several decades to evolve (Ei-Sarag, 20011). Currently, HCC is
the third most deadly and fifth most common cancer worldwide,
and in the United States its incidence has doubled in the past
two decades. Furthermore, 8% of the world’s population are
chronically infected with hepatitis B or C viruses (HBV and
HCV) and are at a high risk of new HCC development (E}-Serag,
24¥11). Up to 5% of HCV patients will develop HCC in their life-
time, and the yearly HCC incidence in patients with cirrhosis is
3%-5%. These tumors may arise from premalignant lesions,
ranging from dysplastic foci to dysplastic hepatocyte nodules
that are often seen in damaged and cirrhotic livers and are
more proliferative than the surrounding parenchyma (Hyikogiou
et al,, 2007). However, the tumorigenic potential of these lesions
was never examined, and it is unknown whether they contain
any genetic alterations. Given that there is no effective treat-
ment for HCC and, upon diagnosis, most patients with
advanced disease have a remaining lifespan of 4-6 months, it
is important to detect HCC early, while it is still amenable to sur-
gical resection or chemotherapy. Premalignant lesions, called
foci of altered hepatocytes (FAH), were also described in chem-
ically induced HCC models (Fiiot, 1980), but it was questioned
whether these lesions harbor tumor progenitors or result from
compensatory proliferation (Saii and Leffert, 2008). The aim of
this study was to determine whether HCC progenitor cells
(HcPCs) exist and if so, to isolate these cells and identify
some of the signaling networks that are involved in their mainte-
nance and progression.

We now describe HcPC isolation from mice treated with the
procarcinogen diethyl nitrosamine (DEN), which induces poorly
differentiated HCC nodules within 8 to 9 months (Verng ot al,
1aa8). Although these tumors do not evolve in the context of
cirrhosis, the use of a chemical carcinogen is justified because
the finding of up to 121 mutations per HCC genome suggests
that carcinogens may be responsible for human HCC induction
(Guichard et al., 2012). Furthermore, 20%-30% of HCC, espe-
cially in HBV-infected individuals, evolve in noncirrhotic livers
(El-Berag, 2011). Nonetheless, we also isolated HcPCs from
Tak12P*P mice, which develop spontaneous HCC as a result of
progressive liver damage, inflammation, and fibrosis caused by
ablation of TAK1 (inokuchi st al,, 2810). Although the etiology
of each model is distinct, both contain HcPCs that express
marker genes and signaling pathways previously identified
in human HCC stem cells (Marguarct and Thorgsireson, 2010)
long before visible tumors are detected. Furthermore, DEN-
induced premalignant lesions and HcPCs exhibit autocrine IL-6
production that is critical for tumorigenic progression. Circu-
lating IL-6 is a risk indicator in several human pathologies and
is strongly correlated with adverse prognosis in HCC and cholan-
giocarcinoma (Porta st al., 2008; Soresi et al, 2006). IL-6 pro-
duced by in-vitro-induced CSCs was suggested to be important
for their maintenance (Hopoules et al., 2008). Furthermore, auto-
crine IL-6 was detected in several cancers, but its origin is poorly
understood (Grivennikov and Karln, 8008). In particular, little is
known about the source of IL-6 in HCC. In early stages of
hepatocarcinogenesis, IL-6 is produced by Kupffer cells or mac-
rophages (Masda et gl, 2005; Naugler et gl, 2007). However,
paracrine IL-6 production is transient and does not explain its
expression by HCC cells.

RESULTS

DEN-Induced Collagenase-Resistant Aggregates of
HCC Progenitors
A single intraperitoneal (i.p.) injection of DEN into 15-day-old
BL/6 mice induces HCC nodules first detected 8 to 9 months
later. However, hepatocytes prepared from macroscopically
normal livers 3 months after DEN administration already contain
cells that progress to HCC when transplanted into the permissive
liver environment of MUP-uPA mice (He st &l 2510), which ex-
press urokinase plasminogen activator (UPA) from a mouse
liver-specific major urinary protein (MUP) promoter and undergo
chronic liver damage and compensatory proliferation (R
at al., 1284). Collagenase digestion of DEN-treated livers gener-
ated a mixture of monodisperse hepatocytes and aggregates of
tightly packed small hepatocytic cells (Figura 1A). Aggregated
cells were also present—but in lower abundance—in digests of
control livers (Figure $1A available online). HCC markers such
as o fetoprotein (AFP), glypican 3 (Gpc3), and Ly6D, whose
expression in mouse liver cancer was reported (Mayer et gl
20(13), were upregulated in aggregates from DEN-treated livers,
but not in nonaggregated hepatocytes or aggregates from con-
trol livers (Figure 51A). Thus, control liver aggregates may resuit
from incomplete collagenase digestion, whereas aggregates
from DEN-treated livers may contain HcPC. DEN-induced
aggregates became larger and more abundant 5 months after
carcinogen exposure, when they consisted of 10-50 cells that
were smaller than nonaggregated hepatocytes. Using 70 pm
and 40 um sieves, we separated aggregated from nonaggre-
gated hepatocytes (Figure 1A) and tested their tumorigenic
potential by transplantation into MUP-uPA mice (Figurs 1B). To
facilitate transplantation, the aggregates were mechanically
dispersed and suspended in Dulbecco’s modified Eagle’'s
medium (DMEM). Five months after intrasplenic (i.s.) injection of
10* viable cells, mice receiving cells from aggregates developed
about 18 liver tumors per mouse, whereas mice receiving nonag-
gregated hepatocytes developed less than 1 tumor each (Fig-
e 1B). The tumors exhibited typical trabecular HCC morphology
and contained cells that abundantly express AFP (Figirs $1B). To
confirm that the HCCs were derived from transplanted cells, we
measured their relative MUP-uPA DNA copy number and found
that they contained much less MUP-uPA transgene DNA than
the surrounding parenchyma (Figure $1C). Transplantation of
aggregated cells from livers of DEN-treated actin-GFP transgenic
mice resulted in GFP-positive HCCs (Figure $1D). Both experi-
ments strongly suggest that the HCCs were derived from the
transplanted cells. No tumors were ever observed after transplan-
tation of control hepatocytes (nonaggregated or aggregated).
Only liver tumors were formed by the transplanted cells. Other
organs, including the spleen into which the cells were injected,
remained tumor free (Figure 1B), suggesting that HcPCs prog-
ress to cancer only in the proper microenvironment. Indeed, no
tumors appeared after HcPC transplantation into normal BL/6
mice. But, if BL/6 mice were first treated with retrorsine (a chem-
ical that permanently inhibits hepatocyte proliferation [Laconi
st al, 1888]), intrasplenically transplanted with HcPC-containing
aggregates, and challenged with CCl, to induce liver injury and
compensatory proliferation (Guo st al, 2002), HCCs readily
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Figure 1. DEN-Induced Hepatocytic Aggregates Contain CD44* HCC Progenitors

(A) Fifteen-day-old BL/6 males were given DEN or vehicle. After 3 or 5 months, their livers were removed and collagenase digested. Left: typical digest
appearance (magnification: 400x; 3 months after DEN). Red arrow indicates a collagenase-resistant aggregate. Right: aggregates per liver (n = 5; + SD for
each point).

