA, ReverTra Ace (Toyobo, Osaka), and
oligo (dT)4.-45 primers, according to the manufacturer’s
instructions. Thirty-five PCR cycles (30 seconds at 94°C,
30 seconds at 68°C, and 1 minute at 72°C) were run
using the following mouse Cygb primers: forward, 5'-
GCGACATGGAGATAGAGCGT-3'; and reverse, 5'-CTG-
TACCCAGCCCACTTCCT-3'. This generated a 503-bp
product and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) primers: forward, 5'-CGCCTGGTCAC-
CAGG-3’; and reverse, 5'-CAGTTGGTGGTGCAGGA-
3'). A 500-bp product was generated.

Administration of DEN

DEN (0.95 g/mL) was obtained from Sigma Chemical Co.
A stock solution of DEN was prepared by dissolving 1 g
(1.06 mL) of DEN in 400 mL of water. The stock solution
was diluted 100-fold before use to obtain a final concen-
tration of 25-mg DEN per 1000-mL water (25 ppm) for the
high-dose experiment. The 25-ppm solution was further
diluted 500-fold to obtain a final concentration of 0.05-mg
DEN per 1000-mL water (0.05 ppm) for the low-dose
experiment. The diluted solution (25 or 0.05 ppm) was
placed in a shaded serving bottle and administered to
the animals instead of water. The diluted solution was
prepared weekly. The administration of DEN to male mice
began at the age of 4 weeks for 25 weeks in the high-
dose experiment (25 ppm) and for 36 weeks in the low-
dose experiment (0.05 ppm). Each experiment contained
three groups (Cygb™'*, Cygb*/~, and Cygb™/'~) with a

Antigen* Source Name/clone; catalog no. Incubation
AFP US Biological, Swampscott, MA  F4100-16A (Go) Overnight 4°C, 1:20
CK18 Santa Cruz Biotechnology, Polyclonal (Rb); sc-33111 Overnight 4°C, 1:100

Santa Cruz, CA
CRBP-1 Santa Cruz Biotechnology Polyclonal (Rb); sc-30106 Overnight 4°C, 1:100
Cygb Our laboratory® Polyclonal (Rb) Overnight 4°C, 1:100
Erk Cell Signaling, Danvers, MA Monoclonal (Rb); 4685 Overnight 4°C, 1:300
PCNA Dako, Glostrup, Denmark Monoclonal (Mo)¥; clone: PC-10  Overnight 4°C, 1:200
Phosphorylated  Cell Signaling Monoclonal (Rb); 4370 Overnight 4°C, 1:200
Erk
a-SMA Dako Monoclonal (Mo)*; clone: 1A4 30 minutes at room temperature, 1:100
Desmin Santa Cruz Biotechnology Polyclonal (Go); sc-7559 Overnight 4°C, 1:100

*All antigens were retrieved by autoclaving for 15 minutes in 0.01 mol/L citrate buffer containing 0.05% Tween 20 (pH 6.0), except for desmin, which

was used in Tris-EDTA buffer (pH 9.0).
TData taken from Kawada et al.!

*For mouse primary antibodies, after antigen retrieval, sections were incubated with goat anti-mouse 1gG Fab fragments (Jackson immunoResearch
Laboratories) for 1 hour at room temperature (1:100) to block nonspecific background staining.

AFP, alpha-fetoprotein.
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minimum of seven mice per group. Mice were sacrificed
after the completion of DEN treatment.

Necropsy

At necropsy, mice were weighed, anesthetized, and ex-
amined for grossly visible lesions in whole organs. Livers
and lungs were excised, weighed (in the case of liver),
and examined for macroscopic lesions. The number of
macroscopic abnormal masses =1 mm was determined
in addition to the size of the mass by taking the average
of the largest and smallest length of the mass. For histo-
logical examination, 2- to 3-mm-thick sections from non-
tumor or tumor tissues were fixed in 10% formalin for 24
hours and embedded in paraffin. The samples were then
sectioned at 5 um and stained with H&E.

