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Table 3 Univariate and multivariate analyses of contributing factors associated with SVR

Parameter

Univariate analysis,
OR (95% CI), P-value

Multivariate énalysis,
OR (95% CI), P-value

Age (years)

Male/female

Albumin (g/dL)

AST (U/L)

ALT (U/L)

GGT (U/L)

Alkaline phosphatase (U/L)
Total bilirubin (mg/dL)
Prothrombin time activity (%)
AFP (ng/mlL)

Liver stiffness (kPa)

Platelet {x10%/uL)

HCV RNA viral load (KIU/mL)
PLNE

0.989 (0.968-1.011), 0.619
1.314 (0.886-1.949), 0.488
2.547 (1.399-4.637), 0.119
0.999 (0.995-1.005), 0.982
1.004 (1.001-1.007), 0.250
0.989 (0.983-0.996), 0.101
0.995 (0.996-0.998), 0.101
0.335 (0.166-0.679), 0.121
1.002 (0.988-1.016), 0.895
0.984 (0.972-0.995), 0.154
0.917 {0.884-0.952), 0.019
1.030 {0.997-1.065), 0.366
0.850 (0.561-1.287), 0.695
0.318 (0.176-0.576), 0.053

1.702 (0.728-3.979), 0.531

1.015 (1.009-1.020), 0.005
0.981 (0.973-0.989), 0.022 -
0.998 (0.995-1.002), 0.698
0.475 (0.257-0.877), 0.225

0.999 (0.979-1.020), 0.986
0.866 (0.810-0.927), 0.033
0.958 (0.913-1.006), 0.381

0.179 (0.090-0.354), 0.012

AFP, a-fetoprotein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; Cl, confidence interval; GGT, y-glutamyltransferase;
HCV, hepatitis C virus; 11, interleukin; OR, odds ratio; PI.NF, perihepatic lymph node enlargement; SVR, sustained virological response.

Association between PLNE and the
. mutations at position 70 of HCV core
protein and at ISDR or IL-28B polymorphism

Recently, as a human factor, IL-28B polymorphism has
been shown to be a strong predictor for the response to
PEG IFN and RBV therapy for chronic hepatitis C.2'-%
On the other hand, as a viral factor, the mutations at
position 70 of HCV core protein® and those at ISDR of
NS5A protein® have been revealed to be associated with
the treatment outcome by IEN. Thus, the potential asso-
ciations between PLNE and these factors were evaluated.
To this end, we first sought to analyze them in the
original cohort, however, the stored samples were
not enough for these determinations. Thus, we newly
enrolled 45 chronic hepatitis C patients to only assess
the potential associations between PLNE and IL-28B
polymorphism, the mutations at position 70 of HCV
core protein or those at ISDR of NS5A protein.

The clinical features of these 45 patients with chronic

hepatitis C with HCV genotype. 1 are summarized in -

Table 4. Among these patients, PLNE was observed in 18

patients (40%). Regarding IL-28B genotypes, the fre-

quency of the 158099917 risk allele (G}, namely, minor
allele, was not different between the patients with PLNE
and those without: 22.2% in the former and 23.1% in
the latter (P = 0.76 by y-test; Fig. 2a). As a viral factor,
the mutations at position 70 of HCV core protein were
observed in 44.4% patients with PLNE, and in 42.3%
patients without (P=0.87 by y*-test; Fig. 2b), and less

than two substitutions at ISDR were observed in 52.9%
patients with PLNE, and in 64.0% patients without
(P =10.69 by y*-test; Fig. 2c), none of which were statis-
tically different. These results suggest that PLNE is not
associated with IL-28B polymorphism, or the mutations

Table 4 Characteristics of patients in whom the mutations at
position 76 of HCV core protein and at ISDR or IL-28B poly-
morphism were measured

Parameter : n=45

Age (years)t 68.1+10.7
‘Male/fernale 19/26

Albumin (g/dL)t 3.93+0.39
AST (U/L)+ 43.4+18.6
ALT (U/L)+ 38.8+20.3
GGT (U/Lyt 38.1%£28.9
Alkaline phosphatase (U/L)t 276.3+101.5 |
Total bilirubin (mg/dL)T 0.83+0.29
Prothrombin time activity (%) 99.1+£2.86
AFP (ng/mL)t 16.0+36.3
Platelet count {(x10*/uL)t 154+7.0
HCV viral load (log IU/mL)# 5.94 (5:54-6.60)
PLNE positive/negative 18/27

tData are presented as mean + standard deviation.

$Data are presented as median (25-75% range).

AFP, o-fetoprotein; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; GGT, y-glutamyltransferase; HCV, hepatitis C
virus; IL, interleukin; ISDR, interferon seusitivity-determining
region; PLNE, perihepatic lymph node enlargement;.
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at position 70 of HCV core protein and those at ISDR of
NS5A protein.