(B) Livers were collagenase digested 5 months after DEN administration. Aggregates were separated from nonaggregated cells and mechanically dispersed into
a single-cell suspension (left upper panels; 200x). 10* viable aggregated or nonaggregated cells were i.s. injected into MUP-uPA mice whose livers and spleens
were analyzed for tumors 5 months later (left lower panels). The number of HCC nodules per liver was determined (n = 5; + SD).

(C) Adult BL/6 mice were given retrorsine twice with a 2 week interval to inhibit hepatocyte proliferation. After 1 month, mice were i.s. transplanted with dispersed
hepatocyte aggregates (10* cells) from DEN-treated mice and, 2 weeks later, were given three weekly i.p. injections of CCl, or vehicle. Tumor multiplicity and size
were evaluated 5 months later (n = §; + SD).

(D) Hepatocyte aggregates were prepared as in (A), stained with CD44 antibody and DAPI, and examined by fluorescent microscopy (400x).

(E) Hepatocyte aggregates were dispersed as above, and CD44” cells were separated from CD44 ™ cells. The indicated cell numbers were injected into MUP-uPA
mice, and HCC development was evaluated 5 months later. n values are in parentheses (n.d., not done).

See also Figure 51,

appeared (Figura 1C). CCl, omission prevented tumor develop-
ment. Notably, MUP-uPA or CCls-treated livers are fragile,
rendering direct intrahepatic transplantation difficult. The trans-
planted HcPC-containing aggregates formed more numerous
and larger HCC nodules in male recipients than in females (Fig-
ure 1C), as observed in MUP-uPA mice transplanted with unfrac-
tionated DEN-exposed hepatocytes (Hsz =t ai, 2010). Thus,
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CCls-induced liver damage, especially within a male liver, gener-
ates a microenvironment that drives HcPGC proliferation and
malignant progression. To examine this point, we transplanted
GFP-labeled HcPC-containing aggregates into retrorsine-
treated BL/6 mice and examined their ability to proliferate with
or without subsequent CCl, treatment. Indeed, the GFP* cells
formed clusters that grew in size only in CCls-treated host livers
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Figure 81E). Omission of CC1, prevented their expansion.
Unlike HCC-derived cancer cells (dih10 cells), which form sub-
cutaneous (s.c.) tumors with HCC morphology (He &t &b, 201
Park =t al, 2010), the HcPC-containing aggregates did not
generate s.c. tumors in BL/6 mice (Figiwre &1F).

Despite their homogeneous appearance, the HcPC-contain-
ing aggregates contained both CD44* and CD44~ cells (Fig-
ure 1D). Because CD44 is expressed by HCC stem cells (Yang
et gl, 2008; Zhy ot al, 2014), we dispersed the aggregates
and separated CD44"* from CD44™ cells and transplanted both
into MUP-uPA mice. Whereas as few as 10° CD44* cells gave
rise to HCCs in 100% of recipients, no tumors were detected
50% of recipients developed at least one HCC after receiving
as few as 10% CD44* cells. Mature CD44~ hepatocytes were
found to engraft as well as or better than CD44* small hepato-
cytic cells (Haridass ot gi, 2008, ichinche of gl, 281%). Hence,
livers of DEN-treated mice contain CD44* HcPC that can be
successfully isolated and purified and give rise to HCCs after
transplantation into appropriate hosts. Unlike fully transformed
HCC cells, HcPCs only give rise to tumors within the liver.

HcPC-Containing Aggregates in Tak74"P Mice

We applied the same HcPC isolation protocol to Tak72"®® mice,
which develop HCC of different etiology from DEN-induced
HCC. Importantly, Tak72"®® mice develop HCC as a conse-
quence of chronic liver injury and fibrosis without carcinogen or
toxicant exposure (inokuchi st al, 2610). Indeed, whole-tumor
exome sequencing revealed that DEN-induced HCC contained
about 24 mutations per 10° bases (Mb) sequenced, with
B-Raf'®3E being the most recurrent, whereas 1.4 mutations per
Mb were detected in Tak72"®P HCC'’s exome (Tabie $1). By
contrast, Tak7"® HCC exhibited gene copy number changes.

Figure 2. Tak1°MP Livers Contain Collage-
nase-Resistant HcPC Aggregates

(A) Livers, free of tumors (upper panels), were
removed from 1-month-old Tak1™ and Tak74heP
males and collagenase digested (lower panels; red
arrow indicates collagenase-resistant aggregate).
(B) 10* nonaggregated or dispersed aggregated
hepatocytes from (A) were i.s. injected into MUP-
uPA mice that were analyzed 6 months later to
identify mice with at least one liver tumor (n = 5-8
mice per genotype).

(C) BL/6 males were injected with vehicle or CCl,
twice weekly for 2 weeks. Hepatocytes were iso-
lated by collagenase digestion and photographed
(right panels; 400x). Liver sections were stained
with Sirius red to reveal collagen deposits (left
panels).

(D) 8-week-old BL/6 males were subjected to 70%
partial hepatectomy, pulsed with BrdU at 46 and
70 hr, and sacrificed 2 hr later. Isolated hepato-
cytes were photographed. Liver sections were
analyzed for BrdU incorporation (400x). See also
Figurs 82 and Tabls $1.

Hepatocytes

Hepatocytes

Collagenase digests of 1-month-old Tak72"®® fivers contained
much more hepatocytic aggregates than Tak7" liver digests
(Figure 2A). Notably, HCC developed in 75% of MUP-uPA mice
that received dispersed Tak74MP aggregates, but no tumors
appeared in mice receiving nonaggregated Tak72"* or total
Tak1" hepatocytes (Figure 2B). Because Tak72"*® mice are sub-
ject to chronic liver damage and consequent compensatory pro-
liferation, we wanted to ascertain that the HcPCs are not simply
proliferating hepatocytes or expanding bipotential hepatobiliary
progenitors using CCl, to induce liver injury and compensatory
proliferation in WT mice. Although this treatment caused acute
liver fibrosis, it did not augment formation of collagenase-resis-
tant aggregates (Figure 2C). Similarly, few aggregates were de-
tected in collagenase digests of livers after partial hepatectomy
(Figure 2D). However, bile duct ligation (BDL) or feeding with
3,5-dicarbethoxy-1,4-dihydrocollidine (DDC), treatments that
cause cholestatic liver injuries and oval cell expansion ((3orrsi
et ab, 20'11), did increase the number of small hepatocytic cell
aggregates (Figure S2A). Nonetheless, no tumors were observed
5 months after injection of such aggregates into MUP-uPA mice
(Figure S2B). Thus, not all hepatocytic aggregates contain
HcPCs, and HcPCs only appear under tumorigenic conditions.

