10.

11.

12.

13.

14.

15.

16.

17.

. Chang J, et al. 2004. miR-122, a mammalian liver-specific microRNA, is

processed from hcr mRNA and may downregulate the high affinity cat-
ionic amino acid transporter CAT-1. RNA Biol. 1:106-113.

. Chenna R, et al. 2003. Multiple sequence alignment with the Clustal series

of programs. Nucleic Acids Res. 31:3497-3500.

. Combet C, et al. 2007. euHCVdb: the European hepatitis C virus data-

base. Nucleic Acids Res. 35:D363-D366.

. Crooks GE, Hon G, Chandonia JM, Brenner SE. 2004. WebLogo: a

sequence logo generator. Genome Res. 14:1188-1190.

. Davis GL, Alter MJ, El-Serag H, Poynard T, Jennings LW. 2010. Aging

of hepatitis C virus (HCV)-infected persons in the United States: a multi-
ple cohort model of HCV prevalence and disease progression. Gastroen-
terology 138:513-521.

. Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accu-

racy and high throughput. Nucleic Acids Res. 32:1792-1797.

. Fabian MR, Sonenberg N, Filipowicz W. 2010. Regulation of mRNA

translation and stability by microRNAs. Annu. Rev. Biochem. 79:351—
379.

. Friebe P, Lohmann V, Krieger N, Bartenschlager R. 2001. Sequences in

the 5’ nontranslated region of hepatitis C virus required for RNA replica-
tion. J. Virol. 75:12047-12057.

Fukushi S, et al. 2001. Interaction of poly(rC)-binding protein 2 with
the 5’-terminal stem loop of the hepatitis C-virus genome. Virus Res.
73:67-79.

Galtier N, Gouy M, Gautier C. 1996. SEAVIEW and PHYLO_WIN: two
graphic tools for sequence alignment and molecular phylogeny. Comput.
Appl. Biosci. 12:543~548.

Grimson A, et al. 2007. MicroRNA targeting specificity in mammals:
determinants beyond seed pairing. Mol. Cell 27:91-105.

Hafner M, et al. 2010. Transcriptome-wide identification of RNA-
binding protein and microRNA target sites by PAR-CLIP. Cell 141:129—
141.

Henke J1, et al. 2008. microRNA-122 stimulates translation of hepatitis C
virus RNA. EMBO J. 27:3300-3310.

Jangra RK, Yi M, Lemon SM. 2010. miR-122 regulation of hepatitis C
virus translation and infectious virus production. J. Virol. 84:6615-6625.
Jopling CL, Schutz S, Sarnow P. 2008. Position-dependent function for
a tandem microRNA miR-122-binding site located in the hepatitis C virus
RNA genome. Cell Host Microbe 4:77—85.

Jopling CL, Yi M, Lancaster AM, Lemon SM, Sarnow P. 2005. Modu-

July 2012 Volume 86 Number 13

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Supplementary Interactions of miR-122 with HCV RNA

lation of hepatitis C virus RNA abundance by a liver-specific microRNA.
Science 309:1577-1581.

Lemon SM, Walker C, Alter MJ, Yi M. 2007. Hepatitis C viruses, p
1253-1304. In Knipe DM, et al (ed), Fields virology, 5th ed. Lippincott
Williams & Wilkins, Philadelphia, PA.

May, Yates ], Liang Y, Lemon SM, Yi M. 2008. NS3 helicase domains
involved in infectious intracellular hepatitis C virus particle assembly. J.
Virol. 82:7624-7639.

Machlin ES, Sarnow P, Sagan SM. 2011. Masking the 5’ terminal nucle-
otides of the hepatitis C virus genome by an unconventional microRNA-
target RNA complex. Proc. Natl. Acad. Sci. U. S. A. 108:3193-3198.
O’Carroll D, et al. 2007. A Slicer-independent role for Argonaute 2 in
hematopoiesis and the microRNA pathway. Genes Dev. 21:1999-2004.
Pang PS, et al. 2012. Structural map of a microRNA-122: hepatitis C virus
complex. J. Virol. 86:1250-1254.

Perz JF, Armstrong GL, Farrington LA, Hutin YJ, Bell BP. 2006. The
contributions of hepatitis B virus and hepatitis C virus infections to cir-
rhosis and primary liver cancer worldwide. J. Hepatol. 45:529~538.
Roberts AP, Lewis AP, Jopling CL. 2011. miR-122 activates hepatitis C
virus translation by a specialized mechanism requiring particular RNA
components. Nucleic Acids Res. 39:7716-7729.

Shimakami T, et al. 2011. Protease inhibitor-resistant hepatitis C virus
mutants with reduced fitness from impaired production of infectious vi-
rus. Gastroenterology 140:667—675.

Shimakami T, et al. 2012. Stabilization of hepatitis C RNA by an Ago2-
miR-122 complex. Proc. Natl. Acad. Sci. U. S. A. 109:941-946.
Simmonds P, et al. 2005. Consensus proposals for a unified system of
nomenclature of hepatitis C virus genotypes. Hepatology 42:962-973.
Villanueva RA, et al. 2010. miR-122 does not modulate the elongation
phase of hepatitis C virus RNA synthesis in isolated replicase complexes.
Antiviral Res. 88:119-123.

Wang L, Jeng KS, Lai MM. 2011. Poly(C)-binding protein 2 interacts
with sequences required for viral replication in the hepatitis C virus
(HCV) 5’ untranslated region and directs HCV RNA replication through
circularizing the viral genome. J. Virol. 85:7954-7964.

Yi M, Villanueva RA, Thomas DL, Wakita T, Lemon SM. 2006. Pro-
duction of infectious genotype 1a hepatitis C virus (Hutchinson strain) in
cultured human hepatoma cells. Proc. Natl. Acad. Sci. U. S. A. 103:2310—
2315.

jviasm.org 7383

- 175 -



Stabilization of hepatitis C virus RNA by an

Ago2-miR-122 complex

Tetsuro Shimakami®', Daisuke Yamane®', Rohit K. Jangra®"?, Brian J. Kempf®, Carolyn Spaniel®, David J. Barton®,

and Stanley M. Lemon®?3

3Lineberger Comprehensive Cancer Center and Division of Infectious Diseases, Department of Medicine, University of North Carolina at Chapel Hill, Chapel
Hill, NC 27599-7292; and "Department of Microbiology, University of Colorado School of Medicine, Aurora, CO 80045

Edited* by Charles M. Rice, The Rockefeller University, New York, NY, and approved December 5, 2011 (received for review July 27, 2011)

MicroRNAs (miRNAs) are small noncoding RNAs that regulate
eukaryotic gene expression by binding to regions of imperfect
complementarity in mRNAs, typically in the 3’ UTR, recruiting an
Argonaute (Ago) protein complex that usually results in transla-
tional repression or destabilization of the target RNA. The trans-
lation and decay of mRNAs are closely linked, competing pro-
cesses, and whether the miRNA-induced silencing complex (RISC)
acts primarily to reduce translation or stability of the mRNA remains
controversial. miR-122 is an abundant, liver-specific miRNA that is
an unusual host factor for hepatitis C virus (HCV), an important
cause of liver disease in humans. Prior studies show that it binds
the 5’ UTR of the messenger-sense HCV RNA genome, stimulating
translation and promoting genome replication by an unknown
mechanism. Here we show that miR-122 binds HCV RNA in associ-
ation with Ago2 and that this slows decay of the viral genome in
infected cells. The stabilizing action of miR-122 does not require
the viral RNA to be translationally active nor engaged in replica-
tion, and can be functionally substituted by a nonmethylated 5
cap. Our data demonstrate that a RISC-like complex mediates the
stability of HCV RNA and suggest that Ago2 and miR-122 act co-
ordinately to protect the viral genome from 5’ exonuclease activity
of the host mRNA decay machinery. miR-122 thus acts in an un-
conventional fashion to stabilize HCV RNA and slow its decay,
expanding the repertoire of mechanisms by which miRNAs modu-
late gene expression.

RNA decay | viral host factor

MicroRNAs (miRNAs) typically regulate eukaryotic gene
expression by binding to regions of imperfect comple-
mentarity in the 3 UTR of mRNAs, recruiting an Argonaute
(Ago) protein complex that results in translational repression or
destabilization of the target RNA (1). Although miRNAs regu-
late a majority of genes, an unresolved question is whether the
miRNA-induced silencing complex (RISC) acts primarily to re-
duce translation or enhance decay of the mRNA, two closely
linked, competing processes (2—4). miR-122 is an abundant, liver-
specific miRNA, comprising >50% of mature miRNAs in human
hepatocytes and regulating the expression of numerous hepatic
genes, including those involved in fatty acid and cholesterol
metabolism (5, 6). It is also a very unusual host factor required
for replication of hepatitis C virus (HCV), an important cause of
liver disease in humans (7, 8). Prior studies show that miR-122
binds the 5' UTR of the positive-strand HCV RNA genome (7,
9), stimulating viral protein expression and promoting viral rep-
lication by a poorly understood mechanism (10, 11).

