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factors that control IL-6 expression and found that LIN28A and B
were significantly upregulated in HcPCs and HCC (Figures 8D
and 6E). LIN28-expressing cells were also detected within FAH
(Figura 6F). As reported (lliopoulos et al., 2008), knockdown of
LIN28B in cultured HcPG or HCC cell lines decreased IL-6
expression (Figurs 8G). LIN28 exerts its effects through downre-
gulation of the microRNA (miRNA) Let-7 (liopoulos et al,, 2009).
Accordingly, miRNA array analysis of aggregated and nonaggre-
gated hepatocytes from DEN-treated mice indicated that the
amount of Let-7, along with other miRNAs that also inhibit [L-6
expression (MiR194 and miR872), was lower in aggregated cells
than in nonaggregated cells (Tabie 82).

To determine whether autocrine IL-6 production is needed for
HCC growth, we silenced IL-6 expression with small hairpin RNA
(shRNA) in dih10 HCC cells (e et al, 2010). This resulted in
nearly a 75% decrease in IL-6 mRNA (Figure 7A) but had little
effect on cell growth in the presence of growth factors, including
EGF and insulin (Figure S8A). IL-6 mRNA silencing, however,
diminished the ability of dih10 cells to form s.c. tumors (Figures
$6B and S6C) and inhibited their ability to form HCCs and prolif-
erate after transplantation into MUP-uPA mice (Figuves 7B and
$8D). To investigate the importance of autocrine IL-6 production
at an earlier step, we isolated HcPC from DEN-treated WT and
I6~'~ mice. Although IL-6 ablation attenuates HCC induction
(Naugler et al,, 2007), we still could isolate collagenase-resistant
aggregates from livers of DEN-injected //6~/~ mice. Notably, IL-6
ablation did not reduce the proportion of CD44* cells in the
aggregates (Figures S7A and S7B). We introduced an identical
number of WT and 6=/~ aggregated hepatocytes into MUP-
uPA mice and scored HCC development 5 months later. The

Originate from Liver Premalignant Lesions
(A and B) Male and female mice were injected with
PBS or DEN at 15 days. At the indicated time
points, BrdU was administrated, and livers were
collected 2 hr later and stained with H&E (A) or a
BrdU-specific antibody (B). Arrows indicate bor-
ders of FAH (magnification: 200 x).

(C) Sections of male livers treated as above
were subjected to IHC with the indicated anti-
bodies (400x).

IL-6 deficiency resulted in a 2.5-fold
decrease in tumorigenic potential (Fig-
ure 7C), suggesting that autocrine IL-6
contributes to HcPC to HCC progression.
To confirm this point, we dispersed
freshly isolated DEN-induced aggregates
and transduced them with bicistronic len-
tiviruses encoding either scrambled or IL-
6-specific sShRNAs and a GFP marker. Af-
ter a few days in culture, the transduced
cells were introduced into MUP-uPA
mice that were examined for HCC devel-
opment 6 months later. Silencing of IL-6
reduced HCC generation (Figure 7D) and
inhibited formation of GFP* colonies
within the MUP-uPA liver (Figure 7E). We also ablated IL-6
expression in mouse hepatocytes and found that this led to a
marked reduction in DEN-induced tumorigenesis (Figure 7F).
Thus, autocrine IL-6 production by DEN-initiated HcPC is impor-
tant for HCC development. To investigate whether autocrine IL-6
signaling also occurs in human premalignant lesions, we exam-
ined needle biopsies of normal liver tissue and HCV-infected
livers with dysplastic lesions. We found that 16% of all (n = 25)
dysplastic lesions exhibited coexpression of LIN28 and IL-6
and contained activated STAT3 (Figure 7G). These markers
were hardly detected in normal liver or nontumor portion of
HCV-infected livers.

DISCUSSION

The isolation and characterization of cells that can give rise to
HCC only after transplantation into an appropriate host liver un-
dergoing chronic injury demonstrates that cancer arises from
progenitor cells that are yet to become fully malignant. Impor-
tantly, unlike fully malignant HCC cells, the HcPCs we isolated
cannot form s.c. tumors or even liver tumors when introduced
into a nondamaged liver. Liver damage induced by uPA expres-
sion or CCl, treatment provides HcPCs with the proper cytokine
and growth factor milieu needed for their proliferation. Although
HcPCs produce IL-6, they may also depend on other cytokines
such as TNF, which is produced by macrophages that are re-
cruited to the damaged liver. In addition, uPA expression and
CCl, treatment may enhance HcPC growth and progression
through their fibrogenic effect on hepatic stellate cells. Although
HCC and other cancers have been suspected to arise from

- 299 -

Cell 155, 384-396, October 10, 2013 ©2013 Elsevier inc. 391



B
ISH DEN 5m

PBS 5m

Lesion2 Lesion1

w]

HcPC

(2]

Figure 6. Liver Premalignant Lesions and
HePCs Exhibit Elevated JL-6 and LIN28
Expression

(A and B) Livers of 5-month-old DEN injected mice
were analyzed for IL-6 expression by IHC (magni-
fication: 400x) (A) and ISH (magnification: 100%,
top; 400, bottom) (B).