The HcPC Transcriptome Is Similar to that of HCC and
Oval Cells

To determine the relationship between DEN-induced HcPCs,
normal hepatocytes, and fully transformed HCC cells, we
analyzed the transcriptomes of aggregated and nonaggregated
hepatocytes from male littermates 5 months after DEN adminis-
tration, HCC epithelial cells from DEN-induced tumors, and
normal hepatocytes from age- and gender-matched littermate
controls. Clustering analysis distinguished the HCC samples
from other samples and revealed that the aggregated
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Figure 3. Aggregated Hepatocytes Exhibit an Altered Transcriptome Similar to that of HCC Cells

Aggregated and matched nonaggregated hepatocytes were isolated 5 months after DEN treatment. HCC cells were isolated from DEN-induced tumors,
and normal hepatocytes were from age- and gender-matched control mice. RNA was extracted and subjected to microarray analysis (n = 3 for each

sample).

(A) Scatterplot representing fold changes (log 2 of expression ratio) in gene expression for HCC versus normal (y axis) and aggregated versus nonaggregated
(x axis) pairwise transcriptome comparisons. The plot is displayed twice: in the left panel, genes with an FDR < 0.01 in the aggregated versus nonaggregated

(legend continued on next page)
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hepatocyte samples did not cluster with each other but rather
with nonaggregated hepatocytes derived from the same mouse
Figurs 83A). Interestingly, the aggregated cell transcriptome ap-
peared closer to that of normal hepatocytes than to the HCC
profile. This similarity may be due to the presence of ~70%
nontumorigenic (or CD447) hepatocytes within the purified ag-
gregates (Figure 1D). Comparison of the HCC and normal hepa-
tocyte transcriptomes revealed 1,812 differentially expressed
genes (false discovery rate [FDR] < 0.01; Figure 3A, left, cyan
dots). A similar comparison revealed 1,020 genes that are differ-
entially expressed between aggregated and nonaggregated
hepatocytes (FDR < 0.01; Figure 3A, right, red dots). The range
of differential expression is wider for the HCC and normal hepa-
tocyte pair than the aggregate versus nonaggregate pair, reflect-
ing presence of normal, nontransformed hepatocytes within the
aggregates, resulting in signal dilution. Interestingly, 57% (583/
1,020) of genes differentially expressed in aggregated relative
to nonaggregated hepatocytes are also differentially expressed
in HCC relative to normal hepatocytes (Figure 3B, top), a value
that is highly significant (p < 7.13 x 10724%). More specifically,
85% (494/583) of these genes are overexpressed in both HCC
and HcPC-containing aggregates (Figurs 3B, bottom table).
Thus, hepatocyte aggregates isolated 5 months after DEN injec-
tion contain cells that are related in their gene expression profile
to HCC cells isolated from fully developed tumor nodules.

To gain insight into the functional differences between the
transcriptomes of the four populations, we examined which bio-
logical processes or cellular compartments were significantly
overrepresented in the induced or repressed genes in both pair-
wise comparisons (Gene Ontology Analysis). As expected, pro-
cesses and compartments that were enriched in aggregated
hepatocytes relative to nonaggregated hepatocytes were almost
identical to those that were enriched in HCC relative to normal
hepatocytes (Figure 3C). Upregulated genes were related to
immune response, angiogenesis, development, and wound heal-
ing, and many encoded plasma membrane or secreted proteins.
By contrast, downregulated genes were highly enriched for
metabolic processes, and many of them encoded mitochondrial
proteins or had functions associated with differentiated hepato-
cytes (Figure 3C). Several human HCC markers, including AFP,
Gpc3 and H19, were upregulated in aggregated hepatocytes
(Figurss 3D and 3E). Aggregated hepatocytes also expressed
more Tetraspanin 8 (Tspan8), a cell-surface glycoprotein that
complexes with integrins and is overexpressed in human carci-

nomas (Z&ter, 2008). Another cell-surface molecule highly
expressed in aggregated cells is Ly6D (Figiwes 3D and 3E).
Immunofluorescence (IF) analysis revealed that Ly6D was unde-
tectable in normal liver but was elevated in FAH and ubiquitously
expressed in most HCC cells (Figirs 53C). A fluorescent-labeled
Ly6D antibody injected into HCC-bearing mice specifically
stained tumor nodules (Figura 83D). Other cell-surface molecules
that were upregulated in aggregated cells included syndecan 3
(Sdc3), integrin o 9 (ltga9), claudin 5 (Cldn5), and cadherin 5
(Cdh5) (Figure 32D). Aggregated hepatocytes also exhibited
elevated expression of extracellular matrix proteins (TIF3 and
Reln1) and a serine protease inhibitor (Spink3). Elevated expres-
sion of such proteins may explain aggregate formation. Aggre-
gated hepatocytes also expressed progenitor cell markers,
including the epithelial cell adhesion molecule (EpCAM) (Fig-
wre 3E) and DIk1 (Figure 3D). Elevated expression of cytokines
and cytokine receptors was also detected, including tumor ne-
crosis factor superfamily members 12 and 21, colony-stimulating
factor 1 receptor, FMS-like tyrosine kinase 1, chemokine (C-X-C
motif) ligand 9, the STAT3-activating cytokine osteopontin, IL-6
receptor (IL-6R) signal transducing subunit (gp130), and oncosta-
tin M (OSM) receptor, which also activates STATS (Figure 3D).

Aggregated hepatocytes expressed albumin, albeit less than
nonaggregated hepatocytes (Figiss 4A). Some aggregated cells
were positive for cytokeratin 19 (CK19) and A6, markers for bile
duct epithelium and oval cells (Figurs 4A). Most cells in the DEN-
induced aggregates were AFP positive, and some of them
expressed EpCAM (Figurs 4A). However, not all markers were
expressed by every cell within a given aggregate, suggesting
that the aggregates contain liver cells that are related to bipoten-
tial hepatobiliary progenitors/oval cells as well as more differen-
tiated progeny and normal hepatocytes. To confirm these
observations, we compared the HcPC and HCC (Figurs 3A) to
the transcriptome of DDC-induced oval cells (Shin st al., 2011).
This analysis revealed a striking similarity between the HCC,
HcPC, and the oval cell transcriptomes (Figurs S3B). Despite
these similarities, some genes that were upregulated in HcPC-
containing aggregates and HCC were not upregulated in oval
cells. Such genes may account for the tumorigenic properties
of HcPC and HCC.

We examined the aggregates for signaling pathways and
transcription factors involved in hepatocarcinogenesis. Many
aggregated cells were positive for phosphorylated c-Jun and
STATS (Figurs 4A), transcription factors involved in DEN-induced

comparison are highlighted in red, and in the right panel, genes with an FDR < 0.01 in the HCC versus normal comparison are highlighted in cyan. DE, differentially

expressed.

(B) Venn diagram showing overlap between genes that are differentially expressed between aggregated and nonaggregated hepatocytes and between HCC celis
and normal hepatocytes with an FDR < 0.01 (cyan and red dots from A). The probability to find 583 overlapping genes is <7.13 x 107243, From these 583 common

genes, only 4 behaved differently.