Although miR-122 does not directly stimulate HCV RNA
synthesis (12, 13), its ability to promote genome amplification is
independent of its regulation of hepatic metabolism (12) and
requires the binding of its “seed sequence” (nucleotides 2-8) to
two conserved sites (S1 and S2) in the viral 5' UTR (7, 9). Ad-
ditional “supplementary” base-pairing between miR-122 and
HCV RNA sequences upstream of S1 and S2 has also been
recognized recently and shown to be essential for promotion of
genome amplification (14, 15). The miR-122 binding sites are

www.pnas.org/cgi/doi/10.1073/pnas. 1112263109

near the 5’ end of the RNA and immediately upstream of an
internal ribosome entry site (IRES) that has high affinity for the
40S ribosome subunit (16). The unusual ability of miR-122 to
stimulate viral protein translation (10, 11) is dependent on where
it binds, because miR-122 suppresses expression of capped re-
porter mRNAs that contain the HCV target sequence in the 3’
UTR (9). Translation enhancement only partially explains the
role of miR-122 in the HCV life cycle, however, because mutant
viral RNAs that are deficient in miR-122 binding are far more
handicapped in their ability to replicate than viral RNAs with
mutations in the IRES that result in quantitatively comparable
defects in translation (11).

Although there has been speculation that miR-122 might pro-
mote genome amplification and viral protein expression by phys-
ically stabilizing HCV RNA (14, 17), previous experimental results
suggest this is not the case and that miR-122 does not enhance
RNA stability (7, 10). Here we present a contrasting view and
show that binding of miR-122 to the 5" terminus of HCV RNA in
association with Ago2 significantly slows decay of the viral RNA
genome in infected cells. miR-122 thus acts in an unconventional
fashion to stabilize HCV RNA, expanding the repertoire of
mechanisms by which miRNAs modulate gene expression.

Results

We studied how miR-122 influences the stability of synthetic
HCV RNA transfected into human hepatoma cells. Northern
blots demonstrated significant increases in the abundance of
a replication-defective viral RNA (H77S/GLuc2A-AAG, that
contains a lethal mutation in its RNA polymerase) (Fig. 14)
when it was electroporated into cells together with duplex miR-
122 (Fig. 1B). miR-124, a brain-specific miRNA that does not
bind HCV RNA, had no such effect. Conversely, cotransfection
of viral RNA with 2’0O-methyl-modified (2°0OMe) or locked
nucleic acid antisense oligoribonucleotides capable of seques-
tering miR-122 reduced the abundance of HCV RNA at 3, 6,
and 9 h after electroporation. These differences were re-
producible in multiple experiments and observed with HCV
RNAs containing 5 UTR sequence from either genotype 1
(H77) or genotype 2 (JFH1) virus. We estimated the rate of viral
RNA decay by Phosphorlmager analysis of Northern blots,
normalizing HCV RNA abundance (HCV RNA/actin mRNA)
to that present at 3 h after electroporation to compare rates of
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Fig. 1. miR-122 stabilizes the HCV RNA genome. (4) Organization of H77S/GLuc2A-AAG RNA that expresses GLuc as part of the HCV polyprotein (31). The
AAG mutation in NS5B ablates genome amplification. The position at which miR-122 binds the 5’ UTR is shown. (B) Northern blot of H775/GLuc2A-AAG and
actin RNA (loading control) in Huh-7.5 cells after electroporation of viral RNA together with duplex miRNAs or antisense oligoribonucleotides. (C) Quanti-
tation of HCV RNA relative to actin mRNA by phosphorimaging of Northern blots from five independent electroporation experiments. Data shown represent
the mean percentage RNA remaining (+SEM) relative to that present at 3 h after electroporation under each condition. Data were fit to a one-phase decay
model (R? = 0.87-0.99). The shaded area represents the approximate limit of detection (LOD; 9 h posttransfection data from anti-miR-122-transfected cells
were below the LOD and excluded from analysis). (D) Mean HCV RNA t,/; estimated by fitting the Northern blot data to a one-phase decay model, as shown in
C. Error bars indicate 95% confidence intervals. (F) Northern blot of HCV RNA in persistently infected (>3 wk) cells treated with PSI-6130 (10 pM or >10-fold
the ECsp) and transfected with miRNAs or 2'OMe oligoribonucleotides. (F) Phosphorimager quantitation of Northern blots in two replicate experiments
involving PSI-6130 treatment. Results were normalized to RNA abundance in mock-transfected cells at 12 h. See D for the key. (G) Mean HCV RNA t4;; + SD in
cells supplemented with miR-122 vs, miR-124 after PSI-6130 treatment, estimated by fitting Phosphorimager data from four independent experiments to
a one-phase decay model. P = 0.007 by two-sided paired t test. (H) gRT-PCR determination of HCV RNA decay in infected cells treated with PSI-6130 and
supplemented with miRNAs and antisense oligoribonucleotides as in E. Data are from three replicate infected cultures, and represent HCV genome equiv-
alents (GE) per pg total RNA + SD (left) HCV RNA in cells supplemented with miR-122 or miR-124. Data were fit to a one-phase decay model (R? = 0.86-0.95):
HCV RNA t,,, =30.3 h for miR-122 vs. 19.8 h for miR-124 (P = 0.018). Right: Cells treated with 2'-OMe anti-miR-122 or anti-random (R? = 0.95-0.96): t;, =18.2 h
for anti-miR-122 vs. 21.9 h for anti-random (P = 0.023). The dashed line in both panels represents the one-phase decay curve in mock-treated cells.
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decay between 3 and 9 h under different conditions (Fig. 1C).
This allowed for recovery of the cells after electroporation, and
when the data were fit to a one-phase decay model, indicated
that the half-life (t;;) of HCV RNA in cells cotransfected with
miR-122 was 5.2 hvs. 3.60 h for cells cotransfected with miR-124
(P = 0.0035 by the extra sum-of-squares F test) and 3.3 vs. 2.0 h
for cells transfected with anti-random vs. the anti-miR-122
antagomir (P = 0.0016) (Fig. 1D). Similar differences in rates of
decay were observed when HCV RNA was assayed by quantita-
tive RT-PCR (qRT-PCR) (Fig. S14). Differences in RNA decay
were matched by differences in viral protein expression (Fig.
S18), monitored by measuring Gaussia luciferase (GLuc) enco-
ded by sequence inserted into the viral genome (Fig. 14). Taken
together, these results indicate that miR-122 positively regulates
the stability of transfected HCV RNA. The corresponding in-
crease in protein expression provides a logical explanation for the
enhanced HCV translation reported previously (10, 11).

Because transfected RNA is likely to be subject to different
decay pathways than replicating viral genomes in infected cells,
we determined whether miR-122 also slows degradation of viral
RNA in infected cells treated with PSI-6130, a potent and specific
nucleoside inhibitor that arrests new viral RNA synthesis (18).
Under these conditions, as expected, viral RNA degraded more
slowly than after electroporation (compare Fig. 1 B and E).
However, its rate of decay was reduced when miR-122 was
transfected simultaneously with PSI-6130 treatment (Fig. 1E).
When fit to a one-phase decay model, Phosphorlmager data from
replicate experiments (Fig. 1F) indicated a significant difference
in the rate constant for HCV RNA decay, k (k = In(2)/ty), in
cells supplemented with miR-122 vs. miR-124 (P = 0.048 by the
extra sum-of-squares F test). The difference in the t;,, was highly
significant statistically (P = 0.007 by two-sided paired ¢ test) (Fig.
1G). Likewise, increases in the decay rate in cells transfected with
anti-miR-122 vs. the control anti-random oligonucleotide were
also significant (P = 0.014 by F test), whereas decay rate con-
stants were similar in cells receiving anti-miR-124, anti-random,
or mock treatment (P > 0.05). Similar results were observed
when miR-122 was transfected into cells 8 h after the addition of
PSI-6130, which would allow for any potential delay in suppres-
sion of viral RNA synthesis due to the need for phosphorylation
of the inhibitor (Fig. S1 C and D).

In a completely independent set of experiments, we used qRT-
PCR to quantify HCV RNA in infected cells treated with PSI-
6310. The results suggested a longer t;, for HCV RNA (x~19 h
vs. 10 h) in miR-124-treated cells than that determined by
Northern analysis. This is likely to reflect the small size of the
RNA segment detected in the RT-PCR assay (221 bases vs. the
9.7-kb RNA genome detected in Northern blots) and the in-
ability of the RT-PCR assay to discriminate between intact and
partially degraded RNAs. However, we again observed signifi-
cant differences in HCV RNA decay rates in cells supplemented
with miR-122 vs. miR-124, or anti-miR-122 vs. anti-random (Fig.
1H). Although the magnitude of this effect is relatively small (not
unlike the impact of miRNAs on cellular mRNA translation),
these data show collectively that miR-122 reproducibly stabilizes
the viral RNA genome in infected cells.