IHC and TUNEL Assays

For immunohistochemistry (IHC), paraffin sections were de-
waxed in xylene and rehydrated in decreasing concentra-
tions of ethanol. The primary antibodies and conditions
used for IHC are listed in Table 1. Negative controls with no
primary antibody were used to assess nonspecific stain-
ing. The secondary antibodies used were horseradish
peroxidase-conjugated goat anti-rabbit IgG (1:200;
Dako, Glostrup, Denmark), rabbit anti-goat IgG (1:200;
Dako), or rabbit anti-mouse IgG (1:200; Dako). 3,3'-Di-
aminobenzidine (Dako) was used as the chromogen.
TdT-mediated dUTP-biotin nick-end labeling (TUNEL)
staining was performed using the In situ Apoptosis De-
tection Kit (MK500; TaKaRa Bio Inc., Shiga, Japan), ac-
cording to the manufacturer’s protocol. All sections were
counterstained with Meyer’'s hematoxylin.

Quantification of Liver Fibrosis

Morphometric image analysis was performed in liver tis-
sue specimens with a computerized system, consisting
of a photomicroscope, a digital camera, and LuminaVi-
sion 2.4 bioimaging software (Mitani Corporation, Tokyo,
Japan) to quantitatively assess fibrosis. The proportion of
the area stained with Sirius red in the liver sections was
calculated as the sum of the pixelwise-bound stain mea-
surements divided by the number of summed pixels.

Quantitative Real-Time PCR

Total RNA was extracted from liver and liver tumor tissues
using the RNeasy Mini Kit (Qiagen, Valencia, CA). cDNAs
were synthesized as previously described. Gene expres-
sion was measured by quantitative real-time PCR using
cDNA, real-time PCR Master Mix Reagents (Toyobo,
Osaka), or TagMan Fast Universal PCR Master Mix (Ap-
plied Biosystems, Foster City, CA), and a set of gene-
specific oligonucleotide primers and probes (Table 2)
using an Applied Biosystems Prism 7500 (Applied Bio-
systems). GAPDH levels were measured and used to
normalize the relative abundance of mRNA.
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Table 2. Primers Used for RT-qPCR

Gene Sequence
AFP

Forward 5'-CACACCCGCTTCCCTCAT-3'

Reverse  5'-TTTTCGTGCAATGCTTTGGA-3'
Bel2

Forward  5'-AAGGGCTTCACACCCAAATCT-3’

Reverse  5'-CTTCTACGTCTGCTTGGCTTTGA-3'
Cdkn2a

Forward  5'-GCTCTGGCTTTCGTGAACATG-3’

Reverse  5'-GTGCGGCCCTCTTCTCAA-3’
Cebpa

Forward  5'-CGCAAGAGCCGAGATAAAGC-3’

Reverse  5'-CGGTCATTGTCACTGGTCAACT-3’
Coltal

Forward  5'-GACATCCCTGAAGTCAGCTGC-3'

Reverse  5'-TCCCTTGGGTCCCTCGAC-3'
Cyclin D1

Forward  5'-GCCCGGAGGGATTTGC-3’

Reverse  5'-AGACGGAACACTAGAACCTAACAGATT-3’
Cyclin D2

Forward  5'-AAGGCAGATACTCATCAAACACAGA-3'

Reverse  5'-CTGGTGCACGCATGCAA-3'
Fos

Forward  5'-CCCCAAACTTCGACCATGAT-3'

Reverse  5'-GGAGGATGACGCCTCGTAGTC-3'
GAPDH

Forward  5'-TGCACCACCAACTGCTTAG-3’

Reverse  5'-GGATGCAGGGATGATGTTC-3'
IL-6

Forward  5'-CGCTATGAAGTTCCTCTCTGCAA-3’

Reverse  5'-CACCAGCATCAGTCCCAAGA-3'
IL-18

Forward  5'-CCATGGCACATTCTGTTCAAA-3'

Reverse  5'-GCCCATCAGAGGCAAGGA-3'
Jun

Forward  5'-CCGCCCCTGTCCCCTAT-3'

Reverse  5'-TCCTCATGCGCTTCCTCTCT-3'
Pak1

Forward  5'-CGTATTGCGGGTGTTTGCTA-3'

Reverse  5'-CACAGCAGGAGAACCAAAACC-3'
p53

Forward  5'-GCATGAACCGCCGACCTAT-3'

Reverse  5'-CAGAAGGTTCCCACTGGAGTCT-3'
Src

Forward  5'-CCTCCCGCACCCAGTTC-3’

Reverse  5'-CATCAGCATGTTTGGAGTAGTAAGC-3'
TGFB3

Forward  5'-AGGGCCCTGGACACCAATTAC-3'

Reverse  5'-CCTTAGGTTCTGGGACCCATTTC-3'
TNFa

Forward  5'-CCTCACACTCAGATCTTCTCA-3’