(C) The ten most enriched biological processes (upper table) and cellular compartments (lower panel) represented by genes that are significantly upregulated (left
panel) or downregulated (right panel) in HCC relative to normal hepatocytes (HCC) or in aggregated relative to nonaggregated hepatocytes (aggregated).
(D) Heatmap displaying positive fold changes (FC) in expression of genes of interest in aggregated versus nonaggregated HcPCs (left) and in HCC versus normal

hepatocytes (right).

(E) Expression of selected genes was examined by real-time PCR and is depicted as fold change relative to normal hepatocytes given an arbitrary vaiue of 1.0
(n = 3; £ SD). (1) Normal hepatocytes; (2) nonaggregated hepatocytes from DEN-treated liver; (3) HcPC aggregates from DEN-treated liver; and (4) DEN-

induced HCCs.
See also Figire B3,
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hepatocarcinogenesis (Efett st al,, &
a transcription factor that marks hepatobiliary progenitors (Dor-
rell @t al, 2011), was also expressed by many of the aggregated
cells, Wthh were also positive for phosphorylated c-Met (Fig-
ure 4A), areceptor tyrosine kinase that is activated by hepatocyte
growth factor (HGF) and is essential for liver development (lacdt

. 2014). Sox9,

\(\

et al, 1885) and hepatocarcinogenesis (Warng st al, 2001).
Few of the nonaggregated hepatocytes exhibited actlva‘uon of
these signaling pathways. Aggregates from bromodeoxyuridine
(BrdU)-pulsed DEN-treated mice contained BrdU-positive cells
(Figure 4B), indicating that they were actively proliferating prior
to isolation. Hepatocyte aggregates from 1-month-old Tak74"eP
mice also contained cells positive for AFP, Sox9, phosphorylated
c-Met, and EpCAM, but not AB-positive cells (Figues S4A).
Many of the cells also exhibited partially activated B-catenin,
phosphorylated STAT3, and phosphorylated c-Jun. Thus,
despite different etiology, HcPC-containing aggregates from
Tak12"*® mice exhibit upregulation of many of the same markers
and pathways that are upregulated in DEN-induced HcPC-
containing aggregates. Flow cytometry confirmed enrichment
of CD44* cells as well as CD44*/CD90* and CD44*/EpCAM*
double-positive cells in the HcPC-containing aggregates from
either DEN-treated or Tak74"®P livers (Figre S4B).

390 Cell 155, 384-396, October 10, 2013 ©2013 Elsevier Inc.

186

Figure 4. DEN-Induced HcPC Aggregates
Express Pathways and Markers Character-
istic of HCC and Hepatobiliary Stem Cells
(A) Cytospin preps of collagenase-resistant
aggregates from 5-month-old DEN-injected mice
were stained with antibodies to CK19, AFP,
EpCAM, A8, phospho-Y-STAT3 (Tyr705), albumin,
phospho-c-Jun, Sox9, and phospho-c-Met. Black
arrows indicate aggregates, and yellow arrows
indicate nonaggregated cells (magnification: 400x).
(B) 5-month-old DEN-treated mice were injected
with BrdU, and 2 hr later, collagenase-resistant
aggregates were isolated and analyzed for BrdU
incorporation (400><)

See also Figuwra 84

Albumin

HcPC-Containing Aggregates
Originate from Premalignant
Dysplastic Lesions

FAH are dysplastic lesions occurring in
rodent livers exposed to hepatic carcino-
gens (Su et al., 1880). Similar lesions are
present in premalignant human livers
(S st sl, 1887). Yet, it is still debated
whether FAH correspond to premalig-
nant lesions or are a reaction to liver
injury that does not lead to cancer (Sl
arwd Leffert, 2008). In DEN-treated males,
FAH were detected as early as 3 months
after DEN administration (Figure 5A),
concomitant with the time at which
HcPC-containing aggregates were de-
tected. In females, FAH development
was delayed. In both genders, FAH
were confined to zone 3 and consisted of tightly packed small
hepatocytic cells, some of which were proliferative based
on BrdU incorporation (Figure 5B). BrdU* cells were first de-
tected in DEN-treated males and were confined to FAH and
rarely detected in age-matched control mice. FAH contained
cells positive for the same progenitor cell markers and acti-
vated signaling pathways present in HcPC-containing aggre-
gates, including AFP, CD44, and EpCAM (Figure 5C). FAH
also contained cells positive for activated STAT3, ¢c-Jun, and
PCNA (Figure 5C). Many cells within FAH exhibited strong up-
regulation of YAP (Figure 5C), a transcriptional coactivator that
is negatively regulated by the Hippo pathway and a liver cancer
oncoprotein (Zheng of ai, 2011). FAH were also enriched in F4/
80" macrophages (Figure 5C). These results suggest that the
HcPC-containing aggregates may be derived from FAH.

HcPCs Exhibit Autocrine IL-6 Expression Necessary

for HCC Progression

In situ hybridization (ISH) and immunohistochemistry (IHC) re-
vealed that DEN-induced FAH contained IL-6-expressing cells
(Figures BA, 6B, and 58), and freshly isolated DEN-induced
aggregates contained more IL-6 messenger RNA (mRNA) than
nonaggregated hepatocytes (Figurs £C). We examined several
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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
(Figure 8F). As reported (Hopoulos et &b, 2008), knockdown of
LIN28B in cultured HcPC or HCC cell lines decreased IL-6
expression (Figira £G). LIN28 exerts its effects through downre-
gulation of the microRNA (miRNA) Let-7 (Hiopouios st 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 IL-6
expression (miR194 and miR872), was lower in aggregated cells
than in nonaggregated cells (Tabis $2).

To determine whether autocrine I1L-6 production is needed for
HCC growth, we silenced IL-6 expression with small hairpin RNA
(shRNA) in dih10 HCC cells (Hs &t al, 20%0). 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 (Figurs S6A). 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 (Figures ¥B and
5&D). To investigate the importance of autocrine IL-6 production
at an earlier step, we isolated HcPC from DEN-treated WT and
116~'~ mice. Although IL-6 ablation attenuates HCC induction
(Naugler st gl, 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 (Figires S¥A and S7B). We introduced an identical
number of WT and /l6~/~ aggregated hepatocytes into MUP-
uPA mice and scored HCC development 5 months later. The

3 months

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).

5 months

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 shRNAs 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 (Figues ¥D) and
inhibited formation of GFP* colonies
within the MUP-uPA liver (Figure 7¥E). 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 1L-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
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Figure 6. Liver Premalignant Lesions and
HcPCs Exhibit Elevated IL-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 (Hrubar et al., 2007 Hytiroglou
&t 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 STATS,
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 (S~
nmach, 1984) Fabes, 1883), and similar lesions were detected
in human cirrhotic livers (Hytirogiou st al, 2007, Seki et al,
2000; Takavama et al., 1980) in which the rate of HCC progres-
sion is 3%-5% per year (Ei-Serag, 2011). We found that human

392 Cell 155, 384-396, October 10, 2013 ©2013 Elsevier Inc.

1L-6

FAH (400x).
(G) LIN28B was silenced with shRNA in HCC
(dih) cells and cultured HcPCs, and LIN28B
and IL-6 mRNAs were guantitated by gRT-PCR
(n = 3; + SEM).

