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Figure 3 | Silencing of miR25-93-106b cluster enhances MICA expression.

(a), (b), Cells were co-transfected with pGL4-TK (internal control), Luc-

MICA-3"UTRwt (a) or Luc-MICA-3'UTRmut (b), and either an empty control vector (white bar) or plasmid expressing mature anti-sense sequences of
miR25-93-106b cluster (black bar). Data shows the means = s.d. of the raw ratios (F/R) obtained by dividing firefly luciferase values with renilla
luciferase values of three independent experiments. *p < 0.05. (c), Enhancement of MICA expression by expression of anti-sense sequences of the miR25-
93-106b cluster. Flow cytometry assessment of MICA protein expression in control (black lines) and stably mature anti-sense sequences of miR25-93-
106b cluster-expressing cells (green lines). Gray-shaded histograms represent the background staining using isotype IgG. Representative results from

three independent experiments are shown.

Next, to determine whether tumor cells with different miRNA-
induced MICA protein expression levels exhibited differing sus-
ceptibilities to NK-cell-mediated killing in vivo, we performed a
tuthor-clearance assay that measures short-term in vivo killing by
NK cells?®. Hep3B control cells, Hep3B cells with miR25-93-106b
cluster overexpression, or Hep3B cells with miR25-93-106b and
HA-tagged MICA overexpression, labeled with fluorescent DiO, were
injected into C57Blacké/] mouse tail veins together with an equal
number of Hela cells labeled with Dil (internal reference control).
After 5 h, surviving Hep3B and HelLa cells in the lungs were enum-
erated by flow cytometry. The number of Hep3B cells that had sur-
vived divided by the number of HeLa cells that had survived
represents the relative killing of Hep3B cells in vivo. As shown by
the in vitro binding assay using NKG2D, the killing rate of Hep3B
cells in which miRNA function had been silenced was higher, and that -
of cells overexpressing miRNAs was lower, than that of control cells.
The effects of miRNA overexpression were similar to those obtained
in MICA knocked-down Hep3B cells (supplementary Figure 4).
Additionally, the lower cell-killing rate in Hep3B cells overexpressing
miRNA was antagonized by the co-expression of exogenous MICA
protein (Figure 4c), suggesting that the decreased clearance was
mediated by reduced MICA expression levels secondary to overex-
pression of miRNAs. These results suggest that tumor progression and
invasion can be regulated by expression or silencing of miRNAs in at
least some cells by regulation of MICA expression levels.

Discussion

In this study, we showed that the miR25-93-106b cluster modulates
MICA protein expression by HCC cells. Because our previous GWAS
analyses identified that MICA is the critical gene determining HCC
susceptibility in patients with chronic hepatitis infection®s, the

herein-described methods of modulating MICA expression may be
useful for developing novel methods of prevention and therapeutics
against HCCs. .

MICA is a membrane protein that acts as a ligand for NKG2D to
activate innate anti-tumor effects through natural killer and CD8*
cells’. Our previous GWAS study showed that a risk allele at the SNP
in the MICA promoter region was significantly associated with the
susceptibility of HCV-induced HCC as well as with lower serum
MICA levels. Although polymorphisms at the same SNP site were
also associated with HBV-induced HCC, the risk allele determining
the susceptibility of HCC was somehow different from that in HCV-
induced HCC. While the reason why different MICA gene variations
act as risk alleles at the same SNP site between HBV- and HCV-
induced HCC has not been elucidated, it is assumed that changes in
the membrane-bound MICA and soluble MICA levels due to differ-
ences in post-translational processing according to virus type may
affect the risk allele results. In any case, because the importance of the
regulation of MICA expression levels to prevent development of
HCC due to chronic hepatitis viral infection cannot be denied, the
regulation of MICA levels by microRNAs as shown here may be
useful for the development of preventive methods of preventing
HCC development during chronic hepatitis infection.

While several cellular signaling pathways lead to upregulation of
MICA™*3, we used microRNAs to regulate the expression levels of
MICA in this study. As shown by the results of our GWAS analyses,
which found that the polymorphisms in the promoter region of
MICA are associated with changes in the sMICA levels®, promoter
activities of the MICA gene also have significant effects on MICA
expression levels®. Our results showed that miR93 and 106b express-
ion levels were not always correlated with those of MICA in HCC cell
lines, suggesting that the regulation of MICA expression is not solely
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Figure 4 | NKG2D binding levels change in proportion to MICA
expression levels. (a), (b), Flow cytometry of human IgG-fused NKG2D
binding to the control (black lines), miR25-93-106b cluster-expressing
cells {red lines) (a), and mature anti-sense sequences of miR25-93-106b
cluster-expressing cells (green lines) (b). Representative results from three
independent experiments are shown. (c), In vivo killing of DiO-labeled
Hep3B and Dil-labeled HeLa cells (internal control cells) injected together
into the tail veins of six mice in each group. Fluorescence intensities were
quantified by flow cytometry as the ratio of Hep3B to HeLa cells in the
lungs. The data from control Hep3B cells were set as 1.0. Data represent the
means T s.d. of three independent experiments. *p < 0,05.

dependent on miRNAs. In addition, in cells with no endogenous

MICA expression, such as Huh?7 cells, modulation of microRNA

expression had no effect on the regulation of MICA expression.

This suggests that at least low-level endogenous expression, which
- may be determined by promoter activities, are needed for regulation
- by miRNA. Therefore, changes in promoter activities and epigenetic
changes in the MICA gene should also be determined. This will
facilitate application of the regulatory function of miRNAs reported
here.

One class of antisense oligonucleotides, namely locked nucleic
acids, can be used to sequester microRNAs in the liver of various
animals, including humans'®****. A clinical trial targeting miR-
122 with the anti-miR-122 oligonucleotides miravirsen, the first
miRNA-targeted drug, is underway for the treatment of HCV infec-
tion'®. Thus, nucleic-acid-mediated gene therapy is becoming a
realistic option. Modulation of MICA expression levels by such
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nucleic-acid-mediated therapy based on the results presented herein
may also be a promising option for prevention and/or therapy of
HCC. ‘

In summary, we have shown that the miR25-93-106b cluster can
be used to modulate MICA expression levels in HCC cells. Based on
our GWAS results and associated studies, regulation of MICA pro-
tein expression levels is crucial to prevent the development of HCC
during chronic hepatitis viral infection. It is important to identify the
other factors that regulate MICA transcriptional activities as well as
the post-translational processes and their association with suscept-
ibility to HCCs. That said, miRNA regulation of MICA expression as
shown here may facilitate regulation of the host innate immune
system in an HCC-suppressive manner during chronic hepatitis viral
infection. '

Methods

Cell cultare. The human HCC cell lines Huh7, HLE, PLC/PRF/S, and Hep3B were
obtained from the Japanese Collection of Research Bioresources (JCRB, Osaka,
Japan). The human cervical cancer cell line Hela was obtained from the American
Type Culture Collection (ATCC, Rockville, MD). All cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum.

Mouse. Experimental protocols were approved by the Ethics Committee for Animal
Experimentation at the Graduate School of Medicine, the University of Tokyo and the
Institute for Adult Disease, Asahi Life Foundation, Japan and conducted in
accordance with the Guidelines for the Care and Use of Laboratory Animals of the
Department of Medicine, the University of Tokyo, and the Institute for Adult Disease,
Asahi Life Foundation.

Flow cytometry. Cells were hybridized with anti-MICA (1 :500; R&D Systems,
Minneapolis, MN) and isotype control IgG (1:500; R&D Systems) in 5% BSA/1%
sodium azide/PBS for 1 h at 4°C. After washing, cells were incubated with goat anti-
mouse Alexa 488 (1:1000; Molecular Probes, Eugene, OR) for 30 min. Flow
cytometry was performed and data analyzed using Guava Easy Cyte Plus (GE
Healthcare, Little Chalfont, UK).

Reporter plasmid construction, transient transfections, and Iuciferase assays. The
reporter plasmid for the analysis of the effects of miRNAs on MICA 3'UTR were
constructed by subcloning the MICA 3'UTR sequences from pLightSwitch-MICA
3UTR (SwitchGear Genomics, Menlo Park, CA) into the pGL4.50 vector (Promega,
Madison, WI) at the Fsel site by the In-Fusion method (Clontech, Mountain View,
CA) to insert the MICA 3"UTR sequences into the 3'-UTR of the firefly luciferase
gene, which was under the control of the CMV promoter. The sequences of the
primers were 5'-CTA GAG TCG GGG CGG CG GCC ATT TCA GCC TCT GAT
GTC AGC-3' and 5'-GTC TGC TCG AAG CGG CCG GCC TGG CCT GAG ACT
CTG TCT TAA-3'. The resultant plasmid (Luc-MICA 3'UTRwt) was used as a
template for the construction of mutant reporter plasmid (Luc-MICA 3'UTRmut),
which carries three point mutations in the seed sequences of miR93 and 106b in the
MICA 3'UTR, itself generated by a Quik Change Il X1 Site-directed Mutagenesis Kit
(Stratagene, Heidelberg, Germany) according to the manufacturer’s instructions.
Transient transfection and reporter assays were performed as described previousty™.