(C and D) Quantification of IL-6 (C) and LIN28
(D) mRNA in aggregated versus nonaggregated
hepatocytes from 5-month-old DEN-treated
livers and in normal versus tumor-bearing livers
(n = 6; + SEM) (ND, not detected).

(E) Immunoblot analyses of LIN28A in normal (NL)
and tumor-bearing (TU) livers.

(F) DEN-treated livers were subjected to IHC with a
LIN28A antibody. Broken lines indicate borders of
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premalignant/dysplastic lesions (Hruban et al., 2007, Hytiro

at al,, 2007), a direct demonstration that such lesions progress
into malignant tumors has been lacking. Based on expression
of common markers—EpCAM, CD44, AFP, activated STATS3,
and IL-6—that are not expressed in normal hepatocytes, we
postulate that HcPCs originate from FAH or dysplastic foci,
which are first observed in male mice within 3 months of DEN
exposure. Indeed, the cells that are contained within the FAH
are smaller than the surrounding parenchyma and are similar in
size to isolated HcPCs. Importantly, FAH or premalignant
dysplastic foci are not unique to DEN-treated rodents (Ban-
nasch, 1984; Rabes, 1980), and similar lesions were detected
in human cirrhotic livers (Hytirogiou et al., 2007; Seki et al,
2000; Takayama et al., 1880) in which the rate of HCC progres-
sion is 3%-5% per year (E-Serag, 2011). We found that human

IL-6

FAH (400x).

(G) LIN28B was silenced with shRNA in HCC
(dih) cells and cultured HcPCs, and LIN28B
and IL-6 mRNAs were quantitated by qRT-PCR
(n = 3; + SEM).

See also Figure 85 and Tabie 82,

dysplastic lesions and mouse FAH and
HcPC exhibit autocrine IL-6 signaling.
HcPC are not unique to DEN-treated
mice, and similar cells were isolated
from Tak1™®P mice in which HCC devel-
opment resembles cirrhosis-associated

B shScram human HCC (inokuchi et al., 2010).

—£. []shLIN28B

FHePC Origin and Reiationship to
Liver and HCC Stem Cells
Transcriptomic analysis indicates that
DEN-induced HcPCs are related to both
normal hepatobiliary bipotential stem
cells/oval cells and HCC cells. Although
HcPCs are not fully transformed, they ex-
press several markers—CD44, EpCAM,
AFP, SOX9, OV6, and CK19—found to
be expressed by HCC stem cells and
oval cells (Guo et al, 2012; Mikhail ang
§~§e 2011; Terris et al, 2010; Yamashila
et al ?‘GS Zhu et al,, 2010). However,
unlike oval cells, which do not express albumin or AFP and do
not give rise to liver tumors upon transplantation into MUP-
uPA mice, HcPCs give rise to HCC after intrasplenic transplanta-
tion. Yet, unlike dih10 HCC cells, which express high levels of the
HCC stem cell markers AFP, CD44, and EpCAM, HcPCs do not
form s.c. tumors.

At this point, it is not clear whether HcPCs arise from oval cells
or from dedifferentiated hepatocytes. Given that DEN is meta-
bolically activated by Cyp2E1 that is expressed only in fully
differentiated zone 3 hepatocytes (Tsuisumi et al,, 19 83) and
that Cyp2E1~'~ mice are refractory to DEN (Kang et al., 2007),
DEN-induced HcPC are most likely derived from dedlfferentlated
hepatocytes. Consistent with this hypothesis, DEN-induced FAH
and proliferating cells were found in zone 3 and not near bile
ducts or the canals of Hering, sites at which oval cells reside

AN
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Figure 7. HCC Growth Depends on Auto-
crine iL-6 Production

(A) HCC cells (dih10) were transduced with lenti-
viruses containing scrambled or IL-8-specific
shRNA. [L-6 mRNA was analyzed by qRT-PCR.
(B) Dih10 cells (1.2 x 10% transduced as above
were i.s. injected into MUP-uPA mice that were
analyzed 6 months later for HCC development (n =
3; + SEM).