See also Figrre 8 and 1:

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 Tak72"®P mice in which HCC devel-
opment resembles cirrhosis-associated

B shScram human HCC (inckuchi et at., 2010).

—*— []shLIN28B

HcPC Origin and Relationship 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 at al., 2012; Mikhail and
Ma, 2011 Tarris ef al, 2010; Yamashita
gt gl., 2008, Zhu o gb, 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 (Vsutzumi et al, 188%) and
that Cyp2E71~"~ mice are refractory to DEN (Kang et al, 2007),
DEN-induced HcPC are most likely derived from dedifferentiated
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
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Figure 7. HCC Growth Depends on Auto-
crine IL-6 Production

8- (A) HCC cells (dih10) were transduced with lenti-
viruses containing scrambled or [L-6-specific
shRNA. IL-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) HePCs 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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(Duncan et 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 (Sorest et al., 2006).
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 (i st al,,
200%). 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 (Devisrs ot al, 1888 Kakumu et al, 1883, Soregt ot 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-«B activation

Non-tumor Dysplasi

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 normal
control.

See also Fi

a
e

36 and 7.

(Maeds et al, 2005). This initial surge in IL-6 is required for
DEN-induced hepatocarcinogenesis (Maugiar et al, 2007).
Although 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
(Viswarathan and Dalsy, 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
(Hopouios et g, 2008). [L-6 also induces malignant features in
human ductal carcinoma stem cells (Sansons et al., 2007). In
fact, autocrine IL-6 signaling was suggested to play a key role
in STAT3-dependent tumor progression (Grivarnnikoy and Karin,
20¢08). Another miRNA-driven autoregulatory circuit involved in
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hepatocarcinogenesis accounts for elevated 1L-6R expression
(Hatzinposiolou st 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, HcPC Isolation, and Transplantation

MUP-uPA transgenic mice (Wagiare ¢t sl 2000) 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 (inckuchi et al. 2019) and /67 (Quintana et al, 2013)
mice were also in the BL/6 background. //6°"*P mice were generated by
crossing /i6™F 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
(He ot al. 2010). Cell aggregates were isolated by filtration through 70 and
40 um sieves. To disperse the aggregates into single cells, they were subjected
1o gentie 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 (He et 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 CCl, i.p. to induce liver injury and hepatocyte proliferation (G
203072). 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.

ot al,
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Introduction MICA is a membrane protein which is up-regulated in various
) . tumor cells and also induced in response to various cellular stresses
) Hepatocellular' carcinoma (HCC) is one c.>fthe common cancers such as infection, hypoxia, and heat shock [7]. It is an important
mn the‘ world. It s We]l—known to be asso‘c1'ated with th‘? chronic component of the innate immune response, as MICA can bind to
infection of Hepatitis B (HBV) a'nd Hepat}tls G (HCV) VIFUSES. I? the NKG2D receptor and subsequently activate natural killer
Japan, nearly 70% of HCC patients are infected with HCV [I]. (N} cells, CD8+ cells, and v8 T cells [8,9]. Moreover, membrane
The annual rate of developing HCC among patients with HCV- MICA can be shed by metalloproteinases, including MMP9,
related liver cirrhosis in Japan is estimated to be about 4-8 percent ADAMI0, and ADAM]17, and secreted into serum as a soluble
[2]. Recent analyses have identified various genetic factors that are form [10,11]. Since these metalloproteinases are often activated in
related with viral induced liver diseases [3-5]. In our previous two- HCC, the expressions of both membrane-bound MICA and
stage genome-wide association study (GWAS) using a total  (\ICA are increased [12,13]. SNP 152596542 was found to be
number of 1,394 cases and 5,486 controls, a SNP .r52.596542 associated with the progression from chronic hepatitis C (CHC) to
locatt.td on ch'romosome ‘6p21.33 was shown to be SIgiliglcanﬂY HCC and also with serum sMICA level. Hence, both rs2596542
associated  with H'CV-mdl?ced HCC ) (1?:4'21 x10 a}rxd and sMICA would be possible prognostic biomarkers for CHC
OR =1.39) [6]. This SNP is located within the class I major  padients. However, their underlying molecular mechanisms were
histocompatibility complex (MHC) region and is at about 4.8 kb not fully elucidated so far.
upstream of MHC class 1 polypeptide-related sequence A (MICA) gene. We hypothesize that MICA variations could affect sMICA level
We also identified that the risk A allele of SNP rs2596542 was
strongly associated with the low expression of soluble MICA
(sMICA) in the serum of HCV-related HCC patients [6].

by either one or both of the following two possible mechanisms: (1)
the genetic variation(s) in the coding region affecting the protein
stability and (2) the transcriptional regulation. Previously, variable
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numbers of tandem repeats (VINTRs) in exon 5 of MICA were
identified to affect MICA subcellular localization and serum
MICA level [14]. The exon 5 of MICA encodes the transmem-
brane domain and the insertion of an extra G nucleotide in the
domain would result in a premature stop codon that would
generate MICA protein without a transmembrane domain and
subsequently affect sMICA level [14]. However, our previous
results indicated that MICA VNTR was not significantly
associated with the sMICA level or HCC risk [6]. Therefore, in
the current study, we have tried to investigate whether the AJCA
variations would affect the MICA transcription in the liver cancer
cells. Through the functional analysis of genetic variations in the
MICA promoter region, we here report a causative SNP rs2596538
that increases the binding affinity of the transcription factor
Specificity Protein 1 (SP1) and the risk of progression of the
disease.

Materials and Methods

Samples and genotyping

DNA samples for direct sequencing (50 HCV-related HCC
cases), imputation analysis (721 HCV-related HCC cases and
5,486 HCV-negative controls), and serum samples for sMICA
ELISA (246 HCV-related HCC) were obtained from BioBank
Japan [15,16]. Genotyping of SNPs from 1,394 HCC patients and
measurement of SMICA expression by ELISA were performed in
the previous study [6]. Genotyping of SNP rs2596542 in 1,043
CHC was performed previously in RIKEN using Illumina
HumanHap610-Quad BeadChip [17]. All CHC subjects had
abnormal levels of serum alanine transaminase for more than 6
months and were positive for both HCV antibody and serum
HCV RNA. The SNP 152596542 in liver cirrhosis samples without
hepatocellular carcinoma from BioBank Japan (n=420) and the
University of Tokyo (n=166) were genotyped using Illumina
HumanHap610-Quad BeadChip or invader assay [18]. All
subjects were either subjected to liver biopsy or diagnosed by
non-invasive methods including hepatic imaging, biochemical
data, and the presence/absence of clinical manifestations of portal
hypertension [18]. The samples used in the current project were
listed in Table S1. Case samples with HBV co-infection were
excluded from this study. The subjects with cancers, chronic
hepatitis B, diabetes or tuberculosis were excluded from non-HCV
controls. All subjects were Japanese origin and provided written
informed consent. This research project was approved by the
ethical committees of the University of Tokyo and RIKEN.