Reverse  5'-GCTGCTCCTCCACTTGGTG-3'
Probe 5'-GCAAGCCTGTAGCCCACGTCGTAGCAAA-3’

Immunoblotting

Protein samples (10 to 20 pg) were subjected to SDS-
PAGE and transferred to Immobilon P membranes (Milli-
pore Corp, Bedford, MA). After blocking, membranes
were probed with primary antibodies against Cygb (1:
500) from our laboratory (Table 1), Akt (1:1000; Cell Sig-
naling, Danvers, MA), phosphorylated Akt (1:500; Cell
Signaling), extracellular signal-regulated kinase (Erk;
1:500; Cell Signaling), phosphorylated Erk (1:1000; Cell
Signaling), cyclin D1 (1:5000; Cell Signaling), nitroty-
rosine (1:500; Cell Signaling), or GAPDH (1:2000; Santa
Cruz Biotechnology, Santa Cruz, CA). Membranes were
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then labeled with horseradish peroxidase-conjugated
secondary antibodies. Immunoreactive bands were visu-
alized using the ECL detecting reagent (GE Healthcare
UK Ltd, Buckinghamshire, UK) and documented with an
LAS 1000 (Fuji Photo Film, Kanagawa, Japan).

Data Analyses

The data presented as bar graphs are the means = SDs
in all experiments. Statistical analyses were performed
using the Student's t-test, and P < 0.05 indicated statis-
tical significance.

Results

Characterization of the Cygb ™~ Mice

Cygb-deficient mice were generated by deleting exon 1 of
the mouse Cygb gene (Figure 1A) and backcrossed on the
C57BL/6J background. Southern blotting (Figure 1B) and
PCR genotyping using mouse tail DNA (data not shown)
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confirmed the deletion of the Cygb gene. Both Cygb mRNA
and protein expression were absent in Cygb™/~ mouse
livers, compared with wild-type livers (Figure 1C). Further-
more, IHC indicated that the Cygb protein was present in
sinusoidal lining cells in addition to perivascular cells
around the portal and central veins, as previously reported, |
in Cygb™*/* mice, whereas it was undetected in Cygh™'~
mice (Figure 1D). Together, these data demonstrate the
successful production of the Cygb™'~ mice.

The mice homozygous for the disrupted allele appeared
normal both morphologically and histopathologically 1
month after birth. Next, we examined whether Cygb influ-
enced the toxicity and carcinogenesis of DEN in mice.

Cygb Deficiency Strongly Promotes
DEN-Induced Tumorigenesis

DEN is a commonly used chemical carcinogen for the liver
because it is activated by cytochrome P-450 enzymes in
hepatocytes.?' C57BL/6J mice were reported to be rela-
tively resistant to liver tumor development under DEN treat-

Figure 2. Tumor development in Cygh-defi-
cient mice teated with 23-ppm DEN for 23
weeks. As Tumor incidence in total, livers. and

lungs from DEN-treated Qgh™ ™ (white bars),
Creh™ ™ (gray bars), and Cygh™ ~ (black hars)
mice (7 = 7 to 12). *P < 0.05 compared with

wild type. B: Representative gross photographs
of livers (top) from wild-tvpe (+/+) and
Cygh RO (—:=) mice treated with DEN. There
was a marked increase in tumor multiplicity in
Cygh-deficient mice compared with wild-type
mice (arrows). Representative H&E-stained par-
affin sections (bottom) of hemangioma from
wild-type and poorly differentiated hepatocellu-
lar carcinoma composed of small immature neo-
plastic cells with mitotic figures (the line indi-
cates the boundary of twmor and nontumor
areas), from Crgh™ ™ mice. Scale bar = 100 wm.
C: Determination of liver’body weight ratios,
maximum (Max) wmor sizes, and liver umor
numbers for Cygh' ' (white burs), Cugh"™ ™
(gray bars), and Cygh™ T (black bars) mice (12 =
T 1o 120 Values are given as the mean = SD. *P <
0.05. =P < 0.01. D: Representative gross photo-
graphs (top) and microphotographs (bottom)
of lungs from Crgh'™ . Ogh ™, and Qebh™"
DEN-treated mice. Lung tumors were only found
in Cygh™ ™ and Cygh™ T mice. Arrows indicate
lung tumors that were classified as squamous
cell carcinomas. Scale bar = 100 um.
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ment.2222 |n this study, we examined whether the loss of
Cygb could influence the toxicity and carcinogenesis of
DEN in the tumor-resistant C57BL/6J strain. We adminis-
tered 25-ppm DEN to the drinking water of Cygb-deficient
male mice at the age of 4 weeks. Unexpectedly, as early as
25 weeks after DEN treatment, 100% of Cygb™~ and
Cygb*'~ mice developed tumors in the liver and lungs,
whereas the tumor incidence in wild-type mice was 44.4%
(Figure 2, A and B). The liver/body weight ratio was approx-
imately 50% more than in wild-type animals (Figure 2C)
because of these tumor masses. Cygb™/~ mice displayed
significantly larger lesions and produced tumors more fre-
quently than wild-type mice (Figure 2C).