Lentiviral constracts, viral production, and transduction. To generate a neomycin-
resistant miR25-93-106b cluster-expressing lentiviral construct, copGFP in the
pmiRNA25-93-106b cluster-expressing plasmid (System Biosciences, Mountain
View, CA) was replaced with a neomycin resistant gene, which was subcloned from
the pCDH-Neo vector (System Biosciences), at the Fsel site. The primers used were
5'-GCT ACC GCT ACG AGG CCG GCC CAT GAT TGA ACA AGA TGG ATT
GCA-3" and 5’-TCG CCG ATC ACG CGG CCG GCC TCA GAA GAA CTC GIC
AAG AAG GC-3'. To remove the copGFP region from pmiRZIP25-93-106b (System
Biosciences), a construct expressing mature anti-sense sequences of the mjR25-93-
106b cluster, sequences coding the GFP gene were removed by excision with Xbal and
Pst1 sites followed by conmecting the cut ends with annealed oligonucleotides (5'-
CTA GACGCCACCATGCTG CA-3' and 5'-GCA TGG TGG CGT-3') to rmaintain
the coding frame and the expression of the downstream puromycin-resistance gene.
To generate HA-tagged MICA protein overexpressing the lentiviral construct, MICA
cDNA was amplified by PCR using a Halo-tag-MICA~expressing plasmid (Promega,
Madison, WI) as a template and cloned into a pCDH-puro vector (System
Biosciences) at the No site. The primer sequences used were 5'-ATC GGA TCC
GCG GCC GCA CCA TGT ACC CAT ACG ATG TTC CAG ATT ACG CTATGG
GGC TGG GCC CGG TC-3' and 5'-AGA TCC TTC GCG GCC GCT TAG GCG
CCC TCA GIG GAG C-3'. Let-7g precursor expressing plasmid was generated by
inserting about 1,000 bp long PCR product around the let-7g genomic region into
pCDH-puro vector using Xbal and Not1 sites. The production and concentration of
lentiviral particles were described previously”. shRNA against MICA-producing
lentiviral particles with puromycin resistant gene were purchased from SantaCruz
Biotechnology (sc-4924-V, Dallas, TX). Cells were transduced with lentiviruses using
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polybrene (EMD Millipore, Billerica, MA). The selections were performed with
400 pg/ml G418 and 2 pg/mL (HelLa) or 6 pg/mL (Hep3B) puromycin.

Immunocytochemistry. Cells on two-well chamber slides were fixed with 4%
paraformaldehyde. Fixed cells were probed with the primary MICA antibody (R&D
Systems) for 1 h after blocking with 5% normal goat serum for 30 min. Cells probed
with the MICA antibody were incubated with the secondary Alexa Fluor 488 goat
anti-mouse antibody (Molecular Probes) for 30 min. Slides were mounted using
VectaShield with DAPT (Vector Labs, Burlingame, CA).

Northern blotting of miRNAs. Northern blotting of miRNAs was performed as
described previously”. Briefly, total RNA was extracted using TRIzol Reagent
(Tavitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Ten
micrograms of RNA were resolved in denaturing 15% polyacrylamide gels containing
7 M urea in 1 X TBE and then transferred to a Hybond N+ membrane (GE
Healthcare) in 0.25 X TBE. Membranes were UV-crosslinked and prehybridized in
hybridization buffer. Hybridization was performed overnight at 42°C in ULTRAhyb-
Oligo Buffer (Ambion) containing a biotinylated probe specific for miR93 (cta cct gea
cga aca gea ctt tg) and 106b (atc tge act gte age act tta), which had previously been
heated to 95°C for 2 min. Membranes were washed at 42°C in 2 X SSC containing
0.1% SDS, and the bound probe was visualized using a BrightStar BioDetect Kit
(Ambion). Blots were s’fnpped by boiling in a solution containing 0.1% SDS and

5 mM EDTA for 10 min prior to rehybndtzanon with a U6 probe (cac gaa ttt geg tgt
cat cct t).

miRNA Library screening. To screen for miRNAs that target MICA 3'-UTR,
synthetic miRNA mimics and reporter constructs were used as described
previously'®?°. Seventy-six types of synthetic mature miRNAs that are highly
expressed in the liver® were custom-made {B-Bridge, Tokyo, Japan) and transfected
by RNAi Max (Life Technologies, Carlsbad, CA) into Huh? cells in 96-well plates that
had been transfected 24 h before with Luc-MICA 3"UTRwt. The cells were then
incubated for another 24 h. As negative controls, oligonucleotides of artificial
sequences were applied®®, The luciferase activities were measured using a GloMax 96
Microplate Luminometer (Promega). The experiments were performed in duplicate.

‘NKG2D binding assay. Cells were incubated with 4 pg of recombinant human
NKG2D fused to human IgGl Fc chimera protein. After washing, cells were
incubated with an Alexa488-conjugated affinity purified F(ab’)2 fragment of goat
anti-human IgG (Jackson ImmunoResearch Laboratories, West Grove, PA). Asa
negative control, cells were incubated with only Alexa488 anti-human IgG. The
intensity of the fluorescence was determined by flow cytometry.

In vivo cell-killing assay. Hep3B cells and Hela cells were labeled with the
fluorescent dye VybrantDiO and Dil (Molecular Probes), respectively. Cells were
mixed at a density of 2 X 107 in 1-ml PBS, and 200 pl was injected into the tail vein.
Five hours later, lungs were collected, and single-cell suspensions were collected using
a cell strainer. Fluorescence was assayed by flow cytometry, and the ratio of the
experimental Hep3B cells to HeLa cells (internal control) was calculated.

Statistical analysis. Statistically significant differences between groups were
determined using Student’s ¢-test when variances were equal. When variances were
unequal, Welch’s t-test was used instead. P-values of < 0.05 were considered to
indicate statistical significance.
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Gankyrin (also called p28 or PSMD10) is an oncoprotein commonly overexpressed in hepatocellular car-
cinomas. It consists of 7 ankyrin repeats and interacts with multiple proteins including Rb, Cdk4, MDM2
and NF-kB. To assess the oncogenic activity in vivo, we produced transgenic mice that overexpress gank-
yrin specifically in the hepatocytes. Unexpectedly, 5 of 7 F2 transgenic mice overexpressing hepatitis &

Keywords: virus X protein (HBX) promoter-driven gankyrin, and one of 3 founder mice overexpressing serum amy-

;Sr;w? 10 loid P component (SAP) promoter-driven gankyrin developed hepatic vascular neoplastms (hemangioma/
" hemangiosarcomas) whereas none of the wild-type mice did. Endothelial overgrowth was more frequent

FIH-1 . . . . . . ) . .

Oncogene in the livers of diethylmitrosamine-treated transgenic mice than wild-type mice. Mouse hepatoma

Hepal-6 cells overexpressing gankyrin formed tumors with more vascularity than parental Hepa1-6 cells
in the transplanted mouse skin. We found that gankyrin binds to and sequester factor inhibiting hypoxia-
inducible factor-1 (FIH-1), which results in decreased interaction between FIH-1 and hypoxia-inducible
factor-1o (HIF-1a) and increased activity of HIF-1 to promote VEGF production. The effects of gankyrin
were more prominent under 3% 0, than 1% or 20% O, conditions. Thus, the present study clarified, at least
partly, mechanisms of vascular tumorigenesis, and suggests that gankyrin might play a physxoloalcal role
in hypoxic responses besides its roles as an oncoprotein.

Hemangioma

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Gankyrin (also called p28, p28°ANK or PSMD10) was identified
as an oncoprotein commonly overexpressed in hepatocellular car-
cinomas (HECCs) [1]. Gankyrin was alse independently isolated as
p28, a supposed component of the 26S proteasome, but recent
studies have demonstrated that p28 associates only with free 185
particles of the 26S proteasome or their precursors and functions
as a chaperone to guide their assembly [2]. As expected for a pro-
tein consisting of 7 ankyrin repeats [3], gankyrin interacts with

Abbrevigtions: CAD, C-terminal transactivation domain; DEN, diethylnitros-
amine; FIH-1, factor inhibiting hypoxia-inducible factor-1; firefly-luciferase, F-Luc;
H&E, hematoxylin and eosin; HBX, hepatitis B virus X protein; HCC, hepatocellular
carcinoma; HIF, hypoxia-inducible factor; RT-qPCR, reverse transcription-quanti-
tative polymerase chain reaction; SAP, serum amyloid P component.

* Corresponding authors. Fax: +81 75 7514977.

E-mail addresses: hhigashi@virus.kyoto-v.acjp (H. Higashitsuji), jfujita@virus,

kyoto-u.acip (J. Fujita).

0006-291X/$ - see front matter ® 2013 Elsevier Inc. All rights reserved.
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multiple proteins and shows a variety of activities. For example,
gankyrin binds to Rb and Cdk4, and accelerates phosphorylation
and degradation of Rb to activate DNA synthesis genes {1]. Ganky-
rin binds to the E3 ubiquitin ligase MDM2, thereby facilitating
ubiquitylation and degradation of p53 [4]. Gankirin binds to NF-
kB and suppresses its activity by modulating acetylation via SIRT1
{5]. Gankyrin binds to hepatocyte nuclear factor 4o, which deter-
mines hepatocyte differentiation status and enhances its degrada-
tion [6]. Gankyrin activates PI3K/AKT/mTOR/hypoxia-inducible
factor-1 (HIF-1) signaling {7].

Most solid turmnors contain hypoxic regions, and one of the most
important cellulay factors involved in the hypoxic response which
promotes angiogenesis, anaerobic metabolism and resistance to
apoptosis is HIF-1 [8,9]. HIF-1 is a heterodimeric transcription
factor composed of a constitutively expressed B subunit and an
inducibly expressed o subunit (HIF-10). Under aerobic conditions,
HIF-1q is hydroxylated by specific prolyl hydroxylases at two con-
served Pro residues in a reaction requiring oxygen. Hydroxylation



182

Y. Liu et al./Biochemical and Biophysical Research Communications 432 (2013) 22-27 23

facilitates binding of von Hippel-Lindau protein, a component of
the ubiquitin protein ligase, to HIF-1¢, leading to its proteasomal
degradation. The ability of HIF-1a to activate transcription is also
prevented by factor inhibiting HIF-1 (FIH-1) [8-10]. FIH-1 hydrox-
ylates a specific Asn residue in HIF-1¢, and disrupts interaction of
HIF-1a with the transcription co-activators p300 and CBP. Under

- hypoxic conditions, prolyl hydroxylase and FIH-1 activities are
inhibited by substrate (0O,) deprivation, resulting in HIF-10. stabil-
ization and binding to the p300/CBP complex, thus allowing HIF
transactivation.

Since gankyrin plays important roles in cell proliferation and
apoptosis, is overexpressed in most HCCs, and confers tumorige-
nicity to non-malignant cells, we produced transgenic mice that
overexpressed gankyrin specifically in the hepatocytes to assess
its oncogenic activity in vivo. Unexpectedly, the mice developed
vascular tumors (hemangioma/hemangiosarcomas) in the liver,
and so we have tried to elucidate the underlying mechanisms for
vascularization.