Imputation study

The imputation study was performed by using a hidden Markov
model programmed in MACH [19] and haplotype information
from 1000 genomes database [20]. The imputation results were
confirmed by direct DNA sequencing in 50 randomly selected
samples.

Cell culture

Human liver cancer cell lines HLE and HepG2 were purchased
from JHSF (Osaka, Japan) and ATCC. These cells were grown in
Dulbecco’s modified Eagle’s medium (Invitrogen) with 10% fetal
bovine serum. Cells were cultured at 37°C with 5% CO,.

EMSA

HLE cells were grown in 15 cm culture plate until they reached
95% confluency. The plate was then sealed with parafilm and
immersed in a water bath at 42.5°C for 1.5 hours [21]. Nuclear
extracts from these cells were prepared according to the standard
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protocol [22]. EMSA was carried out using DIG Gel Shift Kit, 2"¢
Generation (Roche) according to the manufacturer’s instructions.
The sequences of the 12 probes were listed in the Table S2. In
brief, 30 finol of labeled probes were hybridized with 5 pg nuclear
extract for 15 minutes at room temperature. The mixtures were
then loaded into a 6% TBE gel, separated by electrophoresis at
4°C and transferred onto a nylon membrane. The membrane was
then hybridized with anti-digoxigenin-AP antibody and developed
by CSPD solution. For competition study, nuclear extracts were
incubated with non-labeled oligonucleotides first before adding
labeled probe. For supershift assay, SP1 antibody (SC-59X, Santa
Cruz Biotechnology) was added into the nuclear extract and
incubated on ice for 30 minutes first before adding labeled probe.
The mixtures were then separated by electrophoresis using 4%
TBE gel. All EMSAs were repeated twice for reconfirmation of the
results.

Chip

The HLE cells (G allele homozygote) and HepG2 cells
(heterozygote) were used in the ChIP assay. The plasmid
pCAGGS-SP1 was transfected into both cells by using FuGENEG
Transfection Reagent (Roche). The ChIP assays were carried out
using Chromatin Immunoprecipitation Assay Kit (Millipore)
according to the manufacturer’s protocol. In brief, the cells were
treated with formaldehyde to crosslink DNA-protein complexes at
48 hours post-transfection. DNA-protein complexes were then
sheared by sonication and immunoprecipitated by rabbit poly-
clonal anti-SP1 antibody (SC-59X, Santa Cruz Biotechnology).
The resulting DNAs were analyzed by PCR (Table S2). In order to
determine the binding specificity of SP1 to the SNP rs2596538
allele, the PCR products from HepG2 cells were further sub-
cloned into pCR 2.1 vector and sequenced to assess G to A ratio in
both input DNA and immunoprecipitant.

Dual luciferase reporter assay

Three copies of 31 bp DNA fragments equivalent to the EMSA
oligonucleotides of SNP rs2596538 were cloned into pGL3-
promoter vector (Promega). The plasmids were co-transfected with
pCAGGS-SP1 and pRL-TK plasmids (Promega) into HLE cells
by FuGENEG6 Transfection Reagent (Roche). The pCAGGS-SP1
plasmid provided the expression of transcription factor SPI, and
pRL-TK plasmid served as internal control for transfection
efficiency [23]. The cells were lysed at 48 hours post-transfection,
and relative luciferase activities were measured by Dual Luciferase

Assay System (Toyo B-Net).

Western blotting

Cancer cell lysates were prepared by using pre-chilled RIPA
buffer, and 25 pg of each lysate was loaded into the gel and
separated by SDS-PAGE. Western blotting was performed
according to the standard protocol. Rabbit anti-MICA antibody
(ab63709, abcam: 1/1000) and rabbit anti-SP1 antibody (17-601,
Upstate Biotechnology: 1/500) were used in the experiment.

Statistical analysis

The case-control association was analyzed by Student’s #test
and Fisher’s exact test as appropriate. The association of allele
dependent sMICA expression was studied by Kruskal-Wallis test
using R statistical environment version 2.8.1. The LD and
coefficients (D’ and 7%) were calculated by Haploview version 4.2

[24].
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Table 1. Association of rs2596542 with the progression from  Susceptibility. We quantified this CNV by real-time PCR in 375
CHC to LC and HCC. HCV-related HCC patients and 350 HCV-negative controls. As

shown in Table S3, we found no difference in the copy numbers
between HCC cases and controls, indicating that this CNV is

Control unlikely to be causative genetic variation for the risk of HCC.
Case MAF  MAF F OR 95% C.I.

Direct sequencing of 5’ flanking region of MI/CA

We then focused on the variations in the 5’ flanking region of

HCC vs LC 0.4012 0.3797 020296 1094  0.95-1.26 - ; e o
the MICA gene which may be associated with its promoter activity.

MAF, minor allele frequency; OR, odds ratio for minor allele. C.l., confidence We had conducted direct DNA sequencing of the 5-kb promoter

interval. SNP rs2596542 was analyzed in 1,043 chronic hepatitis C (CHC), 586 region which included the marker SNP 152596542 using genomic

liver glrrh05|s wuthput hepatc?cellular carcinoma (LC) and 1,3.94 HCV-induce DNAs of 50 HCC subj ects and identified 11 SNPs sh owing strong

hepaticellular carcinoma patients (HCC). "calculated by Armitage trend test. - . . N - h

doi:10.1371/journal. pone.0061279.1001 hnkagée disequilibrium with the marker SNP rs2596542 (D°>0.953
and 7°>0.832) (Fig. S1, Table 2).

Results

Allele specific binding of nuclear protein to genomic
Analyses of SNP rs2596542 in HCV-infected patients at region including SNP rs2596538
different disease stages To investigate whether these genetic variations would affect the
Since the development of HCC consists of multiple steps, we binding affinity of some transcription factors, we had conducted
investigated the role of SNP rs2596542 with disease progression. the electrophoretic mobility shift assay (EMSA) using the nuclear
SNP rs2596542 was genotyped in patients at three different extract of HLE human hepatocellular carcinoma cells. Since
disease categories of CHC (chronic hepatitis C) without liver MICA is a stress-inducible protein [21], we first treated the cells
cirrhosis (LC) or HCC, LC without HCGC, and HCC. The  with heat shock treatment at 42°C for 90 minutes and confirmed
statistical analysis indicated that SNP rs2596542 was significantly significant induction of MICA expression as shown in Fig. la.
associated with disease progression from CHGC to LC with P-value Then we performed EMSA using 24 labeled-oligonucleotides
of 0.048 and odds ratio of 1.17 (Table 1). The risk allele frequency corresponding to each allele of the 12 candidates’ SNPs. The
among HCC patients (40.1%) was higher than that among LC results of EMSA demonstrated that an oligonucleotide corre-
patients (38.0%), but the association was not statistically significant sponding to a G allele of SNP 152596538 exhibited stronger
(P-value of 0.203 and odds ratio of 1.09). These results suggested binding affinity to a nuclear protein(s) than that to an A allele
the involvement of MICA with both liver fibrosis and hepatocel- (Fig. 1b). We then confirmed the specific binding of nuclear
lular carcinogenesis. proteins to the G allele by competitor assay using non-labeled
oligonucleotides (Fig. lc). The self (G allele) oligonucleotides
HCV-HCC risk is not associated with MICA copy number inhibited the formation of DNA-protein complex in a dose-