(C) HcPCs from WT and /16~ mice were injected
(1 x 10* cells/mice) into MUP-uPA mice and
analyzed 5 months later for HCC development (n =
5; = SEM).

(D) HcPCs isolated from DEN-treated WT mice
were transduced with shRNA against IL-6 or
scrambled shRNA, cultured for 3 to 4 days, i.s.
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(F) DEN-treated //6"P and /6™ mice were sacri-
ficed after 9 months to evaluate tumor multiplicity
and size (n = 6-10, + SEM).

(G) IHC analysis of autocrine IL-6 signaling in
human premalignant lesions in HCV-infected
livers. Expression of LIN28, p-STATS3, and IL-6 was
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(Duncan st al, 2008). Notably, GO analysis revealed that many of
the genes whose expression is downregulated in HcPC-contain-
ing aggregates are involved in xenobiotic and organic acid meta-
bolism, characteristics of differentiated hepatocytes. The same
types of genes are also downregulated in HCC. However, final
identification of the origin of HcPC will be provided by ongoing
lineage-tracing experiments.

The Significance of Autocrine IL-6 Expression

Elevated IL-6 was detected in at least 40% of human HCCs,
where it is expressed by the cancer cells (Soresi et al,, 2008).
More recent studies have confirmed upregulation of IL-6 in hu-
man HCC and suggested that it plays a central role in a gene
expression network that drives tumor development (Ji st al.,
2008). Elevated IL-6 was also found in viral and alcoholic hepa-
titis and liver cirrhosis, but in these conditions, IL-6 is expressed
mainly by myeloid cells/leukocytes rather than parenchymal
cells (Deviere st al,, 1888 Kakumu et al, 1983; Soresi st al,
2008). Our studies indicate that the critical site of IL-6 expression
shifts from myeloid cells to epithelial cells during the course of
DEN-induced liver tumorigenesis. Initially, DEN administration

rapidly induces IL-6 in Kupffer cells through NF-xB activation

Non-tumor Dysplasia
Y *tﬁ"

analyzed in 25 needle biopsies of dysplastic nod-
ules, and representative positive specimens (n = 4)
are shown. The dysplastic nodules and paired
nontumor tissue were obtained from the same
HCV-infected patient (n = 25). Nontumor tissue
of metastatic liver cancer was used as normai
control.

See also Figt

7.

.

58 and

(Maeda et al, 2008). This initial surge in IL-6 is required for
DEN-induced hepatocarcinogenesis (Naugier et al, 2007).
Aithough IL-6 decays within 2 weeks of DEN administration, it re-
appears several months later, but at that time, it is expressed
within FAH. IL-6 expression is also elevated in isolated HcPCs
and is maintained in fully transformed HCC cells. Furthermore,
autocrine IL-6 is important for HcPC to HCC progression and
for tumorigenic growth. Autocrine IL-6 in both HcPC and HCC
cells depends on elevated expression of LIN28, an RNA-binding
protein that exerts its protumorigenic activity through down-
regulation of Let-7, an miRNA that inhibits IL-6 expression
(Viswanathan and Daley, 2010). Accordingly, HcPCs exhibit
downregulation of both Let-7f and Let-7g, and elevated LIN28
is found not only in isolated HcPCs but also within FAH and
human HCV-induced dysplastic lesions.

A similar LIN28-Let-7-IL-6 epigenetic switch is important for
in vitro programming and maintenance of cancer stem cells
(Hopoulos et al,, 2008). IL-6 also induces malignant features in
human ductal carcinoma stem cells (Sarsone st al, 2007). In
fact, autocrine IL-6 signaling was suggested to play a key role
in STAT3-dependent tumor progression (Grivennikov and Karin,

Sy,

2008). Another miRNA-driven autoregulatory circuit involved in
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hepatocarcinogenesis accounts for elevated IL-6R expression
(Hatziapostolou et al., 2011). Yet, HcPC-containing aggregates
also express several other STAT3-activiting cytokines and re-
ceptors. Accordingly, silencing or ablation of IL-6 results in
incomplete inhibition of HcPC to HCC progression. Nonetheless,
our results demonstrate that autoregulatory circuits/epigenetic
switches play an important role in the very early stages of tumor-
igenesis. Given that such circuits are already activated in prema-
lignant cells, pharmacological agents that disrupt their function
may be useful in cancer prevention. Prevention is of particular
importance in cancers such as HCC, which is often detected
at a stage that is refractory to currently available therapeutics.