We next determined whether miR-122 could directly stabilize
RNA in a cell-free system. For this, we compared poliovirus
(PV) RNA and a related RNA (DNVR?2) in which the PV 5’
UTR was replaced with the HCV 5 UTR (Fig. 24). The sta-
bilities of these RNAs have been compared previously in S10
translation mixtures prepared from HeLa cells (19, 20), pro-
viding a useful context for these experiments. PV RNA is sta-
bilized in these extracts by poly(rC) binding protein 1 (hnRNP1-
E1), which associates with a 5’-terminal cloverleaf RNA structure,
and decays more slowly than DNVR2 RNA (20). However,
DNVR2 RNA stability was increased and approximated that of
PV RNA when duplex miR-122, but not miR-124, was added to

Shimakami et al.

S10 reactions before the viral RNA (Fig. 2 B and C). The sta-
bilization of DNVR2 RNA by miR-122 was reproducible and
statistically significant (Fig. 2 legend). In contrast, neither
miRNA enhanced stability of PV RNA lacking HCV sequence.
Thus, miR-122 directly regulates stability of RNA containing the
HCV 5" UTR and does not accomplish this indirectly by mod-
ulating cellular gene expression.

Mutations in S1 and S2 that ablate miR-122 binding are lethal
to replication of HCV that has been adapted to growth in cell
culture (HJ3-5 virus) (11). Similarly, Northern blots revealed
that an HCV mutant defective in miR-122 binding at both sites
(51-82-p6bm; Fig. 34) (11), as well as polymerase function (GDD
to GND substitution in NS5B), was not stabilized by miR-122
when transfected into hepatoma cells (Fig. 3B, compare lanes 1-
3 vs. 4-6). In contrast, the complementary miR-122 mutant
(miR-122p6) (Fig. 34) did stabilize S1-S2-p6m RNA (Fig. 3B,
lanes 1-3 vs. 7-9) but not viral RNA with WT S1 and S2
sequences. The differences in HCV RNA abundance apparent in
these blots were reproduced in multiple experiments, statistically
significant (Fig. S24), and mirrored by differences in GLuc
expressed from these nonreplicating viral RNAs (Fig. S2B).
Collectively, these data indicate that HCV RNA is physically
stabilized as a result of miR-122 binding to its 5’ UTR, a unique
action for a miRNA.

Because mRNA translation and decay are closely coupled
processes (2), we considered the possibility that miR-122 could
stabilize the RNA by promoting its translation. We thus evalu-
ated its ability to slow decay of an RNA containing three con-
secutive base substitutions in an RNA loop within the HCV
IRES [mutant G(266-8)C; Fig. 3C]. These base changes elimi-
nate IRES affinity for the 40S ribosome particle and ablate
translation (11, 16), even in cells supplemented with miR-122
(Fig. S34). Consistent with the notion that translation and decay
are intrinsically linked (2), Northern blots of cells transfected
with equivalent amounts of WT and G(266-8)C RNA (both
containing an NS5B mutation ablating RNA replication) con-
sistently showed a lower abundance of the G(266-8)C mutant,
suggesting that it was less stable than RNA with a WT 5’ UTR
(Fig. 3 D and E). Nonetheless, decay of the translationally

miR-122 Amer Jzaelas] 2c [3al3s | scm] 30#% 3
Y <

/ DNVR2

B C

None 4
o, DNVRZ . PV .
-+ miR-124 miR-12
609 60 - Sﬁ:zz miR-124 4

40

cpmx 103

None |

miR-122

20

o

0 — o
0 60 120 180 240 60 120 180 240
Min Min

miR-124 |
0051 2 3hrs

Fig. 2. miR-122 stabilizes synthetic RNA containing the HCV 5' UTR. (4)
Structure of DNVR2 and PV RNAs (19), which differ only in 5’ UTR sequence.
(B) miR-122 slows decay of DNVR2 RNA in Hela S10 lysate. Data shown
represent acid-precipitable o-[>?P]-CTP-labeled RNA in Hela $10 reaction
mixtures (19) containing 1 pM of duplex miRNA. The DNVR2 decay constant
in MiR-122- vs. miR-124-supplemented mixtures, estimated by fitting the
data to a one-phase decay model (R* = 0.972-0.989), differed significantly
(P = 0.002). (C) RNA extracted from Hela S10 reaction mixtures and frac-
tionated by electrophoresis in 0.8% agarose.
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Fig. 3. Stabilization of HCV RNA requires miR-122 binding and is in-
dependent of translation. (A) Upper: miR-122 and mutant miR-122p6 guide-
strand sequences. Lower: 5’ terminal sequence of HCV (HJ3-5/GLuUc2A virus),
with S1 and S2 binding sites shown in red. Point mutations (underlined) in
the related $1-52-p6m-GND mutant (11) are shown above. SL-1 and SL-2 are
putative stem-loop structures in the 5° UTR. (B) Northern blots of HJ3-5/
GLuc2A-GND and the related $1-52-p6m-GND mutant RNA after transfection
into Huh-7.5 cells with RNA oligoribonucleotides as in Fig. 18. (C) Putative
secondary structure of the HCV 5’ UTR, showing the location of stem-loop
llld and the G(266-8)C IRES mutation that ablates translation. (D) Northern
blot showing HCV RNA abundance in MEFs transfected with HCV RNA (H77S/
GLUc2A-AAG) containing (Upper) the WT 5’ UTR vs. (Lower) the transla-
tionally inactive G(266-8)C mutant, and supplemented with the indicated
miRNAs. (E) Phosphorimager quantitation of HCV RNA in Northern blots of
6-h cell lysates from two independent experiments carried out as shown in D.

inactive mutant was significantly slowed when the cells were
supplemented with miR-122 (Fig. 3 D and E). These experiments
were carried out in murine embryonic fibroblasts (MEFs) that do
not express detectable endogenous miR-122. Similar results were
obtained both in MEFs and hepatoma cells with another IRES
mutant, G(267)C, that retains affinity for the 40S subunit but is
also translationally dead (11, 16) (Fig. S3 B-E). Collectively these
results show that miR-122 does not stabilize HCV RNA by pro-
moting its translation or enhancing its association with ribosomes.
Active engagement in translation and miR-122 promote stability
of the RNA genome independently, and possibly additively.

Randall et al. (21) reported previously that RNAi-mediated
depletion of any of the Ago proteins (particularly Ago4) or Dicer
inhibited the ability of HCV to infect cells. In contrast, we found
that only Ago2 depletion (Fig. S44) inhibited HCV RNA rep-
lication in hepatoma cells with previously established infection
(Fig. 44). Ago2 depletion had no effect on cell growth (Fig. S4B)
but reduced both HCV RNA abundance and protein expression
(Fig. 44). This was not observed with depletion of other Ago
proteins or Dicer. Although we are uncertain why our results
differ from those of Randall et al. (21), they suggest that Ago2
plays a special role in HCV replication. Two recent studies are
consistent with this: they show Ago2 to be required for miR-122
to promote HCV genome amplification (15, 22). However,
a third study found no impairment in miR-122 modulation of
HCYV in Ago2-depleted cells (14).

944 | www.pnas.org/cgi/doi/10.1073/pnas.1112263109

Consistent with the stabilization of HCV RNA requiring in-
teraction with an miR-122-associated RISC complex, we ob-
served no stabilizing or translation-enhancing effect in hepatoma
cells transfected with single-stranded miR-122 (guide strand
only, rather than the duplex miRNA transfected in previous
experiments) (Fig. S4C). To determine whether miR-122 binds
as a complex with Ago2, we lysed MEFs shortly after electro-
poration with HCV RNA together with duplex miR-122 and
used RT-PCR to interrogate Ago2 immunoprecipitates for the
presence of viral RNA. HCV RNA with WT S1 and S2 sequence
coimmunoprecipitated with Ago2 (Fig. 4B). However, RNA with
point mutations in S1 and S2 that ablate miR-122 binding (Fig.
34) coimmunoprecipitated with Ago2 only when cells were
supplemented with the complementary miR-122 mutant, miR-
122p6 (Fig. 4B). Transfected HCV RNA was also enriched in
anti-Flag immunoprecipitates from hepatoma cells ectopically
expressing Flag-Ago2 vs. Flag-Agol (Fig. S5). Thus, miR-122
binds the HCV 5’ UTR in association with Ago2. Lesser
amounts of Agol may also be present in the complex.

To determine whether Ago2 plays a functional role in stabi-
lizing HCV RNA, we compared the ability of miR-122 to slow
the decay of the RNA when electroporated with it into WT or
Ago2-deficient (Ago2™~) MEFs (23). This revealed a striking
dependence on Ago2, because miR-122 had no effect in Ago2™~
MEFs, whereas it significantly stabilized the viral RNA and en-
hanced viral translation in matched WT cells (Fig. 4 C and D).
Ectopic expression of human Flag-Ago2 in the Ago2™~ MEFs
restored the ability of miR-122 to positively regulate protein
expression from HCV RNA, further confirming the requirement
for Ago2 (Fig. S6). To ascertain whether it is possible for other
Ago proteins to functionally substitute for Ago2 in stabilizing
HCV RNA, we also overexpressed human Flag-Agol in the
Ago2™"~ MEFs. This only partially rescued the ability of miR-122
to promote HCV protein expression (Fig. S6B), although
immunoblots with anti-Flag antibody indicated that Flag-Agol
was overexpressed at almost threefold the abundance of Flag-
Ago2 and well above physiologically relevant levels (Fig. S64).
Thus, Ago2 is not unique in its ability to support miR-122 en-
hancement of HCV protein expression, but it seems to do this
more efficiently than Agol. This is consistent with the greater
enrichment of HCV RNA we observed in Flag-Ago2 compared
with Flag-Agol immunoprecipitates (Fig. S5). Additional experi-
ments confirmed that Ago2 is the dominant Ago protein in-
volved in miR-122 stabilization of HCV RNA. RNAi-mediated
depletion of Ago2 reduced the ability of miR-122 to stabilize
HCV RNA and promote its translation in HeLa cells (Fig. S7. A~
D). Importantly, the magnitude of this effect mirrored the re-
duction in miR-122-mediated suppression of a reporter nRNA
containing the HCV miR-122 binding sites within its 3’ UTR (9)
(Fig. STE).