variation dependent manner, but the non-self (A allele) oligonucleotides
A previous report has indicated the deletion of the entire MICA showed no inhibition effect. Taken together, some nuclear
locus in 3.2% of Japanese population {25] and this deletion was protein(s) in hepatocellular carcinoma cells would interact with a

shown to be associated with the risk of nasopharyngeal carcinoma DNA fragment including the G allele of SNP rs2596538.
(NPQC), especially in male [26]. To identify the functional SNP that
may affect MICA mRNA expression, we analyzed the relation
between the MICA copy number variation (CNV) and the HCC

Table 2. Linkage disequilibrium between 11 candidate SNPs and SNP rs2596542.

SNP ID Relative position® A1 A1 frequency ’ 7

52428475 —4788 G 0.36 1 1

rs2844526 —3703 C 0.38 1 0.918

rs2523453 —3285 G 0.38 1 0918

rs2523452 —2870 G 0.34 0.953 0.832

rs2844522 -2710 C 0.34 0.953 0.832

Note: Direct DNA sequence of 5-kb promoter region of MICA from 50 HCV-HCC subjects. D’ and 1 were calculated by comparing the genotypes of these SNPs to the
marker SNP rs2596542 by Haploview. A1, minor allele; *Relative position to exon 1 of the MICA gene.
doi:10.1371/journal.pone.0061279.t002
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Figure 1. SNP rs2596538 affects the binding affinity of nuclear proteins. (A) Real-time quantitative PCR (upper) and Western blotting
(lower) of MICA before and after heat shock treatment in HLE cells. B2M and B-actin are served as internal and protein loading control. (B) EMSA using
31 bp labeled probes flanking each SNP located within the 4.8 kb region upstream of MICA transcription start site. A black arrow indicates the shifted
band specific to G allele of SNP rs2596538. (C) EMSA using the labeled G allele of SNP rs2596538 and nuclear extract from heat treated HLE cells. Non-
labeled A or G allele of SNP rs2596538 at different concentrations are used as competitors. Pointed arrow indicates shifted band. *P<0.05 by
Student’s t-test.

doi:10.1371/journal.pone.0061279.g001
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Figure 2. Binding of transcription factor SP1 to G allele of SNP rs2596538. (A) Multiple alignment of a GC box and DNA sequence of A or G
probe of SNP rs2596538 used in EMSA. (B) EMSA using the labeled G allele of SNP rs2596538 and nuclear extract from heat treated HLE cells. Non-
labeled consensus oligonucleotides of seven transcription factors are used as competitors. Pointed arrow indicates shifted band. (C) EMSA using the
labeled G allele of SNP rs2596538 and nuclear extract from heat shock treated HLE cells in the presence of anti-SP1 antibody or normal rabbit IgG.
Asterisks on the left side indicate the shifted (*) and super-shifted bands (**). Normal rabbit IgG serves as a negative control. (D) ChIP assay using
HepG2 and HLE cell lines were ectopically expressed with SP1 protein. DNA-protein complex was immunoprecipitated with anti-SP1 antibody
followed by PCR ampilification using a primer pair flanking SNP rs2596538. DNAs precipitated without antibody are served as a negative control. PCR
primers flanking the 3’ UTR region of MICA are served as a negative control. (E) Genotype distribution at SNP rs2596538 in PCR fragment amplified
from the input genomic DNA and DNA-protein complex immunopurified from HepG2 cells by using anit-SP1 antibody. *P<0.05 by Student’s t-test.
doi:10.1371/journal.pone.0061279.g002

SNP rs2596538 regulates the binding of SP1 allele of SNP 152596538 in wivo, while 3 UTR region of MICA

Since in silico analysis identified a putative GC box in a (negative control) was not immunoprecipitated with anti-SP1
protective G allele but not in a risk A allele (Fig. 2a), the antibody. To further evaluate the binding ability of SP1 to each
transcription factor SP1 might preferentially bind to the G allele. allele i vivo, we sub-cloned the DNA fragment that amplified from

Base on this information, we further performed competitor assay genomic DNA of HepG2 cells before and after immunoprecip-
using non-labeled oligonucleotides (Table S2) and found that itation by anti-SP1 antibody. The subsequent sequencing results
among seven tested oligonucleotides, only SP1-consensus oligonu- showed that 26 out of 29 tested clones contained the G allele,

cleotides could effectively inhibit the binding of the nuclear demonstrating the preferential binding of SP1 to the G allele
protein(s) to the labeled G allele (Fig. 2b). In addition, we identified (Fig. 2e).
that the addition of anti-SP1 antibody caused a supershift of a

band COITCSpOIlding to the DNA—protein complex while control SP1 Over_expression preferentia”y up-regulates MICA
IgG did not cause the band shift (Fig. 2c). This result clearly expression at G allele

indicated that the SP1 protein is very likely to be a component of To further investigate the physiological role of the interaction

the DNA-protein complex. h . L between SP1 and this genomic region, we performed reporter
Furthermore, we p erformf:d chromatin immunoprecipitation gene assay. Three copies of 31-bp DNA fragments flanking the
(.ChIP) assay to confirm the binding O.f SP1 to this senormic region candidate functional SNP rs2596538 were subcloned into the
Zzaciwo.ou\r/:(]ies :ltalél\?;e?ﬁgggs ,;,: gulolclzss HV\E%I Cilllfzel;ear;t iienigz multiple cloning sites of the pGL3 promoter vector. The relative
onl gé allele. while HepG2 cells harbo;rin both A an dré a%eles luciferase activity of the plasmid including the G allele was
AftZr the int,roduction I;f SP1 expression g:/ector (pCAGGS-SPlj significandy higher than that including the A allele (Fig. 3a).
Furthermore, over-expression of SP1 in the cells could significantly

into these cell lines, the cell extracts were subjected to ChIP assay . .. .
using anti-SP1 antibody (Fig. 2d). Subsequent PCR experiments enhance the luciferase activity of the G-allele vector, while the
g Y (08 29 P enhancement of the A-allele vector was relatively modest (Fig. 3a).

indicated that SP1 bound to a genomic fragment containing the G
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Figure 3. Transcriptional regulation of MICA by SP1 through genomic region including SNP rs2596538. (A) Reporter assay using
constructs including 3 copies of 31 bp DNA fragment flanking SNP rs2596538. Reporter constructs are transfected into HLE cells with pRL-TK and
pCAGGS or pCAGGS-SP1 vector. The value of relative luciferase activity was calculated as the firefly luciferase intensity divided by the renilla luciferase
intensity. The data represent the mean * SD value of 4 independent studies. (*P<0.05, Student's t-test) (B) MICA expression in HLE cells after
transfection with pCAGGS or pCAGGS-SP1 vector. B-actin is served as a protein loading control.

doi:10.1371/journal.pone.0061279.9003

We also evaluated the effect of ectopically expressed SP1 on the
MICA expression in HLE cells. Western-blot analysis showed that
MICA protein expression was significantly increased after the SP1
over-expression (Fig. 3b). These results provided a strong evidence
that the G allele has higher transcriptional potential that can be
inducible by SP1.