EXPERIMENTAL PROCEDURES

Mice, HCC Induction, HePQ Isolation, and Transplantation

MUP-UPA transgenic mice (W (0) were maintained on a pure
BL/6 background. Because homozygous females frequently die when preg-
nant, MUP-uPA heterozygotes were generated by backcrossing homozygous
MUP-uPA males with BL/6 females to be used as recipients for hepatic trans-
plantation. Tak72"®P (nokuchi et &, 2010) and #1677 (Quintana et al, 2013)
mice were also in the BL/6 background. /i6"F mice were generated by
crossing /167 and Alb-Cre mice. C57BL/6 actin-GFP mice were from the
Jackson Laboratories. BL/6 mice were purchased from Charles River
Laboratories.

To induce HCC, 15-day-old mice were injected i.p. with 25 mg/kg DEN
(Sigma). A pool of DEN-injected BL/6 mice was maintained and used in
most experiments. Hepatocytes were isolated using a two-step procedure
, &010). Cell aggregates were isolated by filtration through 70 and
40 um sieves. To disperse the aggregates into single cells, they were subjected
to gentle pipetting in Ca/Mg-free PBS on ice. Single-cell suspensions of aggre-
gated and nonaggregated hepatocytes were transplanted via an i.s. injection
into 21-day-old male MUP-uPA mice (Mg ot al., 2010). Alternatively, single-
cell suspensions of aggregated hepatocytes were enriched for CD44* HcPC
using magnetic beads. As few as 100 viable CD44* cells mixed with 1 x 10°
normal hepatocytes from normal males were transplanted into MUP-uPA
mice. Alternatively, BL/6 mice were pretreated with retrorsine (70 mg/kg i.p.)
(Sigma), a cell-cycle inhibitor, 1 month prior to transplantation. Transplanted
mice were allowed to recover for 1 week and then injected weekly with 3x
0.5 mi/kg CCly i.p. to induce liver injury and hepatocyte proliferation (Giuo
et al, 2002). Mice were sacrificed 5 to 6 months later, and tumors bigger
than 1 mm in diameter on the liver surface were counted. Tumors bigger
than 5 mm across were dissected for biochemical and molecular analyses.

(He et al.
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Hepatocellular carcinoma (HCC) is a threat to public health worldwide. We previously identified the
association of a single nucleotide polymorphism (SNP) at the promoter region of the MHC class I
polypeptide-related sequence A (MICA) gene with the risk of hepatitis-virus-related HCC. Because this SNP
affects MICA expression levels, regulating MICA expression levels may be important in the prevention of
HCC. We herein show that the microRNA (miR) 25-93-106b cluster can modulate MICA levels in HCC
cells. Overexpression of the miR 25-93-106b cluster significantly suppressed MICA expression. Conversely,
silencing of this miR cluster enhanced MICA expression in cells that express substantial amounts of MICA.
The changes in MICA expression levels by the miR25-93-106b cluster were biologically significant in an
NKG2D-binding assay and an in vivo cell-killing model. These data suggest that the modulation of MICA
expression levels by miRNAs may be a useful method to regulate HCCs during hepatitis viral infection.

epatocellular carcinoma (HCC) is the third most common cause of cancer-related mortality worldwide'.
Although multiple major risk factors have been identified, such as genetic factors, environmental toxins,
alcohol abuse, obesity, and metabolic disorders infection with hepatitis virus B (HBV) or C (HCV)
remains the major etiological factor for HCC'.

Disease progression in HBV-induced or HCV-induced HCC is a multistep phenomenon. The clinical out-
comes vary among individuals** because disease progression is influenced by both environmental and genetic
risk factors. In terms of genetic susceptibility factors for HCV-induced HCC, we previously identified a single
nucleotide polymorphism (SNP) site in the 5'-flanking region of the MICA gene on 6p21.33 (rs2596452) that is
strongly associated with progression from chronic hepatitis C to HCC®. Individuals with the risk allele A of
152596452 showed lower serum MICA protein levels®. Our subsequent study revealed that the same SNP site was
also significantly associated with the risk of HBV-induced HCC®. However, interestingly, the risk allele was G in
cases of HBV infection, which differed from HCV infection, and the individuals with the risk allele showed
increased MICA protein expression levels®. Despite the different risk alleles at the same SNP site and inverse
association between serum MICA levels and HCC risks in these two etiologies, MICA protein expression levels
are significantly associated with susceptibility to HCC in chronic hepatitis viral infection.