These results suggest a functional interaction of Ago2 with
RNA decay machinery. Because HCV RNA lacks a 5’ m’G cap,
one possibility is that miR-122 recruits an Ago2 RISC complex to
the 5’ end of viral RNA that protects it from 5’ exonuclease
activity. If so, this protective action should be rendered re-
dundant by providing the RNA with a 5’ cap. To test this, we
synthesized HCV RNAs with or without a 5’ nonmethylated
guanosine cap analog and compared their stabilities after trans-
fection into MEFs with or without miR-122. As anticipated, miR-
122 had no effect on the rate of decay of the 5’ capped RNA,
whereas it substantially stabilized the uncapped HCV RNA (Fig.
5A4). The magnitude of protein expression (GLuc) from capped
RNA was comparable to that from the uncapped RNA in cells
supplemented with miR-122 and was not further increased by
miR-122 (Fig. 5B). Thus, the 5’ cap enhanced stability and pro-
tein expression from HCV RNA, functionally substituting for
miR-122 and providing strong evidence that the miR-122-Ago2
complex protects HCV RNA from 5’ exonuclease. Importantly,
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translation of the capped HCV RNA was IRES-dependent, be-
cause the nonmethylated 5’ cap lacked the ability to recruit
eukaryotic initiation factors.
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Fig. 4. Ago2 binds HCV RNA in association with miR-122 and is required for
stabilization. (A) RNAI depletion of Ago2 impairs HCV genome amplification
in persistently infected (HJ3-5/GLuc2A virus) cells. Left: HCV RNA abundance
relative to that in cells transfected with nontargeting siRNA (Ctrl) 72 h after
siRNA transfection. RNA was assayed by qRT-PCR; data are mean =+ range of
paired cultures. Right: GLuc activity secreted into media between 48 and
72 h, relative to si-Ctrl-transfected cultures {(mean =+ range). (B) miR-122 binds
HCV RNA as a complex with Ago2. Lysates were prepared from WT MEFs 6 h
after electroporation with HJ3-5/GND or S$1-52-p6m-GND RNA (Fig. 3A),
mixed with miR-122 or miR-122p6, and immunoprecipitated with anti-Ago2
antibody. After extensive washing, RNA was extracted from the precipitates
and subjected to a one-step HCV-specific RT-PCR (30 cycles). HCV RNA was
enriched in precipitates from HJ3-5/GND-transfected cells supplemented
with miR-122, or 51-52-p6m-GND cells supplemented with miR-122p6. (C)
Northern blots showing miR-122 does not stabilize HCV RNA in Ago2~~
MEFs. Cells were electroporated with HCV RNA (H77S/GLUC2A-AAG) to-
gether with miR-122, miR-124, or no miRNA (Mock), then lysed at 3-h
intervals and assayed for HCV RNA abundance. miR-122 stabilized HCV RNA
only in WT MEFs and was without effect in Ago2™~ cells. (D) GLuc activity in
supernatant fluids from MEFs cotransfected with HCV RNA and the indicated
miRNA (mean + range). Data shown are representative of two or more in-
dependent experiments.
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Discussion

Our results reveal a unique mechanism by which a miRNA in
association with Ago2 regulates the expression of its target RNA,
in this case the HCV genome. Although miR-10a enhances
translation by binding the 5 UTR of ribosomal protein mRNAs
containing 5’ terminal oligopyrimidine (TOP) motifs (24), miR-
NAs have not been recognized to slow decay or up-regulate
abundance of their RNA targets. miR-122 does this by recruiting
an Ago2 RISC-like complex to the 5' end of the HCV RNA ge-
nome. As evidenced by the IRES mutants (Fig. 3D and Fig. S3D),
the stabilizing action of miR-122 does not require the target HCV
RNA to be capable of translation and thus does not result from
increased ribosomal loading. Stabilization also does not require
the RNA to be replication competent (Fig. 1 B and C).

Because a nonmethylated 5’ cap analog functionally sub-
stitutes for miR-122 (Fig. 5), the RISC-like complex recruited
by miR-122 is likely to act by protecting the RNA from 5’
exonuclease. Whether this occurs simply as a result of physically
masking the 5 end of the viral RNA from 5’ exonuclease at-
tack, or whether Ago2 plays a more complex role by influenc-
ing the association of HCV RNA with P bodies (25), sites of
mRNA degradation and storage, remains to be determined.
Binding of a RISC-like complex could also limit recognition of
the 5’ triphosphate of HCV RNA by retinoic acid-inducible
gene 1 (RIG-I), a ubiquitous innate immune pathogen recog-
nition receptor (26) that is capable of inducing interferons and
interferon-stimulated genes, including RNase L, an endonucle-
ase, and ISG20, a 3'-5" exonuclease (27). However, subversion of
RIG-I-dependent viral RNA degradation played no role in the
stabilization of HCV RNA in our experiments because the Huh-7.5
cells used are deficient in RIG-I signaling (28).

A 5 Cap 3.6 9 3 6
Mock #i¢+

miR-122 8 8 e - &
miR-124 | L)
288
No cap 3 6 95 3 6 9hs

5’ Cap
1601 e MIR-124
140 —&—- miR-122

1204 o Mock

100+

[ e e L
3 6 9 12 15

3 6 9 12 15

Fig. 5. A nonmethylated 5’ guanosine cap functionally substitutes for miR-
122 in stabilizing HCV RNA. (A) Northern blots of HCV RNA in lysates of MEFs
after electroporation with HCV RNA (H77S/GLUc2A-AAG) (Fig. 1A) synthe-
sized with or without a nonmethlyated G[5']ppp[5']G-RNA cap. HCV RNAs
were transfected together with miR-122, miR-124, or no miRNA (Mock). 285
rRNA is shown as a loading control. (B) GLuc activity in supernatant fluids of
MEFs transfected with capped or uncapped HCV RNAs (mean + range of two
replicate cultures). Data shown are representative of two or more in-
dependent experiments.
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The mechanism by which miR-122 stabilizes HCV RNA is
distinct from the up-regulation of translation by miRNAs that
target AU-rich elements within the 3’ UTRs of some mRNAs,
because the latter occurs only in quiescent cells arrested at the
Gy phase of the cell cycle (29, 30). Moreover, miRNA-mediated
stimulation of translation in quiescent cells has not been linked
to stabilization of the target mRNA, as we show here for miR-
122. Still to be determined is whether the protein composition of
the RISC-like complex that is recruited to the 5 UTR by miR-
122 differs significantly from miRNA-induced RISC complexes
involved in translational repression.

The stabilization of HCV RNA by miR-122 is likely to be
responsible for the miR-122-induced enhancement of HCV
translation reported previously (10, 11). Mutations in the viral
RNA that prevent binding of miR-122 also ablate replication of
infectious virus (11) and prevent stabilization of the genome by
miR-122 (Fig. 3). Depletion of Ago2 has similar effects on
replication, translation, and RNA stability (15, 22) (Fig. 4). This
makes it difficult to distinguish between these consequences of
miR-122 binding to the 5 UTR or to determine the primary role
played by miR-122 as a host factor for viral replication. However,
stabilization of the genome is likely to be a key factor in the
promotion of viral replication by miR-122. A recombinant HCV
in which the U3 RNA sequence was inserted in lieu of the S1
binding site in the 5’ UTR was found recently to be less de-
pendent upon miR-122 for replication (17), possibly because the
U3 sequence stabilized the RNA, much as a 5’ cap did (Fig. 5).
Nonetheless, it would not be surprising to find that miR-122 has
other functions in the viral life cycle in addition to its role in
stabilizing the viral RNA genome, perhaps in the initiation of
viral RNA synthesis.
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Methods

Viral RNA Stability in Transfected Cells. RNA was transcribed in vitro (11) from
pH775/GLuc2A-AAG, which contains the complete genotype 1a HCV se-
quence with GLUC2A placed in-frame within the polyprotein-coding region
(31) and a lethal GDD to AAG mutation in NS5B. Where indicated, a non-
methylated 5’ guanosine cap was added using the ScriptCap m7G Capping
System (Epicentre Biotechnologies). Viral RNA (20 ug) and miRNA duplexes
(11) or antisense oligoribonucleotides (1 pM) were mixed with 1 x 107 Huh-
7.5 cells in a 4-mm cuvettete and pulsed once at 250 V, 950 pF, and 100 Q in
a Gene Pulser Xcell Total System (Bio-Rad). HeLa cells were electroporated at
300 V, 500 pF, and o Q, and MEFs at 400 V, 250 pF, and oo Q. Cells were
harvested at intervals and supernatant fluids assayed for GLuc activity (31)
and HCV RNA abundance in cell lysates assessed by Northern blotting (11).
Polyadenylated reporter RNAs encoding firefly or Cypridina luciferase were
cotransfected to monitor transfection efficiency (11).