DEN has induced tumors in the liver and in the lungs
of the BBC3F1 mouse strain, although with a lower fre-
quency.?* Consistent with these studies, lung tumors were
found in Cygb*/~ and Cygb™~ mice, with a frequency of
11.7% and 57.1%, respectively, whereas Cygh™'* mice
showed complete resistance (Figure 2, A and D).

Next, using a low dose of DEN, at which wild-type mice
do not develop liver tumors, we examined whether Cygb
deficiency functioned as a tumor promoter. We took advan-
tage of earlier observations that, when DEN was adminis-
tered to mice at a nontoxic dose, it failed to induce liver
cancer, unless combined with a tumor promoter, such as
phenobarbital 252 We maintained wild-type and Cygb-de-
ficient male mice during DEN administration at the nontoxic
dose of 0.05 ppm for 36 weeks. As a result, >40% of
Cygb™~ mice developed tumors in the liver or lungs,
whereas, as expected, wild-type mice exhibited no tumor
formation (Figure 3). Cygb ™'~ mice showed an intermediate
sensitivity. These findings confirm the tumor-promoting ef-
fects of Cygb depletion.

To define the histological features of the liver tumors,
liver samples were evaluated IHC. The liver tumors in
C57BL/6 mice (wild type) administered DEN in drinking
water were dominantly composed of cholangiomas, hem-
angiomas, hemangiosarcomas, and, to a lesser degree,
hepatocellular carcinomas.?”=2° In this study, Cygb-defi-
cient and wild-type mice developed similar histological
alterations in the liver, including hemangioma (Figure
2B), hepatocellular carcinoma (Figures 2B and 3B),
which stained positive for alpha-fetoprotein (AFP) (Figure
4A), and cholangioma, which stained positive for CK19
(Figure 4A). Quantitative real-time PCR (RT-gPCR) anal-
ysis showed increased mRNA expression of AFP in
Cygb*'~ and Cygb™/~ mice compared with their wild-
type counterparts (Figure 4B).

In the liver, Cygb was present in stellate cells.™* We
used cellular retinol-binding protein-1 and a-smooth
muscle actin antibodies to detect stellate cell expression.
The presence of cellular retinol-binding protein-1- and
a-smooth muscle actin—expressing cells in the liver pa-
renchyma from DEN-treated homozygote mice indicated
that stellate cells were present along sinusoids, even in
the absence of Cygb (Figure 4C). The expression of
a-smooth muscle actin and desmin, another marker of
stellate cells, was markedly augmented in Cygb™/~ mice
(Figure 4C). Next, we assessed whether liver fibrosis de-
veloped in these mice. Sirius red staining for collagen de-
position in paraffin-embedded sections of liver samples
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Figure 3. Tumor development in Cygh-deficient mice treated with 0.05-ppm
DEN for 36 weeks. Ar Tumor incidence in total. livers, and lungs from
0.05-ppm  DEN-treated Cygh™ ™ (white bars), Cyeh*™ ™ (gray bars). and
Cygh™ 7 (black hars) mice (7 = 7 1o 15) *P < 0.05, *P < 0.01 compared
with the wild type. B: Gross photographs of livers (top) from Cygh™ ™ and
Creh™ T mice treated with 0.05-ppm DEN, as previously mentioned: arrows
indicate lung tumors. Representative photomicrographs of H&E-stained par-
affin sections of liver parenchyma (bottomy from wild-type and moderately
ditferentiated hepatocellular carcinoma composed of large cells that vary in
size und shape (arrows). from Cigh™'" mice. Scale bar = 100 pm. Ce
Representative photomicrographs of H&E-stained paraffin sections of lungs
from Crgh' . Cygh' T and Crgh” T mice treated with 0.05-ppm DEN for
36 weeks. Scale bars: 400 wm (top): 100 pm (bottom). Arrows indicate lung
tumors that were classified as adenocuarcinomas. No lung tumor was ob-
served in Qreh' ' mice.