MICA is highly expressed on viral-infected and cancer cells and acts as a ligand for NKG2D to activate the
antitumor effects of natural killer cells and CD8 T cells”®. This NKG2D-mediated tumor rejection is considered to
be effective in the early stages of tumor growth® . Thus, the expression levels of MICA on the tumor cell surface
may determine the antitumor efficacy, and the levels of shedding MICA in serum may act as a decoy of NKG2D to
avoid tumor rejection.

Although several stress pathways regulate the transcription of the MICA gene'>", cellular microRNAs are
suggested to control MICA protein expression via post-transcriptional mechanisms'*". Recently, nucleic-acid-
mediated gene therapy has been undergoing clinical trials'®. Therefore, to target the clinical application of our
GWAS results toward prevention of chronic-hepatitis-infection-induced HCC by nucleic-acid-mediated therapy,
we determined the regulatory mechanisms of MICA protein expression using miRNA overexpression and
miRNA functional silencing.
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Figure 1 | Expression of MICA protein in HCC cells. (a), Flow cytometry assessment of MICA protein expression in HCC cells (purple lines).
Isotype IgG was used for background staining (black lines). HeLa cells were used as the positive control. Representative results from two independent
experiments are shown. (b), Immunofluorescence staining for MICA in Huh7 and Hep3B cells. Representative images from two independent

experiments are shown. Scale bar, 25 pm.

Results

HCC cell lines differentially express MICA protein. To determine
MICA protein levels in HCC cells, four representative HCC cell lines
(Huh7, HLE, PLC/PREF/5, and Hep3B cells) underwent flow cyto-
metry to evaluate MICA protein expression because no appropriate
antibodies against MICA protein are at present available for western
blotting. Hela cells, which are known to express MICA protein®’,
were used as a positive control. Hep3B and PLC/PRE/5 cells expre-
ssed substantial MICA protein levels, Huh7 and HLE cells expressed
no MICA protein (Figure 1a). This was confirmed by immunocyto-
chemistry using Huh7 and Hep3B cells, which showed staining
mainly of cell surfaces (Figure 1b). These results suggest that the
MICA protein expression status depends on the cell line examined,
even those from the same organ.

The MiR25-93-106b cluster regulates MICA expression. Because
upregulation of MICA expression was observed in Dicer-knockdown
cells'®, we hypothesjzed that MICA expression levels may be at least
partly regulated by miRNAs. We initially tested miRNAs that might
affect MICA expression using reporter constructs into which MICA
3'-untranslated region (3'UTR) sequences were cloned and by
transiently overexpressing 76 mature synthetic microRNAs, which
were selected on the basis of their hepatic expression level, as in our
previous studies'®*°. Among the microRNAs examined, several may
target MICA 3'UTR (Supplementary Figure 1). Among them, we
focused on miR93 and miR106b, which were considered to target
MICA 3'UTR based partly on the results of our initial miRNA testing
described above; in addition, their possible target sequences were
identified in the MICA 3'UTR sequences by a computational
search using TargetScan 6.0 *. Additional reasons that we focused
on these two miRNAs were as follows: 1) these miRNAs share the
same seed sequences, to which two perfect-match complementary
sequences exist in the 3'UTR of MICA (Figure 2a); 2) the target

sequences are highly conserved among mammals and are thus
likely to be biologically important sites; and 3) these miRNAs are
located as a “miR25-93-106b cluster” on human chromosome
7q22.1, and so they may be expressed together under the same
transcriptional control. We introduced mutations in the first
possible miRNA target sequences of MICA 3'UTR in the reporter
constructs (Supplementary Figure 2a); these sequences have a higher
likelihood to be target sites, as determined by TargetScan. Co-
transfection experiments revealed that reporter activity was sup-
pressed by overexpression of a miR25-93-106b cluster-expressing
plasmid (Figure 2b and Supplementary Figure 2b). The over-
expression of an unrelated miR (let-7g)-expressing plasmid did not
have any significant effects on the reporter activity (Supplementary
Figure 2¢) and the suppressive effect was lost using constructs with
three point mutations in the seed sequences (Figure 2c), suggesting
that miR25-93-106b directly targets these sequences and suppresses
gene expression.

To confirm these effects, we generated HeLa and Hep3B cell lines
that stably expressed the miR25-93-106b-cluster by transducing cells
with miR25-93-106b-cluster-expressing lentiviruses (Figure 2d). As
expected, the expression of the miR25-93-106b-cluster significantly
suppressed MICA protein expression (Figure 2e). However, the
expression levels of endogenous miR93 and 106b were not always
proportional to the levels of MICA protein expression in the cell lines
examined (Supplementary Figure 3). These results suggest that
MICA protein expression can be regulated by miR93 and 106b, but
that its expression is simultaneously endogenously regulated by other
factors (possibly by promoter activities, including epigenetic
changes).