HCV-infected Cells. Synthetic HJ3-5 or HJ3-5/GLuc2A RNA (31) was transfected
into 1 x 107 FT3-7 cells, which were passaged until >90% positive for core
antigen in an immunofluorescence assay (11). siRNA pools targeting Ago1-4
or Dicer and control siRNA pools (Dharmacon) were transfected using
sitentfect Lipid Reagent (Bio-Rad). miRNA duplexes or single-stranded oli-
goribonucleotides (50 nM) were transfected using Lipofectamine 2000
(Invitrogen).

Additional methods and associated references can be found in S/ Methods.
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Abstract

Hepatocellular carcinoma (HCC) often develops in association with liver cirrhosis, and its high recurrence rate

leads to poor patient prognosis. Although recent evidence suggests that peretinoin, a member of the acyclic
retinoid family, may be an effective chemopreventive drug for HCC, published data about its effects on hepatic
mesenchymal cells, such as stellate cells and endothelial cells, remain limited. Using a mouse model in which
platelet-derived growth factor (PDGF)-C is overexpressed (Pdgf-c Tg), resulting in hepatic fibrosis, steatosis, and
eventually, HCC development, we show that peretinoin significantly represses the development of hepatic fibrosis
and tumors. Peretinoin inhibited the signaling pathways of fibrogenesis, angiogenesis, and Wnt/B-catenin in Pdgf-
¢ transgenic mice. [n vitro, peretinoin repressed the expression of PDGF receptors 0./f3 in primary mouse hepatic
stellate cells (HSC), hepatoma cells, fibroblasts, and endothelial cells. Peretinoin also inhibited PDGF-C~activated
transformation of HSCs into myofibroblasts. Together, our findings show that PDGF signaling is a target of
peretinoin in preventing the development of hepatic fibrosis and HCC. Cancer Res; 72(17); 4459-71. ©2012 AACR.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common
malignancies worldwide with a particularly poor patient out-
come (1). It often develops as a result of chronic liver disease
associated with hepatitis B or hepatitis C virus infection or
with other etiologies such as long-term alcohol abuse, auto-
immunity, and hemochromatosis (2-5). Despite the recent
advances in antiviral therapy for hepatitis B or hepatitis C
virus, these are insufficient to completely prevent the occur-
rence of HCC. Moreover, the recent increase in nonalcoholic
fatty liver disease (NAFLD) associated with metabolic syn-
drome is a potential high-risk factor for the development of
HCC (6).

HCC often develops during the advanced stages of liver
fibrosis and is associated with deposits of extracellular
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matrix synthesized by activated stellate cells. During the
course of chronic hepatitis, nonparenchymal cells, including
Kupffer, endothelial, and activated stellate cells, release a
variety of cytokines and growth factors. One of these growth
factors is platelet-derived growth factor (PDGF), which is
involved in fibrogenesis, angiogenesis, and tumorigenesis
(7, 8). PDGF expression has been shown to be upregulated
from the early stages of chronic hepatitis, suggesting its
association with the development of fibrosis in chronic
hepatitis C (CH-C; refs. 9 and 10). Overexpression of
PDGF-C in mouse liver resulted in the progression of
hepatic fibrosis, steatosis, and the development of HCC;
this mouse model closely resembles the human HCC, which
is frequently associated with hepatic fibrosis (7).

Peretinoin (generic name; code, NIK-333), developed by the
Kowa Company, is an oral acyclic retinoid with a vitamin A-
like structure, which targets the retinoid nuclear receptor. Oral
administration of peretinoin was shown to significantly reduce
the incidence of posttherapeutic HCC recurrence and improve
the survival rates of patients in a clinical trial (11, 12). A large-
scale clinical study including various countries is now planned
to confirm its clinical efficacy.

Although peretinoin treatment can suppress HCC-derived
cell line growth and inhibit experimental mouse or rat liver
carcinogenesis (13, 14), the detailed mechanism of its effect has
not been fully elucidated. Peretinoin has a high binding affinity
to cellular retinoic acid-binding protein (15) and may interact
with retinoic acid receptor-p and retinoid X receptor-a. (16);
however, the precise molecular targets for preventing HCC
recurrence have not yet been elucidated.
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In this study, we used PDGF-C transgenic (Pdgf-c Tg) mice to
show that PDGF-C signaling is a possible target of peretinoin in
the prevention of hepatic fibrosis, angiogenesis, and the devel-
opment of HCC.

Materials and Methods

Chemicals

The acyclic retinoid peretinoin (generic name; code, NIK-
333) [(2E4E.6E,10E)-3,7,11,15-tetramethyl-2,4,6,10,14-hexade-
capentaenoic acid, C20H3002, molecular weight 302.46 g/mol]
was supplied by Kowa Company.

Animal studies

The generation and characterization of Pdgf-c Tg have been
described previously (7). Wild-type and Pdgf-c Tg mice on a
C57BL/6] background were maintained in a pathogen-free
animal facility under a standard 12-hour/12-hour light/dark
cycle. After weaning at week 4, male mice were randomly
divided into the following 3 groups: (1) Pdgf-c Tg or wild-type
(WT) mice given a basal diet (CRF-1, Charles River Laborato-
ries Japan), (2) Pdgf-c Tg or WT mice given a 0.03% peretinoin-
containing diet, (3) Pdgf-c Tg or WT mice given a 0.06%
peretinoin-containing diet. Control mice were normal male
homozygotes. At week 20, mice were sacrificed to analyze the
progression of hepatic fibrosis (n = 15 for each of the 3 groups).
At week 48, mice were sacrificed to analyze the development of
hepatic tumors (n = 31 for the basal diet group, n = 37 for the
0.03% peretinoin group, and n = 17 for the 0.06% peretinoin
group). The incidence of hepatic tumors, maximum tumor size,
and liver weight were evaluated. None of the treated WT mice
given a diet of 0.03% peretinoin died, but death occurred in 5%
of WT mice around after 36 weeks of age receiving a 0.06%
peretinoin diet, probably because of its toxicity. In Pdgfc Tg
mice, death was observed at similar frequency as WT mice that
received 0.06% peretinoin diet.

All animal experiments were carried out in accordance with
Guidelines for the Care and Use of Laboratory Animals at the
Takara-Machi Campus of Kanazawa University, Japan.

Cell culture

Human HCC cell lines Huh-7, HepG2, and HLE, the mouse
fibroblast cell line NIH3T3, human umbilical vein endothelial
cells (HUVEC), and human stellate cells Lx-2 (kindly provided
by Dr. Scott Friedman, Mount Sinai School of Medicine, New
York, NY) were maintained in Dulbecco's Modified Eagle
Medium (DMEM; Gibco) supplemented with 10% FBS (Gibco),
1% 1-glutamine (Gibco), and 1% penicillin/streptomycin
(Gibco) in a humidified atmosphere of 5% CO, at 37°C. 1 to
5 x 10" cells were seeded in each well of a 12-well plate the day
before serum starvation in serum-free DMEM for 8 hours. The
culture medium was then replaced with serum-free medium
containing peretinoin. After 24-hour incubation, cells were
harvested for analysis.

Isolation and culture of mouse hepatic stellate cells
Hepatic stellate cells (HSC) were isolated from C57BL/6]
mice and the effect of recombinant human PDGF-C and

peretinoin on HSCs was evaluated in vitro. Pronase-collagenase
liver digestion was used to isolate HSC from wild-type mice. All
experiments were replicated at least twice. Freshly isolated
HSCs suspended in culture medium were seeded in uncoated
24-well plates and incubated at 37°C in a humidified atmo-
sphere of 5% CO, for 72 hours. Nonadherent cells were
removed with a pipette and the culture medium was replaced
with medium containing 80 ng/mL recombinant human
PDGF-C (Abnova) with or without peretinoin or 9-cis-retinoic
acid (9¢RA; 5 or 10 pmol/L). Cells were harvested for analysis
after 24-hour incubation.

Isolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells were harvested and
labeled with FITC-conjugate CD34 (Cell Lab) and R-Phycoer-
ythrin (PE)-conjugated CD31 antibodies (Cell Lab) for 30
minutes at 4°C. After washing with 1 mL PBS, CD31 and CD34
surface expression was measured with a FACSCalibur flow
cytometer (BD Biosciences). All flow cytometric data were
analyzed using FlowJo software (Tree Star).

Gene expression profiling

Gene expression profiling in mouse liver was evaluated
using the GeneChip Mouse Genome 430 2.0 Array (Affyme-
trix). Liver tissue from WT, Pdgf-c Tg, and Pdgf-c Tg with
0.06% peretinoin mice all at weeks 20 and 48 was obtained
and a total of 34 chip assays were conducted as described
previously (17). Expression data have been deposited in
the Gene Expression Omnibus (GEO; NCBI Accession;
GSE31431).