collected from Cygb™* and Cygb™~ mice treated with
25-ppm DEN for 25 weeks showed marked deposition of
collagen (red) around the hepatocytes (pericellular fibrosis)
in Cygb™'~ mice (Figure 4D). Morphometric image analysis
was performed with a computerized system, consisting of a
photomicroscope, a digital camera, and LuminaVision 2.4
bioimaging software, to quantitatively assess fibrosis. The
Sirius red—positive area of Cygb™'~ mice (7.67% = 7.82%,
n = 3) was significantly greater than that in Cygb™* mice
(mean = SD, 1.36% = 0.36%, n = 3; P < 0.05, Kruskal-
Wallis test). Periceliular fibrosis with collagen deposition
was accompanied by significantly augmented mRNA ex-
pression of collagen 1a1 and tissue inhibitor of matrix met-
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taloproteinase-1 in the livers of Cygh™™ mice, compared
with that of Cygb™*/* mice treated with 25-ppm DEN for 25
weeks (Figure 4E). Thus, the augmented occurrence of
pericellular fibrosis and fibrotic reactions in Cygb deficiency
may be involved in the development of liver cancer.

Cygb Loss Is Associated with Increased Cancer
Cell Proliferation

Two important cellular processes in tumorigenesis are cell
apoptosis and proliferation. To examine how Cygb loss af-
fected these two processes in the livers of C57BL/6J mice,
we determined the labeling indexes of TUNEL, as a marker
of apoptotic cells, and proliferating cell nuclear antigen
(PCNA), as a marker of proliferating cells in the liver, both in
the tumor and adjacent nontumor areas of Cygb™* and
Cygb™'~ mice treated with 25-ppm DEN in drinking water

500 -

250 A

Desmin

Figure 4. Expression of wmor markers and

liver fibrosis development in DEN-treated Cygh-

I deficient mice. Cygh-deficient mice from Figure
i 2 were subjected to histological and biochemical
NT analyses. A: Paraffin-embedded liver sections
from Cygh*’/* and Cygh~’~ mice were stained

with AFP and cytokeratin 19 (CK-19). Scale
bar = 100 pm. B: Expression of AFP mRNA in
B Cygh™’* (white bars), Cygb*’~ (gray bars), and
R Cygb™’~ (black bars) mice livers was deter-
: mined by RT-qPCR (# = 7 to 12). Levels were
normalized to GAPDH. Values are given as the

e mean * SD of all experiments. NT, nontumor

area; T, liver tumor. *P < 0.05, *™***P < 0.0001. C:
Paraffin-embedded liver sections were IHC
stained for the detection of CRBP-1, a-SMA, and
desmin. Scale bar = 100 pm. D and E: Devel-
opment of liver fibrosis. Dz Sirius red staining for
collagen deposition in paraffin-embedded liver
sections. Scale bar = 100 um. There was marked
deposition of collagen (red) around the hepato-
cytes (pericellular fibrosis) in Cygb™'~ mice. E:
Relative levels of collagen (CoD) 1al and tissue
inhibitor of matrix metalloproteinase-1 (TIMP-1)
mRNA in the nontumor area (NT; 7 = 7 to 12)
and in liver tumors (T; # = 3 10 5) of Cygh*’™"
(white bars), Cygh™ '~ (gray bars), and Qygb™'~
(black bars) mice were determined by RT-qPCR
and normalized to GAPDH mRNA. Values are
given as the mean =* SD of all experiments. *P <
0.05, *P < 001, and **P < 0.001.
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for 25 weeks. Liver tumors in Cygb™'~ mice exhibited re-
duced apoptotic cell death relative to liver tumors in
Cygb*'* mice (Figure 5, A and C) and showed elevated
mRNA expression of the antiapoptotic protein Bcl-2 (Figure
5E). Liver tumors in the Cygb™/~ mice exhibited more pro-
liferating cells than the tumors of the wild-type mice, as
shown by PCNA labeling (Figure 5, B and D), in addition to
elevated cyclin D1 mRNA expression (Figure 5F). These
results suggest that stimulation of proliferating neoplastic
cells is the primary cellular mechanism for increased liver
tumorigenesis in Cygb-deficient mice.

Cygb-Deficient Mice Exhibit Elevated
Phosphoryiated Akt and Erk and Liver Infammation

To identify the signaling pathways responsible for en-
hanced hepatocyte survival and proliferation, we ex-
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