Inhibition of miR25-93-106b function increases MICA protein
expression. To develop methods of enhancing MICA protein
expression levels based on the above results, we examined the
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(b), (¢), Cells were co-transfected with pGL4-TK (renilla luciferase as an internal control), Luc-MICA-3"UTRwt (b) or Luc-MICA-3"UTRmut (c), and
either an empty control vector (white bar) or miR25-93-106b-cluster expression plasmid (black bar). Data shows the means * s.d. of the raw ratios
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(e), Suppression of MICA expression by overexpression of miRNA93 and 106b. Flow cytometry assessment of MICA protein expression in control (black
lines) and stably miR25-93-106b cluster-expressing HeLa and Hep3B cells (red lines). Gray-shaded histograms represent the background staining using
isotype IgG. Representative results from two independent experiments are shown.

effects of functional downregulation of miR25-93-106b on MICA
expression. We first performed a reporter assay of transient func-
tional silencing of miR25-93-106b using a construct that produces
mature anti-sense RNAs designed to silence miR25-93-106b func-
tion. As expected, the reporter activities with MICA 3'UTR sequ-
ences were enhanced by the functional silencing of miR25-93-106b
in HeLa, Hep3B, and Huh7 cells (Figure 3a). However, such effects
were not observed using mutant reporter constructs not targeted by
those miRNAs (Figure 3b), suggesting that the enhancing effects of
the reporter activities were miRNA-dependent.

Next, HeLa, Hep3B, and Huh7 cells were stably transduced with a
lentivirus that expresses anti-sense RNAs as described above, and
MICA protein expression levels were determined by flow cytometry.
Consistent with the reporter assay results, MICA protein expression
was increased in HeLa and Hep3B cells by the functional silencing of
miR25-93-106b (Figure 3c). However, in Huh?7 cells, which express
no MICA protein in the normal state, silencing of miR25-93-106b
had no effect on MICA protein expression (Figure 3¢). These results

suggest that MICA protein expression levels can be regulated by
modulating miRNA function, albeit only if at least a small quantity
of MICA protein is present. In contrast, modulation of miRNA func-
tion does not influence MICA protein expression levels when the
MICA protein is not expressed, but this could be because there are
other forms of regulation at extremely low levels.

MICA protein levels are related to tumor susceptibility to NK
cells. To determine the consequences of the modulation of MICA
protein expression levels by miRNAs, we first determined the bind-
ing ability of NKG2D, a receptor of MICA, using HeLa and Hep3B
cells overexpressing the miR25-93-106b cluster or with silencing of
miR25-93-106b function. As expected, the levels of NKG2D binding
to the cells, theoretically through binding to MICA, were decreased
in HeLa and Hep3B cells overexpressing the miR25-93-106b cluster
(Figure 4a). On the contrary, the levels of NKG2D binding to the cells
were increased in HelLa and Hep3B cells in which miR25-93-106b
function had been silenced (Figure 4b).
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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
tumor-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 C57Black6/] mouse tail veins together with an equal
number of HeLa cells labeled with Dil (internal reference control).
After 5 h, surviving Hep3B and Hela 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®’, 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™?, 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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cluster-expressing cells (green lines) (b). Representative results from three
independent experiments are shown. (c), In vivo killing of DiO-labeled
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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 * s.d. of three independent experiments. *p < 0.05.

dependent on miRNAs. In addition, in cells with no endogenous
MICA expression, such as Huh7 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

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 culture. The human HCC cell lines Huh7, HLE, PLC/PRF/5, 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 luciferase 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 II XL Site-directed Mutagenesis Kit
(Stratagene, Heidelberg, Germany) according to the manufacturer’s instructions.
Transient transfection and reporter assays were performed as described previously®.

Lentiviral constructs, 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 GTC
AAG AAG GC-3'. To remove the copGFP region from pmiRZIP25-93-106b (System
Biosciences), a construct expressing mature anti-sense sequences of the miR25-93-
106b cluster, sequences coding the GFP gene were removed by excision with Xbal and
Pst] sites followed by connecting the cut ends with annealed oligonucleotides (5'-
CTAGACGCCACCATGCTG CA-3' and 5'-GCA TGG TGG CGT-3') to maintain
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 NotI site. The primer sequences used were 5'-ATC GGA TCC
GCG GCC GCA CCA TGT ACC CAT ACG ATG TTC CAG ATT ACG CTA TGG
GGC TGG GCC CGG TC-3' and 5'-AGA TCC TTC GCG GCC GCT TAG GCG
CCC TCA GTG 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

- 308 -

§ UFIC REPORTS | 3:2739 | DOI: 10.1038/5rep02739

5



polybrene (EMD Millipore, Billerica, MA). The selections were performed with
400 pg/mL G418 and 2 pg/mL (HeLa) 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 DAPI (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
(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 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 gca
cga aca gca ctt tg) and 106b (atc tgc act gtc 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 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).