Pathway analysis was conducted using MetaCore (GeneGo).
Functional ontology enrichment analysis was conducted to
compare the Gene Ontology (GO) process distribution of
differentially expressed genes (P < 0.01; refs. 10 and 17). Direct
interactions among differentially expressed genes between
Pdgf-c Tg mice with or without peretinoin administration were
examined as reported previously (10). Each connection repre-
sents a direct, experimentally confirmed, physical interaction
(MetaCore).

Histopathology and immunohistochemical staining

Mouse liver tissues were fixed in 10% formalin and stained
with hematoxylin and eosin. The liver neoplasms (HCC and
liver cell adenoma) were diagnosed according to previously
described criteria (18, 19). Hepatic fibrosis was evaluated by
Azan staining. Percentages of fibrous areas were calculated
microscopically using an image analysis system (BIOREVO BZ-
9000: KEYENCE Japan). Immunohistochemical (IHC) staining
was conducted by an immunoperoxidase technique with an
Envision kit (DAKO). Primary antibodies used were: rabbit
polyclonal PDGFR-0. (1:100 dilution), PDGFR-f (1:100 dilu-
tion), VEGFR1 (1:100 dilution), desmin (1:100 dilution), B-cate-
nin (1:200 dilution), and mouse monoclonal cyclin D1 (1:400
dilution; all from Cell Signaling Technology); collagen 1 (1:100
dilution), collagen 4 (1:100 dilution), CD31 (1:100 dilution), and
CD34 (1:100 dilution; all from Abcam, Cambridge, MA); and
Tie-2 (1:80 dilution) and Myc (1:100 dilution; both from Santa
Cruz Biotechnology).
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Quantitative real-time detection PCR

Total RNA was isolated from frozen liver tissue samples
using a GenElute Mammalian Total RNA Miniprep Kit
(Sigma-Aldrich) according to the manufacturer's protocol.
cDNA was synthesized from 100 ng total RNA using a high-
capacity ¢cDNA reverse transcription kit (Applied Bio-
systems) then mixed with the TagMan Universal Master
Mix (Applied Biosystems) and each TaqMan probe. Tag-
Man probes used were PDGFR-0/B, VEGFR1/2, o-SMA,
collagen 1/4, P-catenin, CyclinD1, and Myc (Applied Bio-
systems). Relative expression levels were calculated after
normalization to glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH).

Western blotting

Western blotting was conducted as described previous-
ly (20). Whole-cell lysates from mouse liver were prepared
and lysed by CelLytic MT cell lysis reagent (Sigma-Aldrich)
containing Complete Mini EDTA-free Protease Inhibitor cock-
tail tablets (Roche). Cytoplasmic and nuclear protein extracts
were prepared using the NE-PER nuclear extraction reagent kit
(Pierce Biotechnology). Primary antibodies used were PDGFR-
o (1:1,000 dilution), PDGFR-B (1:1,000 dilution), VEGFR2
(1:1,000 dilution), p44/42 MAPK (1:1,000 dilution), total AKT
(1:1,000 dilution), p-p44/42 MAPK (1:1,000 dilution), p-AKT
(Serd73; 1:1,000 dilution), p-AKT (Thr308; 1:1,000 dilution),
B-catenin (1:2,000 dilution), cyclin D1 (1:400 dilution), and
lamin A/C (1:1,000 dilution; all Cell Signaling Technology);
0-SMA (1:200 dilution; DAKO); 4-HNE (1:200 dilution; NOF);
and GAPDH (1:1,000 dilution) and Myec (1:1,000 dilution; both
Santa Cruz).

Statistical analysis

Results are expressed as mean £ SD. Significance was
tested by l-way analysis of variance with Bonferroni's
method, and differences were considered statistically signi-
ficant at P < 0.05.

Results

Peretinoin prevented the development of hepatic
fibrosis in Pdgf-c Tg

To evaluate the HCC chemopreventive effects of pereti-
noin, we used a mouse model of Pdgf-c Tg in which PDGF-C
is expressed under the control of the albumin promoter (7).
Experimental mice were male mice expressing the PDGF-C
transgene (Pdgf-c Tg); whereas male mice not expressing
the transgene were considered WT. After weaning at week 4,
Pdgf-c Tg or nontransgenic WT mice were fed a basal diet
or a diet containing 0.03% or 0.06% peretinoin. At week 20,
mice were sacrificed to analyze the progression of hepatic
fibrosis. At week 48, mice were sacrificed to analyze the
development of hepatic tumors (Fig. 1A). At week 20, Azan
staining showed that predominant pericellular fibrosis had
developed in Pdgf-c Tg mice (Fig. 1B). Densitometric analysis
showed a significant dose-dependent reduction in the size
of the fibrotic area in mice that received a diet containing
peretinoin at both weeks 20 and 48 (Fig. 1C). Peretinoin

therefore efficiently repressed the development of hepatic
fibrosis in Pdgf-c Tg mice.

The expression of fibrosis-related genes in Pdgfc Tg
mice was evaluated by IHC staining, quantitative real-time
detection PCR (RTD-PCR), and Western blotting. The ex-
pression of PDGEFR-0. and PDGFR-p, essential receptors for
intracellular PDGF-C signaling, was upregulated mainly in
the intracellular or portal area in Pdgf-c Tg mice livers
(Fig. 2), but was significantly repressed by peretinoin after
weaning at week 4. Similarly, the expression of collagen 1,
collagen 4, and desmin was significantly upregulated in Pdgf-
¢ Tg mice, but repressed by peretinoin (Fig. 2 and Supple-
mentary Fig. S1A).

RTD-PCR results confirmed that these genes were sub-
stantially upregulated in Pdgf-c Tg mice and significantly
repressed by both 0.03% and 0.06% peretinoin (Fig. 3A).
Western blotting showed that the expression of phosphor-
ylated extracellular signal-regulated kinase (p-ERK) 1/2 and
cyclin D1, representative markers of the cell proliferation
signaling pathway, was upregulated in Pdgf-c Tg mice, and
repressed by peretinoin (Fig. 3B). Thus, peretinoin could
partially but significantly prevent the development of hepat-
ic fibrosis in Pdgf-c Tg mice during the study observation
period of 48 weeks.

Peretinoin prevented the development of HCC
in Pdgf-c Tg mice

At week 48, Pdgf-c Tg mice developed hepatic tumors with an
incidence of 90% (Fig. 4A). Histologic assessment of these
tumors verified that 54% (15/28) were adenomas and 46%
(13/28) were HCC (Fig. 4A and C and Supplementary Fig. S2;
ref. 21). Peretinoin (0.03%) dose-dependently repressed the
incidence of hepatic tumors to 53% (19/36) and to 29% (5/17) at
0.06%. Correlating with tumor incidence, maximum tumor size
and liver weight were also significantly repressed by peretinoin
(Fig. 4B). Thus, peretinoin repressed the development of
hepatic tumors in Pdgfc Tg mice.

Serial gene expression profiling in the liver of Pdgf-c Tg
mice that developed hepatic fibrosis and tumors

To examine which signaling pathways were altered during
the progression of hepatic fibrosis and tumor development, we
analyzed gene expression profiling in the liver of Pdgf-c Tg mice
using Affymetrix gene chips. By filtering criteria for P < 0.001
and more than 2-fold differences, 538 genes were selected as
differentially expressed. One-way hierarchical clustering anal-
ysis of differentially expressed genes is shown in Supplemen-
tary Fig. S3.

Of the 3 main clusters, 2 were upregulated (clusters A and B)
and 1 was downregulated (cluster C). Cluster A consisted of
immune-related [chemokine (C-C motif) receptor (CCR)4,
CCR2, toll-like receptor (TLR)3 and TLR4], apoptosis-related
[caspase (CASP)1 and CASP9], angiogenesis- and/or growth
factor-related (PDGF-C, VEGF-C, osteopontin, HGF), onco-
gene-related [v-ets erythroblastosis virus E26 oncogene homo-
logue (Ets)l, Ets2, CD44, N-myc downstream-regulated
(NDRG)1], and fibrosis-related (tubulin) genes. The expression
of cluster A genes was further upregulated in tumors at week

www.aactjournals.org

Cancer Res; 72(17) September 1, 2012

- 184 -

4461



4462

Okada et al.

4 wk 20 wk 48 wk
r——!Pereﬁnoin or basal diet
L =
Weaning Sacrifice Sacrifice

Pdg-crgerwnm&a ’ n=15
Pdgf-¢ Tgorwrw.mm' i n=15

Pdgf-c Tg or WT + 0.06% peretinoin, n=t

20 wk

48 wk

Fibrosis area (%)

5

Pdgfc Tg or WT + basal diet i )n=31

Pdgf-¢ Ty or WY+ 0.03% peretinoin .