2. Materials and methods
2.1. Transgenic mice

To express gankyrin specifically in the liver, cDNA for the mouse
wild-type gankyrin N-terminally tagged with 2x FLAG was cloned
into the pBEPBgIIl expression vector containing the hepatitis B
virus X protein (HBX) promoter [11]. Fertilized eggs were obtained
from C57BL/6] mice, and transgenic mice were produced at the
Center for Animal Resources and Development, Kumamote Univer-
sity, Japan. A plasmid containing the human serum amyloid P com-
ponent (SAP) promoter [12] and expressing mouse wild-type
gankyrin N-terminally tagged with 3x FLAG was also constructed,

" and transgenic mice were produced with this at the Genome Infor-
mation Research Center, Osaka University, Japan, using eggs from
D2B6F1 mice. For genotyping, DNA was extracted from the tail of
each mouse and analyzed by Southern blotting using gankyrin
cDNA as probe.

2.2. Treatment of mice

A single intraperitoneal injection of diethylnitrosamine (DEN,
Sigma, 25 mg/kg of body weight) was administered to 14-days-
old transgenic and control male mice. Groups of animals were
euthanized at 8 months after injection, and the livers were re-
moved, examined for visible lesions, and paraffin embedded after
fixation in 10% buffered formalin.

For tumor formation, cells (2 x 10°%) were suspended in 0.1 ml
of PBS and injected subcutaneously into the back of athymic
BALB/c mice (Japan SLC Inc.). Each mouse received Hepal-6 cells
on one side and Hepal-6/GK cells on the other side. All experi-
ments involving mice were approved by the Animal Research Com-
mittee of Kyoto University, and conducted in accordance with the
institutional and NIH guidelines for the care and use of laboratory
animals.

2.3. Human materials

Eighteen specimens of HCC were taken by needle biopsy before
initiation of the treatment at Kinki University Hospital, Japan. The
study protocol was approved by the institutional review boards,
and written informed consent was obtained from all patients for
subsequent use of their collected tissues.

2.4. Cell culture and DNA transfection

U-2 0S cells, HEK293 cells, HEK293T cells, mouse hepatoma
Hepal-6 cells and their transfectants were maintained in Dul-
becco’s modified Eagle's medium supplemented with 10% fetal bo-
vine serum at 37 °C and 5% CO as described [4]. For mild hypoxic
conditions, cells were placed in a modular incubator chamber and
flushed with a gas mixture containing 1 or 3% O, 5% CO,, and bal-
ance N2, ‘

Calcium phosphate-DNA coprecipitation method was used for
DNA transfection. Plasmids encoding, gankyrin, shRNA for ganky-
rin, HIF-1a, FIH-1, and their fusion proteins have been described
previously {4,5,10,13].

2.5. Pathologicall analyses

The immunohistochemical staining was performed on 4-pm-
thick paraffin sections of tissues fixed in 10% buffered formalin
as described [14]. The sections were incubated with the primary
antibodies against endothelial cell markers CD31 (dianoba GmbH)
and CD34 (Abnova), followed by horseradish peroxidase-conju-
gated anti-rat immunoglobulin antibody (Santa Cruz Biotechnol-
ogy), and were developed in Diaminobenzidine colorimetric
reagent solution {DAKO). They were counterstained with hematox-
ylin. To assess the presence of the atypical proliferative lesion of
endothelial cells, at least 1 section from 4 lobes were examined un-

. der a microscope.

2.6. Analyses of gene expression and protein interactions

Preparation of cell lysates, immunoprecipitation, and Western
blot analysis were performed as described {4]. Rabbit polyclonal
anti-gankyrin, anti-VEGF-A, anti-HIF-1o, anti-FIH-1, anti-B-actin,
and biotin-conjugated anti-HA antibodies (all from Santa Cruz Bio-
tech.), anti-Myc tag antibody (MBL), anti-FLAG and biotin-conju-
gated anti-FLAG antibodies (Sigma), mouse monoclonal anti-HA
antibody (Roche), and rabbit polyclonal antibody raised against re-
combinant mouse gankyrin were used as the primary antibodies in
‘Western blotting.-

For immunoprecipitation, mouse anti-HA antibody (Roche),
rabbit anti-FLAG antibody, and biotin-conjugated anti-FLAG and
anti-HA antibodies were used. .

Reverse transcription-quantitative polymerase chain reaction (RT-
gPCR) analysis was done as described [14]. The relative levels of gank-
yrin and VEGF-A mRNAs were determined by RT-gPCR using B-actin
and GAPDH mRNA for normalization. Primer sequences used were as
follows: gankyrin (human, 5'-TCTTCAAGCCATCCIGTGTG-3' and 5'-
TGGTGATGTTGGACTCCTCA-3'), VEGF-A (human, 5'-AAAA CTGCT
GGTGTCCCAAG-3 and 5'-ATTAAACCCAGGCCACCTTT-3'; mouse, 5'-CA
GGCIGCIGTAACGATGAA-3' and 5'-TATGTGCTGGCITIGGTGAG-3),
f-actin (human, CTACGTCGCCCTGGACTTCGAGC and GATGGAGC
CGCCGATCCACACGG), GAPDH (mouse, 5'-ACAACTTTGTC AAGCT-
CATTTCCTG-3' and 5'-TGGTCCAGGGTITCTTACTCCITGG-3).

2.7. Reporter assays

The reporter plasmids-p2.1 and p2.4 contain wild-type and mu-
tant copies, respectively, of the hypoxia response element (HRE)
from the ENOT gene upstream of an SV40 promoter and firefly
luciferase (F-Luc) coding sequences .[13]. U-2 OS cells were
cottansfected with either p2.1 or p2.4, pRL vector expressing Renil-
la luciferase (pRL-CMV, Promega) and plasmids expressing HA-
FIH-1 and FLAG-gankyrin or gankyrin-shRNA [4].

The GAL4 reporter plasmid GAL4E1bLuc containing five GAL4-
binding sites upstream of an E1b TATA sequence and the F-Luc
gene, and GAL4-expressing plasmids GalA(531-826) and
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Fig. 1. Vascular tumors in gankyrin-transgenic mice. (A) Incidence of hepatic tumors. Gankyrin was expressed in hepatocytes by using HBX promoter (HBXp) or SAP promoter
(SAPp). "number of mice with hepatic tumors at 22 months of age/total number of mice. *P < 0.05 compared with HAwt group. (B) Gross and microscopic appearances of
hepatic vascular lesions in transgenic mice. H&E, hematoxylin and eosin staining. CD31 and CD34, immunoperoxidase staining for CD31 and CD34, respectively, using
diaminobenzidine as substrate. Bar, 50 pm. (C) Gankyrin expression in the non-tumorous [iver. Lysates prepared from indicated mice were analyzed by Western blotting and
densitometry. Bars are average * SD of total gankyrin levels normalized with actin levels, and expressed as relative to those of wild-type mice. (D) Expression of endogenous
and exogenous (arrowhead) gankyrin in the tumor (T) and non-tumorous portion (N) of the liver from indicated F2 transgenic mice. Western blot analysis.

GalA-N803 expressing the C-terminal transactivation domain
(CAD) of the wild-type and FIH-1-insensitive HIF-1q, respectively,
fused to the GAL4 DNA-binding domain were described previously
{151, U-2 OS cells were cotransfected with GAL4E1bLuc, pRE-CMV,
GAl4-expressing plasmids, and plasrmds expressing FLAG—ganky—
rin or gankyrin-shRNA.

Transfected cells were exposed to mild hypoxia (1 or 3% 02) for
48 h and harvested for dual luciferase assays {Promega) as de-
scribed [5].

2.8. Statistical analysis

To determine whether the means of two groups are significantly
different from each other, the Student's t-test and chi-square test
were used. All statistical analyses including Fisher's exact
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probability test were performed using the JMP software (SAS Insti-
tute). A P value less than 0.05 was considered statxstxca}ly
significant.

3. Resulis

3.1. Vascular neoplasms developed in the liver of gankyrin-transgenic
mouse

The HBX promoter {11] was first used to direct hepatocyte-spe-
cific expression of the wild-type gankyrin in transgenic mice. Two
founder (FO) mice were obtained and subsequently mated with
wild-type mice to produce F1 offspring containing the transgene.
F1 mice were then mated with wild-type mice to produce F2 off-
spring. When FQ,-F1 and F2 mice were sacrificed at 9-13 months

HRE cp3t

Fig. 2. Increased vascularity of hepatic tumors overexpressing gankyrin, (A) Vascularity in the livers of gankyrin-transgenic (SC3ab) and wild-type (SCwt) mice with
diethylnitrosamine (DEN)-induced HCCs. Eight months after DEN treatment, mice were sacrificed and tumor vascularity was evaluated microscopically. *Number of mice
with endothelial overgrowth in the liver/number of mice adininistered DEN. P < 0.05 between these groups. (B) Typical examples of atypical proliferation of endothelial cells
in (A). H&E stain. Bar, 50 pm. (C) Expression of endogenous and exogenous (arrowhead) gankyrin in Hepal-6 and Hepal-6/GK cells analyzed by Western blotting. (D)
Vascularity of Hepa1-6 and Hepal-6/GK tumors in nude mouse skin. Typical gross and microscopic (H&E and immunoperoxidase staining of CD31) appearances of formalin-

fixed paraffin-embedded tumors. Bar, 50 pm.
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of age, no hepatic tumor was observed (data not shown). At
22 months of age, however, 5 of the remaining 7 miale F2 devel-
oped hepatic vascular tumors, whereas no tumor was found in
the control mice (Fig. 1A and B). The protein level of gankyrin in
the non-tumorous liver of transgenic mice was about 1.7-fold com-
pared with that of wild-type mice (Fig. 1C). The tumors consisted
of large somewhat irregular vascular channels lined by endothelial
cells. In some areas elongated or spindle-shaped endothelial cells
lined vascular spaces, formed solid sheets, with an atypical nu-
cleus, suggesting malignancy (Fig. 1B). Immunohisochemical anal-

~ ysis demonstrated that the tumor cells expressed the endothelial
cell markers CD31 and CD34. The expression of gankyrin was less
in the vascular tumors than non-tumorous liver tissues (Fig. 1D).
Taken together, these results indicated that the observed tumors
were hemangioma/hemangiosarcomas.