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 Huh7 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 IgG1 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). As a
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 t-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-«B. 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 B

Keywords: virus X protein (HBX) promoter-driven gankyrin, and one of 3 founder mice overexpressing serum amy-
IITISIFM?]O loid P component (SAP) promoter-driven gankyrin developed hepatic vascular neoplasms (hemangioma/
FIH: 1 hemangiosarcomas) whereas none of the wild-type mice did. Endothelial overgrowth was more frequent
Oncogene in the livers of diethylnitrosamine-treated transgenic mice than wild-type mice. Mouse hepatoma
Hemangioma Hepa1-6 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-1at) and increased activity of HIF-1 to promote VEGF production: The effects of gankyrin
were more prominent under 3% O, 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 physiological role
in hypoxic responses besides its roles as an oncoprotein.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction 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-

Gankyrin (also called p28, p28%ANK or PSMD10) was identified
as an oncoprotein commonly overexpressed in hepatocellular car-
cinomas (HCCs) [1]. Gankyrin was also independently isolated as
p28, a supposed component of the 26S proteasome, but recent
studies have demonstrated that p28 associates only with free 19S

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

Abbreviations: 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-w.acjp (H. Higashitsuji), jfujita@virus.

kyoto-w.ac.jp (J. Fujita).

0006-291X/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2013.01.093

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 tumors contain hypoxic regions, and one of the most
important cellular 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-1a). Under aerobic conditions,
HIF-1a is hydroxylated by specific prolyl hydroxylases at two con-
served Pro residues in a reaction requiring oxygen. Hydroxylation
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facilitates binding of von Hippel-Lindau protein, a component of
the ubiquitin protein ligase, to HIF-1q, leading to its proteasomal
degradation. The ability of HIF-1« 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-1q, and disrupts interaction of
HIF-1o with the transcription co-activators p300 and CBP. Under
hypoxic conditions, prolyl hydroxylase and FIH-1 activities are
inhibited by substrate (0,) deprivation, resulting in HIF-1a 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. Traﬁsgenic 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 pBEPBglll 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, Kumamoto 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 3 x 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.
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2.4. Cell culture and DNA transfection

U-2 OS 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-1o, 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-1a, 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-qPCR using B-actin
and GAPDH mRNA for normalization. Primer sequences used were as
follows: gankyrin (human, 5'-TCTTCAAGCCATCCTGTGTG-3' and 5'-
TGGTGATGTTGGACTCCTCA-3'), VEGF-A (human, 5-AAAA CTGCT
GGTGTCCCAAG-3' and 5'-ATTAAACCCAGGCCACCTTT-3'; mouse, 5'-CA
GGCTGCTGTAACGATGAA-3' and 5'-TATGTGCTGGCTTTGGTGAG-3),
B-actin (human, CTACGTCGCCCTGGACTTCGAGC and GATGGAGC
CGCCGATCCACACGG), GAPDH (mouse, 5'-ACAACTTTGTC AAGCT-
CATTTCCTG-3' and 5'-TGGTCCAGGGTTTCTTACTCCTTGG-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 ENO1 gene upstream of an SV40 promoter and firefly
luciferase (F-Luc) coding sequences [13]. U-2 0S cells were
cotransfected 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 GALA4 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 liver. 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 probability test were performed using the JMP software (SAS Insti-
(CAD) of the wild-type and FIH-1-insensitive HIF-1a, respectively, tute). A P value less than 0.05 was considered statistically
fused to the GAL4 DNA-binding domain were described previously significant.