Pdgrc TG ot WT pereti P

of WT + 0.06% noin
; n=17
B wTr Pdgf-c Tg Pdgf-c Tg Pdgfc Tg
+ basal diet + basal diet +0.03% peretinoin

C ke
B e
05 m  ——— 21 o i B Pdgr-c Tg+ basal diet
gy

+ 0.06% peretinoin

Pdgf-¢c Tg+0.03% peretinoin
B Pdgf-c Tg+0.06% peretinoin
P <0.001

20 wk

48 wk

Figure 1. A, feeding schedule of Pdgf-c Tg and WT mice. After weaning, male mice were randomly divided into 3 groups: (i) Pdgf-c Tg or WT mice receiving basal
diet, (i) Pdgf-c Tg or WT mice receiving 0.03% peretinoin-containing diet, and (jii) Pdgf-c Tg or WT mice receiving 0.06% peretinoin-containing diet. B, Azan
staining of WT or Pdgf-c Tg mouse livers fed with different diets at 20 weeks and 48 weeks. C, densitometric analysis of Pdgf-c Tg mouse liver fibrotic areas at

20 weeks (n = 15) and 48 weeks (n = 15).

48. Cluster B consisted mainly of connective tissue- and/or
fibrosis-related [vascular cell adhesion molecule (VCAM)1,
collagen I, 111, IV, V, VI, integrin, decorin, TGF-BRII, PDGFR-
o, and PDGFR-B] genes, the expression of which declined
slightly at week 48. In contrast, cluster C, containing differen-
tiation and liver function related genes [cytochrome P450,
family 2, subfamily ¢ (CYP2C)], were downregulated during
the course of hepatic fibrosis and tumor development (Sup-

plementary Fig. S4). Cluster C included xenobiotic- and met-
abolic process-related genes, which are potential targets of
peretinoin. Peretinoin treatment prevented hepatic fibrosis
and it preserved liver function. In addition, peretinoin might
induce its target genes. Thus, peretinoin reduced the expres-
sion of upregulated genes (clusters A and B) and restored the
expression of downregulated genes (cluster C) at both weeks 20
and 48 (Supplementary Figs. S3 and S4).
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Figure 2. IHC staining of PDGFR-q,
PDGFR-B, collagen 1, CD34, and
VEGFR1 expression in Pdgf-c Tg or
WT mouse livers fed a basal diet or
0.06% peretinoin.
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To examine the molecular network consisting of differen-
tially expressed genes in Pdgfc Tg mice with or without
peretinoin administration, the direct interactions of 513 genes
were analyzed by MetaCore (i.e., 413 genes were downregu-
lated and 100 genes were upregulated in Pdgf-c Tg mice treated
with peretinoin compared with untreated mice; P < 0.002). A
core gene network consisting of 41 genes was obtained (Sup-
plementary Fig. S5) including interactions between represen-
tative growth factors, receptors (PDGFR and TGFfR), and
transcriptional factors. Of these genes, the transcriptional
factors Spl and Apl seem to be key regulators in the network
(Supplementary Fig. S5).

Peretinoin inhibits PDGFR in vitro

Gene expression profiling landscaped the dynamic changes
of signaling pathways in Pdgfc Tg mice. To determine the
effects of peretinoin in vitro, primary HSCs from normal
C57BL/6] mice were stimulated by PDGF-C (Fig. 5) to induce
the expression of PDGFR-¢., PDGFR-B, alpha smooth muscle
actin (a-SMA), and collagen la2; activated HSCs thus trans-
formed into myofibroblasts (Fig. 5A and B). Peretinoin signif-
icantly reduced the expression of these genes and inhibited
HSC activation.

We next evaluated the effects of peretinoin on human
hepatoma cell lines (Huh-7, HepG2, and HLE), mouse embry-
onic fibroblast cells (NIH3T3), HUVECs, and Lx-2 (ref. 22;
Supplementary Fig. S6A). Experimental conditions were
optimized so that more than 90% of cells were variable at
20 pmol/L peretinoin, as determined by an MTS cell prolifer-

ation assay (data not shown). Peretinoin dose-dependently
inhibited the expression of PDGFR-ot and PDGFR- in Huh-7,
HepG2, HLE, NIH3T3, HUVEC, and Lx-2 cells, whereas no
obvious expression of PDGFR-0. was observed in HepG2 cells
and HUVECs (Supplementary Fig. S6A). Peretinoin also inhib-
ited VEGFR2 expression in HUVEC. These results were con-
firmed by RTD-PCR (data not shown). Correlating with these
results, the expression of phosphorylated serine/threonine
kinase AKT (p-AKT) and p-ERK1/2, downstream signaling
molecules of PDGFR-0, PDGFR-B, and VEGFR2, was also
dose-dependently repressed. The expression of collagen 1a2
was significantly repressed by peretinoin in Lx-2, HLE, and
Huh-7 cells (Supplementary Fig. S6B). These results suggest

" that peretinoin may inhibit hepatic fibrosis, angiogenesis, and

tumor growth through reduction of the PDGF and VEGF
signaling pathway.

We examined the expression of 2 key regulators in
peretinoin signaling, Spl and Apl, in Huh-7 cells. Inter-
estingly, the expression of Spl was decreased, which
correlates with that of PDGFR-0, whereas expression of
phosphorylated c-Jun (p-c-Jun) was increased in Huh-7
cells (Supplementary Fig. S6C). Therefore, peretinoin seems
to repress the expression of PDGFR, partially through the
inhibition of Spl.

Peretinoin inhibits hepatic angiogenesis in
Pdgf-c Tg mice

The effect of peretinoin on liver angiogenesis in Pdgf-c Tg
mice was further analyzed. IHC staining of Pdgf-c Tg mouse
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Figure 3. A, RTD-PCR analysis of PDGFR-o, PDGFR-B, collagen (COL) 1a2, collagen 4 a2, and TIMP2 expression in Pdgf-c Tg (n = 5) or WT mouse livers
(n = 15). B, Western blotting of PDGFR-a, PDGFR-B, 0.-SMA, p-ERK, ERK, cyclin D1, and GAPDH expression in PDGF-C Tg or WT mouse livers fed a basal diet

or 0.06% peretinoin at 20 or 48 weeks (n = 3).

livers at weeks 20 and 48 revealed overexpression of the
endothelial markers CD31 and CD34 and the endothelial
growth factors VEGFRI and endothelium-specific receptor
tyrosine kinase 2 (Tie2) in the mesenchymal region (Fig. 6
and Supplementary Fig. S1A). This expression was significantly
repressed by peretinoin as determined by the densitometric
area (Supplemental Fig. S1B). RTD-PCR results revealed sig-
nificant upregulation of VEGFR1 (Flt-1) in Pdgf-c Tg mice
compared with WT mice at both weeks 20 and 48, whereas
the expression of VEGFR2 (Flk-1) and Tie2 was only upregu-
lated at week 48. The expression of these genes was signifi-

cantly repressed by peretinoin (Fig. 6A). Western blotting
confirmed the upregulation of CD31 and VEGFR1 (Flk-1) at
week 48 (Fig. 6B). In addition, p-AKT (Thr 308 and Ser 473) and
4-hydroxy-2-nonenal (4-HNE), an oxidative stress marker,
were upregulated in Pdgf-c Tgmice and repressed by peretinoin
(Fig, 6B).

We also assessed circulating endothelial cells (CEC), a
useful biomarker for angiogenesis in the blood, and found
that the CD317/CD34% CEC population was significantly
upregulated in Pdgf-c Tg mice at week 48 but significantly
repressed by peretinoin (Fig. 6C and D). Thus, peretinoin
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A
No Tumors Total
Adenoma HCC Incidence (%)
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Peretinoin 0.03% 36 13 6 19/36 (53)***
Peretinoin 0.06% 17 4 1 517 (29)**
B
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Figure 4. A, incidence of hepatic tumors (adenoma 5 6 g 2
or HCC) in Pdgf-c Tg mouse livers fed with different :E; 4 S
diets. B, tumor sizes and liver weights of Pdgf-c Tg - 5 5 1
and WT mice fed with basal diet (n = 31 for Pdgf-c Tg,
n = 15 for WT mice) or 0.03% (n = 36 for Pdgf-c Tg, 0 0
n =15 for WT mice) and 0.06% (n = 17 for Pdgf-c Tg,
n = 15 for WT mice) peretinoin at 48 weeks. C, Pdgf-c Tg 48 wk WT 48wk  Pdgf-c Tg 48 wk
macroscopic findings of Pdgf-¢ Tg or WT mouse livers. . Basal diet Perefinoin 0.03% ! Peretinoin 0.06%
No obvious change was observed in the liver of WT

mice fed with 0.06% peretinoin for 48 weeks (top left).
Fibrosis and steatosis were observed in the liver of C
Pdgf-c Tg mice fed a basal diet for 20 weeks (top right).
Multiple tumors developed (white arrows) in the liver of
Pdgf-c Tg mice fed a basal diet for 48 weeks (bottom
left). Suppression of tumor development in the liver of
Pdgf-c Tg mice fed a 0.06% peretinoin diet for

48 weeks (bottom right).
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WT 48 wk
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Pdgf-c Tg 20 wk

Pdgf-c Tg 48 wk
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seems to inhibit angiogenesis in the liver of Pdgfc Ig
mice, which might prevent the development of hepatic
tumors.