To increase the expression level of transgene in the liver, we
next produced gankyrin-transgenic mice using the SAP promoter
[12]. At the age of 22 months, one of the 3 FO mice developed hem-
angioma/hemangiosarcomas, but none of its F1 offspring and other
2 FO mice (Fig. 1A). In the FO with vascular tumors, the transgene
was integrated into more than one locus, resulting in inheritance
of less integration sites and lower levels of gankyrin expression
in the offspring (Fig. 1C and data not shown).

3.2. Increased vascularity in tumors overexpressing gankyrin

To evaluate the effect of gankyrin on angiogenesis in the liver,
we used the DEN-induced hepatocarcinogenesis model. At
8 months after DEN treatment, 100% of wild-type mice and SAP
promoter-driven gankyrin-transgenic mice (F4) developed hepato-
carcinomas. Multiplicity of tumors was not different between the
two groups, but the incidence of microscopic vascular lesions char-
acterized by angiectasis and atypically proliferating endothelial
cells was significantly higher in the transgenic mice than wild-type
mice (Fig. 2A and B).

To further examine the effect of gankyrin on neovasculization,
we stably overexpressed FLAG-tagged gankyrin in mouse Hepal-
6 liepatoma cells (Hepa1-6/GK cells, Fig. 2C). Two weeks after inoc-
ulation, both Hepa1-6 and Hepal-6/GK cells formed tumors, and
tumor vascularity was grossly more prominent in the Hepal-6/
GK tumors compared with Hepa1-6 tumors in all 6 mice inoculated
(Fig. 2D). Immunohistochemical staining with anti-CD31 endothe-
lial marker antibody demenstrated increased blood vessel density
in Hepal-6/GK tumors compared with Hepal-6 tumors. Thus,
overexpression of gankyrin increased the neovascularization.

3.3. Increased VEGF expression induced by gankyrin

Since HIF-1-mediated expression of VEGF stimulates angiogen-
esis [8,9], we analyzed expression of HIF-1o and VEGF-A. As shown
in Fig. 3A, expression levels of VEGF-A protein and mRNA were
higher in the livers of gankyrin-transgenic mice compared to
wild-type mice. Overexpression of gankyrin in Hepal-6 cells also
increased protein level of VEGF-A, although the HIF-1a level was
not increased. (Fig. 3B). )

- Transcriptional activation of the VEGF gene in response to hy-
poxia is mediated by binding of HIF-1 to HRE {13]. To examine
whether gankyrin affects transcriptional activity mediated by
HRE, we transfected U-2 OS cells with HRE-Luc reporter plasmid.
Gankyrin enhanced the luciferase activity induced by mild hypoxia
(3% 0,) by 4-fold, but only 1.5-fold or no enhancement at 1% or 20%
0, concentration, respectively (Fig. 3C and data not shown). Con-
versely, suppression of gankyrin expression by shRNA reduced
the luciferase activity. When HRE was mutated, the luciferase
activity was not increased by hypoxia, and the enhancing effect
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Fig. 3. Increased VEGF expression induced by gankyrin. (A) VEGF-A and HIF-1a
expression in the livers of wild-type (wt) and gankyrin-transgenic (tg) mice.
Western blotting (left) and RT-gPCR (right). Arrowhead, FLAG-Gankyrin. VEGF-A
transcript levels were normalized with GAPDH levels. Values are average % SD.
*P<0.05. a.u., arbitrary unit. (B) Effects of gankyrin on expression of VEGF-A.
Hepal-6 cells and Hepa1-6 transfectants overexpressing FLAG-Gankyrin (Hepa1-6/
GK) were analyzed by Western blotting. Arrowhead, FLAG-Gankyrin. (C) HRE-
dependent transcriptional activation. U-2 OS cells were cotransfected with ENOJ-F-
luciferase (Luc) reporter plasmids (p2.1) or mutated reporter plasmids lacking the
HIF-1 recognition sequence (p2.4), and plasmids expressing R-Luc, FLAG-Gankyrin,
HA-FIH~1, gankyrin-shRNA, and scrambled-shRNA as indicated. 48 h later, some
dishes were transferred. to hypoxic conditions. After further 48-h incubation, cell
lysates were analyzed for Luc activity. F-Luc activity was normalized with R-Luc
activity. Values are average + SD from 3 independent experiments, a.u., arbitrary
unit.(D) Asn803-dependent increase in HIF-1o transcriptional activity. U-2 OS cells
were cotransfected with Gal4~F-Luc reporter plasmids (GAL4E1bLuc), plasmids
expressing GAL4 DNA-binding domain (DBD) fused to wild-type (wt) or N803A
mutant C-terminal half (CAD) of HIF-1a, R-Luc, and FLAG-Gankyrin and gankyrin-
shRNA as indicated. After 48 h of hypoxic incubation, Luc activities were measured
and expressed as in (C). GAL4-BS, GAL4-binding sites. a.u., arbitrary unit.

of gankyrin was not observed, indicating that the effect was med-
iated by HRE.

We next examined whether gankyrin affects transcriptional
activity of HIF-1a. We employed. a reporter system composed of
the F-Luc gene whose expression is controlled by GAL4-binding
elements (GAL4E1bLuc, Fig. 3D) and the HIF1o-CAD fused to the
GAL4 DNA-binding domain [13]. Compared with normoxia (20%
05), luciferase activity was 2.5-fold higher at 3% O, concentration
(Fig. 3D). Overexpression of gankyrin further increased the HIF-
1o activity by 3-fold, whereas suppression of gankyrin reduced
it. At 1% or 20% O concentration, however, these effects of ganky-
rin were not observed (data not shown). When fusion protein of
HIF-10-CAD mutated at Asn803 was used, gankyrin showed no ef-
fect. Since Asn803 is the critical residue for FIH-1 to inhibit HIF-1o
activity, these results suggest that the effect of gankyrin was med-
iated by FIH-1. - :
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Fig. 4. Binding of gankyrin to FIH-1, (A) Effect of gankyrin on FIH-1 protein Jevel. HEK293 cells were transfected with increasing amounts of plasmids expressing HA-gankyrin
or HA-FIH-1, or empty vector (Mock) as indicated. 48 h later, cell lysates were analyzed by Western blotting. Arrowhead, non-specific bands. (B) Effect of gankyrin on binding
aof HiF-10! to FIH-1. HEK293T cells were cotransfected with plasmids expressing FLAG-HIF-1a, HA~FIH-1, and Myc-tag-gankyrin, and cultured at 3% O, for 48 h. Cell lysates
were immunoprecipitated (IP), and precipitants and inputs were analyzed by Western blotting (WB) using the indicated antibodies. (C) Interaction of gankyrin with FIH-1.
HEK293T cells were cotransfected with plasmids expressing FLAG-Gankyrin and HA-FIH-1, .and cultured at 3% O, for 48 h. Cell lysates were immunoprecipitated, and
precipitants and inputs were analyzed by WB as in (B). WCL, whole cell lysates. Experiments were repeated three times with similar results. (D) Scatter plot of mRNA levels of
gankyrin and VEGF-A in human hepatocellular carcinoma specimens. a.u., arbitrary unit.

3.4. Sequestration and inhibition of FIH-1 by gankyrin

We examined whether or not gankyrin suppresses FIH-1
expression. Overexpression of gankyrin did not affect FIH-1 level
(Fig. 4A). When FIH-1 was overexpressed, the gankyrin level did
not change, either. Thus, we suspected that gankyrin might affect
the interaction of FIH-1 and HIF-1a. As shown in Fig. 4B, binding
of FIH-1 and HIF-To was suppressed by gankyrin. As FIH-1 binds
ankyrin repeat domain proteins |16} and gankyrin contains 7 anky-
rin repeats [3], we checked the possibility that gankyrin binds to
FIH-1. HA-FIH-1.and FLAG-gankyrin were coimmunoprecipitated
by either anti-HA or anti-FLAG antibody from cells cultured at 3%
0, but not or only slightly at 1% or 20% O, concentration, respec-
tively (Fig. 4C and data not shown). These results demonstrate that
gankyrin binds to and sequester FIH-1, resulting in decreased
‘interaction between FIH-1 and HiF-1o and increased activity of
HIF-1 under mild hypoxic conditions. When we further examined

the mRNA levels of gankyrin and VEGF-A in biopsy specimens of

human HCC, a moderate positive correlation (r=0.57, P<0.02)
was found (Fig. 4D), suggesting that the gankyrin-FIH-1 interac-
. tion might have some clinical relevance.

4. Discussion

Hemangioma/hemangiosarcomas are occasionally seen in
mouse liver with incidences less than 3% [17]. In the present study,
71% of the F2 transgenic mice overexpressing HBX promoter-
driven gankyrin developed hepatic hemangioma/hemangiosarco-
mas, whereas none of the wild-type mice did. This phenotype
was probably not due to random insertional mutagenesis in the
transgenic mice as it was also observed in FO mice expressing
SAP promoter-driven gankyrin. In the subsequent generations of
this FO, however, gankyrin levels were decreased and no hemangi-
oma/hemangiosarcoma developed. The finding that mice with 70%
increase, but none with 35% increase in the protein level of hepatic
gankyrin developed hemangiomajhemangiosarcomas (Fig. 1C)
suggests that there is a critical level of gankyrin to show this
phenotype.