[15]. U-2 OS cells were cotransfected with GAL4E1bLuc, pRL-CMV,

GAL4-expressing plasmids, and plasmids expressing FLAG-ganky-

rin or gankyrin-shRNA. 3. Results

Transfected cells were exposed to mild hypoxia (1 or 3% O;) for . . . .
48 h and harvested for dual luciferase assays (Promega) as de- 3.1. Vascular neoplasms developed in the liver of gankyrin-transgenic
scribed [5]. mouse

The HBX promoter [11] was first used to direct hepatocyte-spe-

2.8. Statistical analysis cific expression of the wild-type gankyrin in transgenic mice. Two
founder (FO) mice were obtained and subsequently mated with

To determine whether the means of two groups are significantly wild-type mice to produce F1 offspring containing the transgene.
different from each other, the Student’s t-test and chi-square test F1 mice were then mated with wild-type mice to produce F2 off-
were used. All statistical analyses including Fisher's exact spring. When FO, F1 and F2 mice were sacrificed at 9-13 months
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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 administered DEN. P < 0.05 between these groups. (B) Typical examples of atypical proliferation of endothelial cells
in (A). H&E stain. Bar, 50 um. (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 Hepa1-6/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 um.

=313 -



Y. Liu et al./Biochemical and Biophysical Research Communications 432 (2013) 22-27 25

of age, no hepatic tumor was observed (data not shown). At
22 months of age, however, 5 of the remaining 7 male 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 hepatoma cells (Hepa1-6/GK cells, Fig. 2C). Two weeks after inoc-
ulation, both Hepal-6 and Hepal-6/GK cells formed tumors, and
tumor vascularity was grossly more prominent in the Hepal-6/
GK tumors compared with Hepal-6 tumors in all 6 mice inoculated
(Fig. 2D). Immunohistochemical staining with anti-CD31 endothe-
lial marker antibody demonstrated 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% 02) 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-qPCR (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 Hepal-6 transfectants overexpressing FLAG-Gankyrin (Hepal-6/
GK) were analyzed by Western blotting. Arrowhead, FLAG-Gankyrin. (C) HRE-
dependent transcriptional activation. U-2 OS cells were cotransfected with ENO1-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-10, 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-1o. We employed a reporter system composed of
the F-Luc gene whose expression is controlled by GAL4-binding
elements (GAL4E1bLuc, Fig. 3D) and the HIF1a-CAD fused to the
GAL4 DNA-binding domain {13]. Compared with normoxia (20%
0,), 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-1ot
activity, these results suggest that the effect of gankyrin was med-
iated by FIH-1.



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

A B CFLAG.Gankyrin - .+
. in  FLAGHFda 4+ 4 44 . *:C;\F‘H" -+ -+
S\ p-Ganky HA-FIH-1 + + + o+ 1O
WE: £ H_‘___‘ Myc-Gankytn = = 4 4+ !g‘! S_gtﬁg
HA IP: 1gG _a-HA wB: HA
FIH-1 WB:FLAG Wel: a6
actin IP: 1gG _o-FLAG HA

wB: HA

"§ WAFIRA Input:
we: = WB:FLAG B
HA HA
Gankyrin Myc
actin actin

actin

3 4 (au)

1.2
Gankyrin
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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
of HIF-1a to FIH-1. HEK293T cells were cotransfected with plasmids expressing FLAG-HIF-1o, 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
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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-1o. As shown in Fig. 4B, binding
of FIH-1 and HIF-1o 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 hemangioma/hemangiosarcomas (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-
transgenic 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-1a. protein synthesis
via PI3K/Akt/mTOR pathway [8], and gankyrin activates this to pro-
mote VEGF expression [7]. In the present study, the HIF-1o 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-1a. FIH-1 hydroxylates this residue and inhibits transcrip-
tional activity [8-10]. In addition to HIF-1o, 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-1a 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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Uninodular combined hepatocellular and cholangiocarcinoma with multiple
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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-enhanced 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 others 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 C virus (HCV) is
not uncommon.'? As a result of advances in highly active antiretro-
viral therapy (HAART), the morbidity and mortality associated with
HIV infection have declined. Instead, HCV-related liver disease,
including cirrhosis and hepatocellular carcinoma (HCC), and hep-
atotoxic effects associated with antiretroviral drugs have become
major problems for patients coinfected with HIV and HCV.2 We
report a 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; cHCC-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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2. Casereport

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 resuits at the referral were: albumin, 3.7 gdl-1; total
bilirubin, 3.1mgdl-!; direct bilirubin, 1.1mgdl~'; aspartate
aminotransferase, 651U1~'; alanine aminotransferase, 441U1"1;
alkaline phosphatase, 6231U1"!; gamma-glutamyl transpepti-
dase, 1491U1!; platelet count, 122x10%ul~'; international
normalised ratio of prothrombin time, 0.93; alpha-foetoprotein
(AFP), 73ngml~!; 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 177cells pI-!. HIVI-RNA was not
detectable and HCV-RNA was 7.2 LogIUml~!. 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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