Peretinoin inhibits canonical Wnt/B-catenin signaling
in Pdgf-c Tg mice

The activation of the Wnt/[-catenin signaling pathway is
seen in 17% to 40% of patients with primary HCC (23, 24).
Moreover, recent reports suggested an interaction between
PDGF signaling and Wnt/B-catenin signaling (25-27).
We evaluated Wnt/B-catenin signaling in Pdgf-c Tg mice

and showed by IHC staining that B-catenin was overex-
pressed in the submembrane at week 48 (Fig. 7A). Peretinoin
significantly reduced this expression (Fig. 7A and B), and
Western blotting revealed that accumulation of B-catenin
in the nuclear fraction of liver tumor tissues was more
preferentially repressed by peretinoin than in the cyto-
plasmic fraction, although expression was repressed in both
fractions (Fig. 7C). Wnt ligand (Wnt5a) and frizzled receptor
(Fzdl) expression was significantly upregulated in hepatic
tumors compared with normal liver (Fig. 7D). These
results together suggest that canonical Wnt/B-catenin
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signaling is activated in hepatic tumors and repressed by
peretinoin.

Growth factors such as PDGF or HGF potentially activate
Wnt/B-catenin signaling (26, 28), which promotes cancer
progression and metastasis. We evaluated whether such
growth factor signaling could be repressed by peretinoin in
hepatic tumors. The expression of c-mye, B-catenin, Tie2,
Fit-1, and Flk-1 were significantly upregulated from 1.5- to
4-fold in hepatic tumors compared with normal liver, and
this expression was significantly repressed by peretinoin.
Similarly, the expression of PDGFR-0, PDGFR-B, collagen
1a2, collagen 4a2, tissue inhibitor of metalloproteinase 2
(TIMP2), and cyclin D1 was substantially upregulated from
5- to 15-fold in hepatic tumors, and significantly repressed
by peretinoin (Fig. 7D). Thus, growth factor signaling as well
as canonical Wnt/B-catenin signaling in hepatic tumors
seems to be repressed by peretinoin. These results explain

the inhibitory effect of peretinoin in the development of HCC
in Pdgf-c Tg mice.

Discussion

HCC often develops in association with liver cirrhosis and its
high recurrence rate leads to poor patient prognosis. Indeed,
the 10-year recurrence-free survival rate after liver resection for
HCC with curative intent was shown to be only 20% (29).
Therefore, there is a pressing need to develop effective pre-
ventive therapy for HCC recurrence to improve its prognosis.

Peretinoin, a member of the acyclic retinoid family, is
expected to be an effective chemopreventive drug for HCC
(11, 12, 30) as shown by a previous phase II/1II trial in which
600 mg peretinoin per day in the Child-Pugh A subgroup
reduced the risk of HCC recurrence or death by 40% [HR =
0.60 (95% CI, 0.40-0.89); ref. 31]. However, further clinical
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Figure 6. A, RTD-PCR analysis of Tie2, Fik-1, and Flt-1 expression in the liver of Pdgf-c Tg and WT mice fed with different diets (n = 15). B, Western blotting
of Flk-1, CD31, p-AKT (Thr 308, Ser473), AKT, 4-HNE, and GAPDH expression in the liver of Pdgf-c Tg or WT mice fed a basal diet or 0.06% peretinoin
at 48 weeks (n = 3). C, fluorescence-activated cell-sorting analysis of CD31- and CD34-positive CEC in blood of Pdgf-c Tg or WT mice fed a basal

diet or 0.06% peretinoin at 48 weeks. D, frequency of CD31- and CD34-positive CEC in blood of Pdgf-c Tg or WT mice fed a basal diet or 0.06% peretinoin

at 48 weeks (n = 10).

studies are needed to confirm the clinical efficacy of per-
etinoin, and a large scale study involving several countries is
currently being planned.

During the course of chronic hepatitis, nonparenchymal
cells including Kupffer, endothelial and activated stellate cells
release a variety of cytokines and growth factors that might
accelerate hepatocarcinogenesis. Although peretinoin has

been shown to suppress the growth of HCC-derived cells by
inducing apoptosis and differentiation (32-35), increasing p21
and reducing cyclin D1 (13), limited data have been published
about its effects on hepatic mesenchymal cells such as stellate
cells and endothelial cells (14).

In parallel with a phase II/III trial, we conducted a
pharmacokinetics study of peretinoin focusing on 12
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patients with CH-C and HCC to monitor the biological
behavior of peretinoin in the liver. Gene expression profiling
during peretinoin administration revealed that HCC recur-
rence within 2 years could be predicted and that PDGF-C
expression was one of the strongest predictors. In addition,
other genes related to angiogenesis, cancer stem cell and
tumor progression were downregulated, whereas expression
of genes related to hepatocyte differentiation and tumor
suppression was upregulated by peretinoin (data not
shown). Moreover, a recent report revealed the emerging
significance of PDGF-C-mediated angiogenic and tumori-
genic properties (7, 8, 36). In this study, we therefore used
the mouse model of Pdgf-c Tg, which displays the pheno-
types of hepatic fibrosis, steatosis, and HCC development

that resemble human HCC arising from chronic hepatitis
usually associated with advanced hepatic fibrosis.

We showed that peretinoin effectively inhibits the progres-
sion of hepatic fibrosis and tumors in Pdgf-c Tg mice (Figs. 1
and 4). Affymetrix gene chips analysis revealed dynamic
changes in hepatic gene expression (Supplementary Fig. S3),
which were confirmed by IHC staining, RTD-PCR and Western
blotting, Pathway analysis of differentially expressed genes
suggested that the transcriptional regulators Spl and Apl are
key regulators in the peretinoin inhibition of hepatic fibrosis
and tumor development in Pdgfc Tg mice (Supplementary
Fig. S5).

We clearly showed that peretinoin inhibited PDGF sig-
naling through the inhibition of PDGFRs (Figs. 2 and 3). In
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addition, we showed that PDGER repression by peretinoin
inhibited primary stellate cell activation (Fig. 5). Interestingly,
this inhibitory effect was more pronounced than the effects
of 9cRA (Fig. 5B). Normal mouse and human hepatocytes
neither express PDGF receptors (J.S. Campbell and N. Fausto,
unpublished data), nor proliferate in response to treatment
with PDGF ligands (7). However, peretinoin inhibited the
expression of PDGFRs, collagens, and their downstream
signaling molecules in cell lines of hepatoma (Huh-7, HepG2,
and HLE), fibroblast (NIH3T3), endothelial cells (HHUVEC),
and stellate cells (Lx-2; Supplementary Fig. $6). Furthermore,
Spl but not Apl, might be involved in the repression of
PDGFR-0 in Huh-7 cells (Supplementary Fig. 6C). The over-
expression of Spl-activated PDGFR-0. promoter activity,
whereas siRNA knockdown of Spl repressed PDGFR-¢ pro-
moter activity in Huh-7 cells (data not shown). Therefore,
this seems to confirm that Spl is involved in the regulation of
PDGFR, as reported previously (37, 38), although these find-
ings should be further investigated in different cell lines. A
recent report showed the involvement of transglutaminase
2, caspase3, and Spl in peretinoin signaling (35).

Peretinoin was shown to inhibit angiogenesis in the liver of
Pdgf-c Tg mice in this study, as shown by the decreased
expression of VEGFR1/2 and Tie 2 (Figs. 2 and 6 and Supple-
mentary Fig. S1). Moreover, peretinoin inhibited the number of
CD31" and CD34" endothelial cells (CEC) in the blood and
liver (Fig. 6C and D), while also inhibiting the expression of
EGFR, c-kit, PDGFRs, and VEGFR1/2 in Pdgf-c Tg mice (data
not shown). We also showed that peretinoin inhibited the
expression of multiple growth factors such as HGF, IGF,
VEGF, PDGF, and HDGF, which were upregulated from 3- to
10-fold in Pdgf-c Tg mice (Supplementary Fig. S3). These
activities collectively might contribute to the antitumor
effect of peretinoin in Pdgf-c Tg mice. The inhibition of both
PDGFRs and VEGFR signaling by peretinoin was previously
shown to have a significant effect on tumor growth (36), and
we confirmed herein that peretinoin inhibited the expres-
sion of VEGFR2 in HUVECs (Supplementary Fig. S6; ref. 39).
Finally, we showed that peretinoin inhibited canonical Wnt/
B-catenin signaling by showing the decreased nuclear accu-
mulation of B-catenin (Fig. 7). These data confirm the
previous hypothesis of transrepression of the PB-catenin
promoter by 9¢RA in vitro (40).

Although we showed that the PDGF signaling pathway is a
target of peretinoin for preventing the development of hepatic
fibrosis and tumors in mice, retinoid-inducing genes such as
G0S2 (41), TGM2 (35), CEBPA (42), ATF, TP53BP, metallothio-
nein 1H (MT1H), MT2A, and hemopexin (HPX) were upregu-
lated in peretinoin-treated mice (data not shown). These
canonical retinoid pathways are likely to participate in pre-
venting disease progression in conjunction with anti-PDGF
effects.
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