How does overexpression of gankyrin in hepatocytes induce
endothelial cell-derived tumors? As gankyrin induces dedifferenti-
ation of HCCs [6], it may also induce transdifferentiation of
hepatocytes into endothelial cells.- A more feasible explanation,
however, would be that gankyrin facilitates a sustained release

of angiogenic growth factors, providing the milieu leading to
hemangiosarcoma formation [18]. Consistent with this notion,
endothelial overgrowth was more frequent in the HCCs of ganky-
rin-transgenic mice than wild-type mice after DEN treatment.
Furthermore, mouse hepatoma transfectants overexpressing gank-
yrin induced more neovascuralization than parental cells ‘when
subcutaneously inoculated into nude mice. VEGF-A was the first
identified member of the VEGF family, and mice with transgenic
VEGF-A expressed in the liver have increased vascularization and
vascular permeability [19]. When myoblasts overexpressing
VEGF-A are transplanted into limb or heart muscle of mice, they in-
duce hemangiomas {20]. In the present study, VEGF-A level was
higher in the liver of gankyrin-transgenic mice compared with
wild-type mice, and gankyrin increased VEGF-A expression in
cultured hepatoma cells, Thus, VEGF-A probably contributed to
formation of hemangioma/hemangiosarcomas in the gankyrin-
fransgenic mice,

HIF-1 is a major factor regulating the level of VEGF, and despite
induction of multiple angiogenic target genes such as-adrenomed-
ullin and placental growth factor, VEGF is essential for HIF-1 med-
iated neovascularization [21]. Hypoxia induces changes in the
hydroxylation status of well-conserved Pro and Asn residues of
HIF-1q, resulting in protein stabilization and transcriptional acti-
vation [8,9]. Signaling through receptor tyrosine kinases induce
HIF-1 expression by increasing the rate of HIF-1o. protein synthesis
via PI3K/Akt/mTOR pathway [8], and gankyrin activates this to pro-
mote VEGF expression [7]. In the present study, the HIF-1a protein
level was not increased in cells overexpressing gankyrin. Reporter
assays indicated, however, that HIF-1 transcriptional activity was
increased by gankyrin, and that it was dependent on Asn803 of
HIF-1o. FIH-1 hydroxylates this residue and inhibits transcrip-
tional activity [8-10]. In addition to HIF-1a, proteins containing
ankyrin repeat domains are common targets for hydroxylation by
FIH-1, and IkBa as well as Notch-1 block the FiH-1-mediated
HIF-1o repression by sequestering FIH-1 [22]. In this case, the rec-
ognition of each substrate and their relative affinity for FIH-1 is an
important determinant of FIH-1 sequestration and consequently
HIF regulation. Consistent with the recent study using recombinant
proteins [16], gankyrin and FIH-1 were co-immunoprecipitated

. from cell lysates. Furthermore, overexpression of gankyrin reduced

the amount of HIF-1a bound to FIH-1, suggesting a higher affinity
for FIH-1 of gankyrin than HIF-1a at mild hypoxia. As expected,
gankyrin increased the HIF-1 transcriptional activity in reporter
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assays, which was dependent on FIH-1. Interestingly, the binding
of gankyrin to FIH-1 and enhancement of HIF-1 activity were
dependent on the O, concentration.

We have demonstrated in this study that sustained overexpres-
sion of gankyrin in hepatocytes, although at a low level, can induce
liver hemangioma/hemangiosarcomas in mice. Gankyrin seques-
ters FIH-1 from HIF-1a to activate HIF-1 and increase production
of VEGF, which at least partly contributes to hemangioma/heman-
giosarcoma formation. Further studies will clarify why spontane-
ous hemangioma/hemangiosarcomas are extremely rare in

“humans in contrast to experimental animals {18], and shed light
on mechanisms of vascular tumorigenesis as well as hepatocarci-
nogeneis. The present study also suggests that gankyrin might play
a physiological role in hypoxic responses besides its roles as an
oncoprotein.
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A 42-year-old man suffering from haemophilia A and coinfection of human immunodeficiency virus
(HIV) and hepatitis C virus was referred to our institution because of multiple liver tumours. He had
been receiving highly active antiretroviral therapy for HIV infection. Ultrasonography showed multiple
hypoechoic space-occupying lesions in the liver. Contrast-enhanced dynamic computed tomography (CT)
and magnetic resonance imaging revealed multiple ring-enhantced hypervascular lesions in the liver. An
ultrasonography-guided biopsy was performed and histological evaluation indicated one of the lesions
to be combined hepatocellular and cholangiocarcinoma and othérs to be non-neoplastic. The patient
underwent partial hepatic resection and is currently alive without recurrence for 15 months. Multiple
ring-enhanced lesions have been undetectable in postoperative follow-up CT examinations.

© 2013 Elsevier B.V. All rights reserved.

1. Why this case is important

Because of shared routes of viral transmission, coinfection with

human immunodeficiency virus (HIV) and hepatitis Cvirus (HCV)is

not uncommon.?2 As a result of advances in highly active antiretro-

5 viral therapy (HAART), the morbidity and mortality associated with

IV infection have declined. Instead, HCV-related liver disease,
including cirrhosis and hepatocelfular carcinoma (HCC), and hep-
atotoxic effects associated with antiretroviral drugs have become
major problems for patients coinfected with HIV and HCV.3 We
reporta case of multiple hepatic hypervascular lesions appearing in
a patient coinfected with HIV and HCV, which were found to be soli-
tary combined hepatocellular and cholangiocarcinoma (cHCC-CC)
accompanied by non-neoplastic lesions.

Abbreviations: AFP, alpha-foetoprotein; ¢HCC-CC, combined hepatocellular
and cholangiocarcinoma; CT, computed tomography; Gd-EOB-DTPA, gadolinium-
ethoxybenzyl-diethylenetriamine pentaacetic acid; HAART, highly active antiretro-
viral therapy; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; HIV, human
immunodeficiency virus; MRI, magnetic resonance imaging.
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Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, Japan.
Tel.: +81 33815 5411, fax: +81 3 3814 0021, )

E-mail address: tateishi-tky@uimin.ac.jp (R. Tateishi).
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2. Case report

A 42-year-old man suffering from haemophilia A and coin-
fection of HIV and HCV was referred to our institution because
of liver tumours. He had been examined periodically with
ultrasonography but no liver tumours had been detected until
then. The patient had been treated with atazanavir, ritonavir
and tenofovir disoproxil/emtricitabine for HIV infection and
remained asymptomatic. He did not take any medicine including
herbal medicines other than the antiviral drugs described above,
Blood-test results at the referral were: albumin, 3.7gdl~!; total
bilirubin, 3.1mgdl™!; direct bilirubin, 1.1mgdl~!; aspartate
aminotransferase, 651U1~1; alanine aminotransferase, 441U1-1;
alkaline phosphatase, 623IU1!; gamma-glutamyl transpepti-
dase, 1491U1-%; platelet count, 122 x10% pl~'; international
normalised ratio of prothrombin time, 0.93; alpha-foetoprotein
(AFP), 73ngml=1; lens culinaris agglutinin-reactive fraction of
AFP, 5.6%; des-gamma-carboxy prothrombin, 28 mAUmI™?; car-
cinoembryonic antigen, 3.0ngml~!; carbohydrate antigen 19-9,
119Uml™; and CD4 count 177cellspl='. HIVI-RNA was not
detectable and HCV-RNA was 7.2 LogIUmi~'. Blood culture was
negative. Ultrasonography showed multiple hypoechoic lesions
in the liver with a maximum diameter of 1.8 cm (Fig. 1A-C). One
nodule in the segment 5 was more sharply marginated than other
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Fig. 1. Ultrasonography showing multiple hypoechoic lesions in the liver. The nodule in segment 5 was diagnosed pathologically as cHCC-CC, which was more sharply-
marginated than other nodules, with mosaic pattern internal echo (Panel A, arrow). The other lesions were nonneoplastic (Panel B and C, dotted arrow).

Fig. 2. Contrast-enhanced dynamic CT revealing hyperattenuation in the arterial phase and hypoattenuation in the equilibrium phase in the nodule that was finally diagnosed
as cHCC-CC (Panel B, arrow). Other nonneoplastic lesions showed ring-enhancement in the arterial phase without hypoattenuation in the equilibrium phase (Panels A and
C, dotted arrow). In each panel, upper image is arterial phase, and lower image is equilibrium phase.

lesions, and the internal echo showed a mosaic pattern (Fig. 1A). Other lesions showed ring enhancement in the arterial phase
Contrast-enhanced dynamic computed tomography (CT) revealed without hypoattenuation in the equilibrium phase. Ten or more
hyperattenuation in the arterial phase and hypoattenuation in the such lesions were detected. Some of them, which were located
equilibrium phase in the former nodule, suggesting HCC (Fig. 2B). near the surface of the liver, presented geographical configuration

Fig. 3. Gd-EOB-DTPA-enhanced MRI revealing distinct defect in hepatobiliary phase in the nodule of cHCC-CC (down image in Panel B, arrow) and indistinct defect in
nonneoplastic lesions {(down images in Panels A and C, dotted arrow). In T2-weighted pre-enhancement images, the former nodule showed distinct high intensity (upper
image in Panel B, arrow) and the latter showed indistinct slightly high intensity (upper images in Panels A and C, dotted arrow). ’
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Fig. 4. During the surgery, several white pitted scars were observed on the surface of the liver (Panel A). Gross photograph of resected specimen showed a yellowish-white
tumour with capsule (Panel B). Milky white lesions existed in the specimen separated from the tumour {Panel C). The photomicrograph of the cHCC-CC nodule showed
both increased cell density with trabecular pattern and pseudoglandular pattern (Panel D, HCC: hepatocellular carcinoma) and irregular glandular structure (Panel D, CC:
cholangiocarcinoma). Nonneoplastic lesions showed loss of hepatocytes, lymphoplasmacytic infiltration, proliferation of bile ductules, and mild fibrosis (Panel F and G), The

background liver showed chronic hepatitis, F3/A1 in METAVIR system (E).

accompanied by depression, whereas others in inward liver
were nodular (Fig. 2A and C). Gadolinium-ethoxybenzyl-
diethylenetriamine pentaacetic acid (Gd-EOB-DTPA)-enhanced
magnetic resonance imaging (MRI) revealed a distinct defect in
the hepatobiliary phase in the nodule suspected of being HCC and

an indistinct defect in others (Fig. 3). The enhancement pattern
in the arterial phase of each lesion was similar to that in contrast-
enhanced CT. Ultrasonography-guided biopsy was performed from
the former nodule in segment 5 (Fig. 1A) and a lesion in segment 6
(Fig. 1C). Histological evaluation indicated the nodule in segment
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5 to be cHCC-CC. No neoplastic cell was found in the lesion in
segment 6,