Association of SNP rs2596538 with HCC risk and sMICA
level in HCV-induced HCC patients

To further investigate the role of SNP rs2596538 in human
carcinogenesis, we investigated the association of SNP rs2596538
with HCV-induced HCC in 721 HCV-HCC cases and 5,486
HCV-negative controls that had been genotyped using Illumina
HumanHap610-Quad Genotyping BeadChip in our previous

Table 3. Association of SNP rs2596542 and SNP rs2596538
with HCV-induced HCC.

Relative

SNP ID position® A1l OR P value

1.82x107°

152596538 —2778 A 1.343

Note: Genotype data of 721 HCV-HCC cases and 5,486 HCV-negative controls
were imputed using 1000 genomes as reference. A1, risk allele; OR, odds ratio
for the risk allele calculated by considering the protective allele as a reference.
®Relative position to exon 1 of the MICA gene.
doi:10.1371/journal.pone.0061279.t003
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study [6]. We performed imputation analysis by using haplotype
data from 1000 genome database [20] and found that an A allele
of SNP rs2596538 was considered to be a risk allele for HCV-
related HCC (Table 3, odds ratio=1.343, P= 1.82x107%). The
functional SNP rs2596538 exhibited a stronger association with
the HCC risk than the marker SNP rs2596542 (2.46x107%). We
also analyzed the relationship between the SNP rs2596538 and the
sMICA level among 246 HCV-induced HCG patients and found a
significant association with the P-value of 0.00616 (Fig. 4). These
results were concordant with our functional analyses in which the
G allele exhibited a higher affinity to SP1 and revealed a higher
transcriptional activity.

Discussion

Approximately 160 million people (2.35% of the worldwide
population) are estimated to have HCV infection [27]. Since HCV
carriers have an increased risk to develop liver cirrhosis and
subsequent HCC [28,29], the prediction of cancer risk is especially
important for CHC patients. In our previous study, we have
identified that SNP rs2596542 located in the upstream of MICA
gene was significantly associated with the risk of HCC develop-
ment among CHC patients as well as the serum level of sMICA
[6]. In this study, we found that the genetic variant at SNP
12596538 strongly affected the binding affinity of SP1. Over-
expression of SPI remarkably induced MICA expression in cells
carrying the G allele that has a higher affinity to the SP1 binding.
These findings are concordant with higher serum sMICA level
among HCC patients with the G allele at SNP rs2596538. SP1 is a
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Figure 4. Association between the soluble MICA levels and SNP rs2596538 genotype. The samples were classified into 3 groups according
to rs2596538 genotype. The sMICA levels measured by ELISA are indicated in y-axis. The numbers of samples and the proportion of sMICA positive
subjects from each group are shown in x-axis. The percentage of the positive sMICA expression in each group are AA =10%, AG = 39%, and GG =42%.

Statistical significance was determined by Kruskal-Wallis test.
doi:10.1371/journal.pone.0061279.g004

ubiquitously expressed transcription factor which binds to the GC-
rich decanucleotide sequence (GC box) and activates the
transcription of various viral and cellular genes [30,31]. Phos-
phorylation of SP1 was shown to be induced by HCV core protein
and exhibited higher binding affinity to the promoter region of its
downstream targets [32]. From our previous study, we showed a
significant difference of sMICA expression between non-HCV
individuals and CHC patients. This indicated that sMICA
expression was induced after HCV infection [6]. Hence, we here
propose the following hypothesis. After HCV infection, the virus
core protein enhances the SP1 phosphorylation in hepatocytes,
and the phosphorylated SP1 binds to the DNA segment
corresponding to the G allele of SNP rs2596538 and then induces
MICA expression. The membrane-bound MICA (mMICA) serves
as a ligand for NKG2D to activate the immune system and results
in the elimination of viral-infected cells by NK cells and CD8+ T
cells [8,9]. Eventually, HCV-infected individuals with higher
MICA level may cause stronger immune response to the infected
cells and hence result in a reduced risk for HCC progression.
Moreover, the mMICA is then shed by metalloproteinases that are
often over-expressed in cancer tissues and convert mMICA to
sMICA. This resulted in a significantly increase of sMICA level in
the serum of HCV infected patients.

In contrast to HCV-induced HCC, our group had previously
identified that higher sMICA level was associated with poor
prognosis in HBV-induced HCC patients [33]. Such an opposite
effect of MICA would be attributable to the difference in
downstream pathway between HBV and HCV. HBV virus
encodes hepatitis B virus X protein (HBx) that is pathogenic and
promotes tumor formation. It had been reported that HBx protein
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was associated with an elevated expression of MT1-MMP, MMP2,
and MMP3 [34,35]. HBx was also shown to transactivate MMP9
through ERKs and PI-3K-AKT/PKB pathway and suppress
TIMP! and TIMP3 activities [36,37]. The activation of
metalloproteinases would induce the shedding of mMICA into
sMICA, which promotes the tumor formation through the
inhibitory effect of sMICA on NK cells. This can explain why
high sMICA expression is a marker of poor prognosis for HBV-
induced HCC. On the other hand, HCV infection was not
associated with metalloproteinases activation, although the
expression of sSMICA was shown to be proportional to mMICA
level. Therefore individuals with high MICA expression are likely
to activate natural killer cells and CD8+ T cells to eliminate virus
infected cells.

SP1 was previously identified as a transcriptional regulator of
both MICA and MICB [7,9,38]. A polymorphism in the AICB
promoter region was found to be associated with MICB
transcription level [7]. To our knowledge, this is the first report
showing that MICA transcription is directly influenced by
functional variant. Moreover, this functional SNP is significantly
associated with HCV-induced HCC. Our findings provide an
insight that MICA genetic variation is a promising prognostic
biomarker for CHC patients.

Supporting Information

Figure S1 Pairwise LD map between marker SNP and
11 candidates SNP. Black color boxes represent regions of high
pairwise 7 value. The LD was determined by direct DNA
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sequencing of MICA promoter region from 50 randomly selected
HCV-HCC patients.

(TTF)

Table S1 Characteristics of samples and methods used
in this study.
DOCX)

Table $2 The sequences of each oligo used in the EMSA
and ChIP assay.
(DOCX)
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