We considered hyperbilirubinaemia to be due to drug-induced
liver injury and changed the anti-HIV regimen, stopping atazanavir
and ritonavir and adding raltegravir. Hyperbilirubinaemia was
ameliorated thereafter. The patient underwent partial hepatic
resection for cHCC-CC. During the surgery, several white pitted
scars were observed on the surface of the liver (Fig. 4A). Diag-
nosis of cHCC-CC of classical type, the HCC component being
immunoreactive for Hepatocyte antigen and the CC component
for CK7 and CK19, was confirmed by pathological evaluation of

the surgical specimen (Fig. 4B and D). In the specimen, there

were several lesions of milky white colour that differed from
the main tumour, corresponding to the multiple lesions on ultra-
sonography and CT (Fig. 4C). Pathologically, these lesions showed
regional loss of hepatocytes, lymphoplasmacytic infiltration, pro-
liferation of bile ductules and mild fibrosis (Fig. 4F and G).
These lesions were localised panlobular necrosis and considered
as a non-neoplastic, inflammatory process. Special stains (Gram,
Ziehl-Neelsen, Periodic acid-Schiff (PAS) and Grocott) did not
reveal any infectious agents, including bacteria, fungus or protozoa
(Toxopiasma). Immunohistochemical staining for cytomegalovirus
and in situ hybridisation for EBER were negative. The background
liver showed chronic hepatitis, corresponding to F3/A1 in the
METAVIR system?3 (Fig. 4E). ,

The patient is currently alive without recurrence for 2 years
and the multiple ring-enhanced lesions have been undetectable in
postoperative follow-up CT examinations.

3. Other similar and contrasting cases in the literature

This was a case with cHCC-CC accompanied by multiple hyper-
vascular non-neoplastic lesions developed in a patient with HIV
and HCV coinfection. In North America, Europe and Japan, HCV
infection is the main risk factor for HCC.® Several studies also
suggested that HCV infection was one of the risk factors for intra-
hepatic cholangiocarcinoma.”8 ¢HCC-CC is a rare form of primary
liver cancer showing histopathological features of both HCC and
cholangiocarcinoma.®!0 As with the present case, cases of cHCC-CC
arising from the liver of patients with HCV infection were previ-
ously reported in several studies,'’** Furthermore, Shaib et al.
reported that HIV was one of the risk factors of intrahepatic cholan-~
glocarcinoma along with HCV.® Not only HCV but also HIV infection
may have played a role in carcinogenesis in this case. There are no
other reports of cHCC-CC development in HIV and HCV coinfected
patients. There are also no other reports of multiple non-neoplastic
hypervascular lesions in the liver of patients undergoing HIV treat-
ment as this case.

4, Discussion

The present case was coinfected with HIV and HCV. Previous
studies demonstrated that HIV infection accelerates HCV-related
liver-fibrosis progression, and the lower CD4 count is associated
with the higher rate of liver-fibrosis progression.’>~17 [t was also
reported that HCC develops at a younger age and after a shorter
period of HCV infection in HIV and HCV ceinfected patients than
in HCV-monoinfected patients.!®!9 Considering the fact that the
present case developed HCC at a younger age than typical HCV-
related HCC patients with CD4 count <200 cells ul~!, HIV infection
was likely to have accelerated liver fibrosis and carcinogenesis.

This case was also quite interesting in that cHCC-CC and mul-
tiple non-neoplastic lesions with impressive radiological findings
coexisted in the liver. If based solely on radiologic findings, differen-
tial diagnosis would include HCC, cholangiocarcinoma, metastatic

liver cancer, malignant lymphoma, epithelioid haemangioen-
dothelioma, hepatic peliosis, Kaposi's sarcoma and inflammatory
pseudotumour. Needle biopsy revealed that selitary ¢HCC-CC and
multiple non-neoplastic lesions coexisted. Pathological investiga-
tion after surgery suggested that these non-neoplastic lesions were
post-inflammatory changes representing residues of paniobular
necrosis. Although we suspected fulminant or subacute viral hep-
atitis or autoimmune hepatitis as a cause of paniebular necrosis, we
could not find clinical information that would confirm such diagno-
sis. We also suspected drug-induced liver injury caused by HAART
as a cause of panlobular necrosis. However, there were no other
reports of such lesions in the liver of patients receiving HAART. Mul-
tiplering-enhanced lesions disappeared in postoperative follow-up

(T, suggesting that they were reversible changes. It may be pos-

sible that the multiple non-neoplastic lesions were pathological
changes associated with immune disorder caused by HIV infection,
immune reconstruction inflammatory syndrome caused by HAART,
antiretroviral drug-induced liver injury or infection which we could
not diagnose.
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The flavonoid apigenin improves glucose
tolerance through inhibition of microRNA
maturation in miRNA1O3 transgenic
mice |
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Polyphenols are representative bioactive substances with diverse biological effects. Here, we show that
apigenin, a flavonoid, has suppressive effects on microRNA (miRNA) function. The effects were mediated
by impaired maturation of a subset of miRNAs, probably through inhibition of the phosphorylation of
TRBP, a component of miRNA-generating complexes via itnpaired mitogen-activated protein kinase
(MAPK) Erk activation. While glucose intolerance was observed in miRNA103 (miR103)-overexpressing
transgenic mice, administration of apigenin improved this pathogenic status likely through suppression of
matured miR103 expression levels. These results suggest that apigenin may have favorable effects on the
pathogenic status induced by overexpression of miRNA103, whose maturation is mediated by
phosphorylated TRBP.

olyphenols, common components of many popular drinks and foods, and caffeine, an alkaloid in various
seeds and leaves, are representative bioactive substances with diverse biological effects™. However, while
some effects have been examined in detail®, the molecular mechanisms underlining these biological effects
are mostly undetermined. '

MicroRNAs (miRNAs) are short, single-stranded, non-coding RNAs expressed in most organisms ranging
from plants to vertebrates®. Primary miRNAs, which possess stem-loop structures, are processed into mature
miRNAs by Drosha, Dicer, RNA polymerase III, and other related molecules. These mature miRNAs then bind
the RNA-induced silencing complex (RISC), and the resulting co-complex directly binds the 3'-untranslated
regions (3'-UTRs) of target mRINAS to act as suppressors of translation and gene expression. Thus, dependent
upon the identity of the target mRNAs, miRNAs are responsible for the control of various biological functions,
including cell proliferation, apoptosis, differentiation, metabolism, oncogenesis, and oncogenic suppression®®
For example, it was reported recently that expression of miRNA103 and 107 (miR103 and 107) was upregulated in
obese mice, and that the gain of miR103 function in either liver or fat was sufficient to induce impaired glucose
homeostasis'.

Because the effects of bioactive substances are diverse and the functions of miRINAs result in diverse biological
consequences, we hypothesized that some effects of bioactive substances may depend on modulation of miRNA
function. In this study, we examined whether polyphenols and caffeine affect miRNA function and determined
the molecular mechanisms underlying these effects. In addition, we applied the results obtained here to clinically
relevant models to facilitate their use in practical applications.

Results

Apigenin suppresses miRNA function. To determine the effects of polyphenols and caffeine on miRNA
function, we determined the luciferase activities of several types of reporters constructed containing

Lo | 3:2553 | DOL 10.1038/srep02553 1



miRNA-binding sites (the function of which is suppressed by corre-
sponding miRNAs) upon treatment with caffeine or polyphenals.
The polyphenols used here were apigenin, procyanidin A2 and
procyanidin B2 from flavonoids, and chlorogenic acid from phe-
nolic acid. A cell line derived from the liver, Huh7, was used
because substances in food theoretically flow into the liver first
through the portal vein immediately after intestinal absorption.
Among the bioactive substances examined, only apigenin signi-
ficantly inhibited the effects of miRNAs such as miR122, miR185

193

and miR103 (Figure 1a), which are highly expressed in the liver'’.
The effects were similarly observed irrespective of endogenous
miRNAs or exogenous overexpression of corresponding miRNAs
(Figure la and b) in a dose-dependent manner {(Figure lc).
Another liver cell line, Hep3B, showed similar results, suggesting
that the effects were not cell line-specific (Supplementary Figure
1a, b and ). The effects were detected with 5 uM apigenin; this
concentration is physiologically attainable’*%. These results
suggest that apigenin has suppressive effects on miRNA function.
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Figure 1 | Apigenin inhibits miRNA function. (a), Apigenin inhibits endogenous miRNA function. Huh?7 cells were transfected with reporters to
determine the functions of the indicated miRINAs. Twenty-four hours after treatment with the indicated substances, reporter assays were performed. Data
represent the means % standard deviation (s.d.) from three independent experiments. ¥, p < 0.05 (#-test). (b), Apigenin inhibits the function of
exogenously overexpressed miRNAs. Huh7 cells were transfected with reporters and corresponding miRNA precursor-expressing plasmids or an empty
vector. Twenty-four hours after treatment with the indicated substances, reporter assays were performed. Data represent the means * s.d. from three
independent experiments. *, p < 0.05 (t-test). (c), Dose-dependent effects of apigenin on miRNA fanction. Huh7 cells were transfected with reporter
plasmids to determine miR122 function. Cells were treated with indicated doses of apigenin for 24 h and luciferase assays were performed. Caffeine was

included as a negative control. Data represent the means * s.d. from three independent experiments.

control.

*, p << 0.05 (t-test) compared with the negative
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Apigenin inhibits miRNA maturation from miRNA precursors.
To elucidate the molecular mechanisms underlying the inhibitory
effects of apigenin on miRNA function, we first determined the
expression levels of miRNA pathway-related molecules including
Drosha, DGCRS8, KSRP, Argonaute 2 (Ago2), and Dicer in the
presence of apigenin. While the expression levels of Drosha, Ago2
and Dicer proteins appeared to decrease slightly after a high dose of
apigenin, no significant changes were obsérved in the expression
levels of these proteins (Figure 2a and Supplementary Figure 2a).
-Next, we examined the expression and maturation of miRNAs by
quantitative real-time polymerase chain reaction (QRT-PCR) and
Northern blotting (Figure 2b and Supplementary Figure 2b).
Expression levels of mature endogenous miR122, miR103, and
miR185 decreased and accumulation of precursor miRNAs was
also observed after apigenin treatment (Figure 2b), suggesting that
maturation from miRNA precursors was decreased. In addition, a
comprehensive miRNA microarray analysis confirmed that apigenin
altered the expression levels of a major subset of miRNAs
(Supplementary Figure 2¢; the raw data were deposited in the GEO
database; GSE46526). However, some miRNAs, such as let-7, were
not affected by apigenin treatment, which was confirmed by qRT-
PCR (Figure 2b). These results suggest that apigenin has an
inhibitory effect on the maturation of a subset of miRNAs.

Apigenin inhibits phosphorylation of TRBP. The microRNA-
generating complex is composed of Dicer and phospho-TRBP
isoforms™, and TRBP phosphorylation enhances the maturation of
a subset of miRNAs through stabilization of the microRNA-
generating complexes’. Phosphorylation of TRBP is mediated by
mitogen-activated protein kinase (MAPK) Erk’®. Because apigenin

is known to inhibit Erk activity'®?®, we hypothesized that the -

inhibitory effects of apigenin on miRNA maturation may be medi-
ated by decreased phosphorylation of TRBP through inhibition of
Erk. Consistent with previous reports, although caffeine had no effect
on the Erk phosphorylation status, apigenin clearly inhibited Erk
phosphorylation 24 h post-treatment without changes in total Erk
levels (Figure 3a). Concordantly, SRE-driven reporter activities were .
diminished by apigenin freatment (Figure 3b), suggesting that
apigenin indeed inhibited an Erk-mediated intracellular signaling
pathway, consistent with previous reports's™®. While TRBP was
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phosphorylated under normal serum culture conditions, and its
phosphorylation status did not change with caffeine treatment, its
phosphorylation was inhibited by apigenin (Figure 3c). This effect
was confirmed by electrophoresis in a phos-tag gel, which showed a
clear slow-migrating band, indicating that TRBP was phosphory
lated in control and caffeine-treated conditions, but its phosphoryla-
tion was inhibited upon treatment with apigenin (Figure 3d). To
confirm that Erk activity was inhibited by apigenin following
TRBP phosphorylation, we examined the effects of apigenin using
Huh?7 cells stably expressing constitutively active Mekl (CA-MEK)
on TRBP phosphorylation. As shown in Figure 3e, the degree of
TRBP phosphorylation was increased only by CA-MEK expres-
sion, and the augmented phosphorylation was not diminished by
apigenin treatment (Pigure 3e), suggesting that the effects of
apigenin could not be observed under the induced Erk activation.
That is, the effects of apigenin were most probably mediated by
inhibition of Erk activation. In addition, we established Huh7 cells
stably expressing dominant negative Erk (DN-Erk). As predicted, the
levels of mature miRNA103, 122, and 185, were decreased in DN-Erk
expressing cells, but were slightly increased in CA-MEK expressing
cells, irrespective of apigenin treatment (Figure 3f). The expression
levels of mature let-7, which were examined as a representative
miRNA that was not affected by apigenin treatment in the miRNA
microarray (Figure 3f), were not changed by enforced expression of
DN-Erk or CA-MEK, suggesting that this miRNA maturation is not
significantly regulated by MAPK activity or TRBP phosphorylation,
consistent with a previous report’, These results suggest that
apigenin inhibits Erk phosphorylation, and subsequent decreased
MAPK activity leads to a decrease in TRBP phosphorylation,
which may result in decreased maturation of a subset of miRNAs.

Apigenin improves glucose tolerance through inhibition of miRNA
function. To apply the above results in a clinical setting, we focused
on recent findings demonstrating that a gain of miR103/107 expres-
sion induces impaired glucose homeostasis in vivo'®. To utilize this,
we generated transgenic mice expressing a miR103 precursor under
control of the CMV promoter (Supplementary Figure 3a). Over-
expression of miR103 in these mice was confirmed by Northern
blotting against mature miR103 in liver tissues (Figure 4a and
Supplementary Figure 3b). No significant over-saturation of RISC
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Figure 2 | Apigenin impairs miRNA maturation. (a), Cells were treated with the appropriate substances for 24 h and the indicated proteins were

blotted. Representative results from three independent experiments using Huh?7 cells are shown. Full-length blot images are available in Supplementary
Figure 5a. (b), The expression levels of mature miRNAs and miRNA precursors were determined by QRT-PCR using Huh? cells with or without apigenin
treatment for 24 h. Data represent the means * s.d. from three independent experiments. *, p < 0.05 (#test) compared with the control (DMSO only)
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cells are shown. (d), Substance-treated Huh?7 cell lysates were separated using a Mn2+-Phos-tag gel to discriminate the phosphorylated form of TRBP.
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Supp}ementary Figure 5b, ¢, d, ¢, and £,

complexes due to overexpressing miR103 in these mice was
confirmed by a lack of significant changes in the expression levels
of other mature miRNAs, such as miR122 and miR185 (Figure 4a).
As expected from a previous report’’, these miR103 transgenic mice
showed an increase in both random and fasting blood-glucose levels
and insulin levels (Supplementary Figure 3c and d). The mean size of

adipocytes in visceral fat was larger in normal chow fed miR103 -

transgenic mice than in control mice, and their size became larger
nearly in parallel in both control and miR103 transgenic mice under
a high-fat diet (Supplementary Figure 3e).

To determine the effect of apigenin in these models, 40 mg/kg
apigenin was intraperitoneally injected daily for 14 days in miR103
transgenic mice. The level of mature miR103 was decreased, and
precursors accumulated in apigenin-treated mice, as determined

by Northern blotting and gRT-PCR (Figure 4b and Supplementary
Figure 4a and b). Similar to the in vitro results, levels of mature
miR122 and miR185, but not let-7, in the liver tissues were also
decreased by apigenin treatment (Supplementary Figure 4a and b).
Phosphorylated TRBP in the liver tissues was decreased in apigenin-
treated mice, as determined by a retarded band in the phos-tag gel
(Figure 4c), consistent with the in vifro results (Figure 3d). Erk phos-
phorylation was consistently decreased following apigenin treatment
(Supplementary Figure 4c). In addition, we confirmed the upregu-
lated expression level of caveolin-1, a major regulator of the insulin
receptor, which is a direct target gene of miR103® in these tissues
(Supplementary Figure 4c). As expected from these results, apigenin-
treated miR103 transgenic mice showed decreased random and fast-
ing blood glucose-levels (Figure 4d). While miR103 transgenic mice
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Figure 4 | Apigenin improves glucose tolerance in miR103 transgenic mice. (a), Expression levels of mature miR103, miR122, and miR185 in liver
tissues of miR103 transgenic mice (miR103 Tg) were determined by Northern blotting. (b), Expression levels of mature miR103 and its precursor in liver
tissues of miR10-transgenic mice treated with apigenin were determined by Northern blotting. Control (DMSO) or apigenin (40 mg/kg) was injected
intraperitoneally daily for 14 days. Representative results from three indeperident mouse sets are shown. (c), Liver tissue homogenates from miR103
transgenic mice were separated using a phos-tag gel to determine the phosphorylation status of TRBP. Representative results from three independent
mouse sets are shown. Full-length blot image is available in Supplementary Figure 5g. (d), Blood glucose levels were determined at random times or after
12 h fasting in control and miR103 transgenic (miR103 Tg) mice (n = 8 in each group). Data represent the means * s.d. *, p < 0.05 (#-test).

(e), (), Glucose and pyruvate tolerance tests in control, miR103 transgenic (miR103 Tg), and miR 103 transgenic with apigenin treatment (miR103 Tg +
apigenin) mice (n = 6 in each group). Data represent the means = s.d. *, p << 0.05 (#-test).

showed impaired glucose tolerance after an intraperitoneal glucose
injection, apigenin treatment significantly suppressed these phe-
nomena (Figure 4e). Similarly, while miR103 transgenic mice
showed increased glucose production during an intraperitoneal pyr-
uvate-tolerance test, apigenin treatment also suppressed these effects
(Figure 4f). In addition, an increased number of small adipocytes and
a decreased number of large adipocytes were observed in apigenin-
treated miR103 transgenic mice (Supplementary Figure 3e and f).
These results suggest that apigenin may have beneficial effects on
pathological conditions in miR103 transgenic mice.

Discussion

In this study, we demonstrated that apigenin (4',5,7-trihydroxyfla-
vone) has inhibitory effects on the maturation processes of a subset of
miRNAs and subsequent miRNA function. These effects may be
‘mediated through inhibition of TRBP phosphorylation, possibly
through inhibition of Erk activation. These results suggest that api-
genin may be utilized to improve miRNA-mediated pathogenic
states, such as glucose tolerance, mduced by the over-expression of
miRNA103.

Bioactive substances, such as caffeine and polyphenols, have been
reported to have pleiotropic physiological effects>®, However, those
phenomena are descriptive in most cases and the underlying
mechanisms are largely unclear. Apigenin, which is present in many
fruits and vegetables, also has diverse biological effects, including
improvement of the cancer cell response to chemotherapy®, tumor-

- igenesis>?, modulating immune cell function®, and anti-platelet
activity®. In this study, we showed that apigenin inhibits TRBP
phosphorylation and its related miRNA maturation through inhibi-
tion of MAPK Erk activation. This modulation of miRNA function

by apigenin may account, at least in part, for its various reported
biological effects.

Phosphorylation of TRBP is medsated by Erk'>. We showed clear
inhibition of Erk phosphorylation by apigenin. Although pre-
vious studies have reported the inhibition of Erk activation by
apigenin'®, the underlying mechanisms were unknown. Because
Erk has many biological functions in intracellular signaling, modu-
lation of TRBP phosphorylation and miRNA expression induced by
Erk inhibition through apigenin is likely a part of the phenotype. To
clarify the biological function of apigenin, identification of molecules
on which apigenin directly acts must be the next step.

Another important finding in this study was the impaired glu-
cosetolerance observed in miR103 transgenic mice. Previous stud-
ies showed that recombinant adenoviruses expressing the miR103/
107 family (only one nucleotide difference in miR103 and miR107
at position 21) and a gain of miR103/107 function by transient
infection in mice was sufficient to induce impaired glucose home-
ostasis, and these miRNAs play a central role in insulin sensitiv-
ity'. In this study, we confirmed that constitutive expression of
miR103 in mice resulted in impaired -glucose tolerance and
increased size of adipocytes. These mice may represent a new in
vivo model of metabolic disorders and facilitate development of
new drugs targeting impaired glucose tolerance. In fact, we found
that apigenin reversed impaired glucose tolerance in miR103-
transgenic mice. Because apigenin is one of the flavonoids and
is present in high content in celery and parsley, intake of apigenin
from foods or dietary supplements may have some favorable
effects on glucose "intolerance induced by overexpression of
miRNA levels, even if it does not completely overcome impaired
glucose tolerance.
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Phosphorylated TRBP is not related to the maturation of all
miRNAs, but rather a subset of miRNAs". With this respect, api-
genin may have favorable effects on the pathogenic status induced by
overexpression or overfunction of the miRNAs to which phosphory-
lated TRBP is related. Maturation of miR122, a liver-specific miRNA,
is at least partly regulated by apigenin, as shown in our study, its
crucial function in cholesterol synthesis'*-%, and hepatitis ¢ viral

* replication®*. Therefore, apigenin may also have beneficial effects
on these conditions. Other effects of apigenin on the pathological
state may be necessary to reconsider from the point of view of over-
expression or overfunction of specific miRNAs.

Simultaneously, one should be cautious about the modulation of
miRNA function by apigenin. Because some miRNAs may have

favorable effects on human health, apigenin might be harmful if it
inhibits the maturation and function of such miRNAs. For example,

inhibitory effects on tumor-suppressive miRNAs should be avoided.
Caution regarding these issues is necessary and, in parallel, the bio-
logical functions of miRNAs in general should be further examined.

In summary, we showed that apigenin displays inhibitory effects
on the phosphorylation of TRBP and its subsequent miRNA mat-
uration-and function through regulation of Erk activity. Decreasing
miRNA function may be used for treatment of conditions induced by
over-functioning of miRNAs. Moreover, clarifying the as-yet-undis-
covered functions of bioactive substances is important. Similar strat-
egies to those used here may also be applied to other bioactive
substances whose effects have been reported but the mechanisms
are as yet undetermined.

Methods

Cell culture. The human hepatocellular carcinoma cell lines, Huh7 and Hep3B, were
obtained from the Japanése Collection of Research Bioresources (JCRB, Osaka,
Japan). All cells were maintajned in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum.

Reagents. Caffeine, apigenin and chlorogenic acid were purchased from Wako
Chemicals (Osaka, Japan). Procyanidin A2 and B2 were purchased from Indofine
Chemical (Hillsborough, NJ) and ChromaDex (Irvine, CA). Caffeine, chiorogenic
acid and procyanidin B2 were dissolved in water. Apigenin and procyanidin A2 were
dissolved in dimethyl sulfoxide (DMSO). Caffeine, chiorogenic acid and procyanidin
A2and B2 were added at concentrations of 20 pM, 10 uM, 50 pg/mL, and 50 pg/mL,
respectively, as reported previously* . Apigenin wasused at 10 pM unless otherwise
specified for in vitro studies, and 40 mg/kgwas used for intraperitoneal injection daily
for in vivo stadies. An equal volume of DMSO only was used as a negative control.

Mouse experiments. Experimental protocols were approved by the Ethics
Committee for Animal Experimentation at the Graduate School of Medicine, the
University of Tokyo and the Institute for Adult Disease, Asahi Life Foundation, Japan
and conducted in accordance with the Guidelines for the Care and Use of Laboratory
Animals of the Department of Medicine, the University of Tokyo, and the Institute for
Adult Disease, Asahi Life Foundation.

Plasmids, transfection and dual luciferase assays. Plasmids expressing miR122 and
miR185 precursoxs and the corresponding firefly Iuciferase-based reporters have been
. described previously®®. Plasmids expressing miRNA-103 precursors and the
corresponding luciferase reporter were newly constructed according to protocols
reported previously®. To determine MAPK pathway activity, SRE-driven luciferase
was transfected, and dual luciferase assays were performed as described previously’®,
with the exception that pGL4.74, a control plasmid containing Renilla reniformis (sea
pansy) luciferase under control of the herpes simplex virus thymidine kinase
promoter (Promega), was used as an internal control. Chernicals were added at 24 h
and the reporter assays were done 48 h post-transfection. Constitutively active
MEKI{DD) and dominant negative Erk(K/N) constructs with zeocin resistance genes
were kindly provided by Prof. Takekawa (The Institute of Medical Sciences, the
University of Tokyo)*. After transfection, the cells were selected with 6 Lg/mL zeocin
to establish cells stably expressing those constructs.

‘Western blot analysis. Protein lysates were prepared from cells or mouse liver tissues
for immunoblotting analyses. Western blotting was performed as described
previously®. Primary antibodies were purchased from Sigma (DGCRS, #5AB4200088;
Dicer, #SAB4200087; TRBP2, #SAB4200111; B-actin, #A5441), Bethyl (KSRP, A302-
021), Wako (Ago2, 015-22031), and Cell Signaling (Drosha, #D28B1; Phospho-Erk,
#9101; Total Erk, #4695; myc-tag, #2276; Caveolin, #3267).

Northern blotting of miRNAs. Northern blotting of miRNAs was performed as
described previously®. Briefly, total RNA was extracted using TRIzol Reagent
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(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Ten
micrograms of RNA were resolved in denaturing 15% polyacrylamide gels containing
7 M urea in 1X TBE and then transferred to a Hybond N+ membrane (GE
Healthcare) in 0.25X TBE. Membranes were UV-crosslinked and prehybridized in
hybridization buffer. Hybridization was performed overnight at 42°C in ULTRAhyb-
Oligo Buffer (Ambion) containing a biotinylated probe specific for miR122 (CAA
ACA CCATTG TCA CACTCC A), miR103 (TCA TAG CCC TGT ACA ATG CTG
CT), miR185 (TCA GGA ACT GCC TTT CTC TCC A), and let-7g (AAC TGT ACA
AACTACTACCTC A), which had been heated to 95°C for 2 min. Membranes were
washed at 42°C in 2X $SC containing 0.1% SDS, and the bound probe was visualized
using a BrightStar BioDetect Kit (Ambion). Blots were stripped by boiling in a
solution containing 0.1% SDS and 5 mM EDTA for 10 min prior to rehybridization
with a U6 probe (CAC GAA TTT GCG TGT CAT CCT T).

Quantitative RT-PCR analysis of miRNA expression. To determine miR122,
miR103, miR185, and let-7g expression levels, cDNA was first synthesized from RNA,
and quantitative PCR was then performed using Mir-X miRNA First-Strand
Synthesis and SYBR qRT-PCR Kit (Clontech). The expression levels of miRNA
precursor were determined according to the previous report using the reported
primers. Relative expression values were calculated by the CT-based calibrated
standard curve method. These calculated values were then normalized to the
expression of U6 snRNA. The reverse primer was provided in the kit.

Determining TRBP phosphorylation status. Plasmids expressing wild-type TRBP
and kinase-dead TRBP (TRBP SAA) were kindly provided by Professor Liu'®.
Twenty-four hours after transfection into Huh7 cells with corresponding plasmids,
substances were treated for 24 h, and cell lysates were collected for subsequent
Western blotting. To better discriminate the phosphorylated form of TRBP from the
unphosphorylated form, a Mn2+-Phos-tag SDS-PAGE gel (Wako) was used
according to the manufacturer’s instructions.

Generation of miR103-expressing transgenic mice. To construct transgenic mice,
plasmids expressing miRNA-103 precursors were modified as follows: to add the
SV40 poly(A) tail signal downstream of the miR103 precursor sequences, the pCDH-
miR103 precursor-expressing plasmid was digested at the Not] restriction site, and
PCR-amplified poly(A) tail signal sequences were digested with Clal from the original
plasmid as a template was inserted by the Infusion cloning system (Clontech,
Mountain View, CA). A DNA fragment of 1,125 bp, containing the CMV promoter
region, the 470-bp genomic region for the miR103 precursor, and a SV40 poly(A) tail
signal, was resected from the constructed plasmid by digestion with Clal. Stable
C57BL/6 embryonic stem (ES) cell lines were generated by electroporation of the
linearized transgene, and the resulting cells were injected into blastocysts by the
UNITECH Company (Chiba, Japan). Genotyping was performed by PCR using DNA
isolated from tail snips. Four different mouse lines were maintained and the male
littermates were used in the experiments.

Glucose test. Blood glucose was tested using a Glucose Pilot system (Iwai Chemical,
Japan). Glucose tolerance and pyruvate tolerance tests were performed by
intraperitoneal injection of glucose (2 g/kg) or pyruvate (2 g/kg) after fasting
overnight. Blood glucose levels were measured before injection (0 min) and at 15, 30,
60, and 120 min after injection.

Adipacyte size. Visceral fat tissues stained with hematoxylin and eosin were analyzed
using the Image-J software. One hundred adipocytes were measured per animal to
determine adipocyte size. The high-fat diet was purchased from CLEA-Japan (Tokyo,
Japan).

miRNA microarray analyses. miRNA microarray analysis was performed using
miRNA oligo chips {Toray Industries, Tokyo, Japan). Normalization was performed
using the intensities from US, instead of the standard global normalization. The data
and the protocols were deposited in a public database (Please refer the following link
during the review process; http://www.ncbiplm.nih gov/geo/query/
acc.cgitoken=frwpxomkicoicte&acc=GSE46526).

Statistical analysis. Statistically significant differences between groups were
determined using Student’s t-test when variances were equal. When variances were
unequal, Welch’s t-test was used. P-values less than 0.05 were considered to indicate
statistical significance.
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