DISCUSSION

HE FACT THAT chronic hepatitis C patients with

PLNE are prone to treatment failure to IFN therapy
has been previously reported.’®'? However, there were
limitations because these analyses were performed in
patients with various HCV genotypes, viral loads and
treatment regimens. It is well known that efficacy of IFN
therapy for chronic hepatitis C is poorest in patients
with HCV genotype 1 and higher HCV viral load.”® On
the other hand, IFN therapy has been refined with PEG
and combination with RBV and protease inhibitors.*
Thus, to more precisely examine the potential associa-
tion between PLNE and efficacy of IFN therapy for
chronic hepatitis C patients, we sought to analyze the
efficacy of PEG IFN and RBV therapy on patients
with HCV genotype 1 and HCV RNA of more than
100 KIU/mL in the presence or absence of PLNE. As a
result, the SVR rate was significantly lower and the viral
decline during the first 4 weeks of treatment was signifi-
cantly smaller in patients with PLNE than in those
without, and PLNE was negatively associated with SVR
by multivariate analysis. It is noteworthy that PLNE
‘was not associated with liver stiffness values, a marker

© 2013 The Japan Society of Hepatology
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Core 70
p=0.87
Figure 2 Rate of IL-28B minor allele
Negative (a), mutant at position 70 of HCV core
PLNE

protein (Core 70, b), and no or one
substitution at ISDR (c¢) in patients
with PLNE (positive) or without PLNE
{negative). The rate of 1L-28B minor
allele (a), mutant at position 70 of HCV
core protein {Core 70, b}, and no or one
substitutions at ISDR (c) was analyzed
in patients with PLNE {positive, n = 18)
or without PLNE (negative, n=27).
HCV, hepatitis C virus; IL, interleukin;
ISDR, interferon sensitivity-determining
region; PLNE, perihepatic lymph node
enlargement.

of liver fibrosis,?” although controversy exists whether
PLNE may be associated with liver fibrosis,>* and more
importantly that PLNE was retained as a negative pre-
dictor for SVR by multivariate analysis, independent of
liver fibrosis, in the current study.

To examine the underlying mechanism in the associa-
tion between PLNE and efficacy of PEG IFN and RBV for
chronic hepatitis C, we analyzed the potential links
between PLNE and well-established host or viral factors
to predict outcome by IFN therapy. We especially
considered the possibility-that PLNE may be associated
with IL-28B polymorphism, which could be importantly -
involved in the host immune systemn.?*-® However,
PLNE was not significantly associated with IL-28B paly-
morphism as a host factor, in addition to no association
of PLNE with the mutations at position 70 of HCV core
protein® and those at ISDR® as a viral factor. Thus, we
speculate that PLNE may reflect an unknown host factor
to play a role in the reaction to HCV infection.

Perihepatic lymph node enlargement in chronic hepa-
titis C has long been assumed to reflect the immuno-
logical response of the host” Indeed, higher CD8*
lymphocyte levels in the blood were observed in chronic
hepatitis C patients with PLNE,” and HCV-specific IFN-y
production and proliferative response of T cells were
found commonly in perihepatic lymph node,*® suggest-
ing that PLNF indicates an active host immune response
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in chronic hepatitis C. Of interest is the finding that
biochemical responders to IFN-o therapy for chronic
hepatitis C had significantly lower pretreatment levels of
CD8" cells.”” Thus, increased CD8* cell levels in chronic
hepatitis C patients with PLNE’ may explain the mecha-
nism, at least in part, of the association between PLNE
‘and the poorer outcome by PEG IFN and RBV therapy.
Furthermore, increased oligoclonality of circulating
CD8* cells in chronic HCV infection was also identified
as an indicator for poor dinical response to IFN-o
therapy.® It should be further clarified whether the
altered clonality of CD8" cells may be also involved in
the mechanism of the association between PLNE and
the efficacy of PEG IEN and RBV therapy.

We previously demonstrated that PLNE is a negative
risk for hepatocarcinogenesis in chronic hepatitis C.*°
Currently, we have found that PLNE is a negative pre-
dictor for a successful outcome of IEN treatment for
chronic hepatitis C, both of which could be paradoxical.
However, these findings may be consistently explained
by an active host immune system as described above. We
previously speculated that the reduced hepatocarcino-

_genesis in chronic hepatitis C patients with PLNE may be
explained by the enhanced host immune system. On the
other hand, there are accumulating lines of evidence
suggesting that the originally enhanced host immune
response may be associated with a negative outcome of
IFN treatment for chronic hepatitis C; the higher expres-
sion of IFN-stimulated genes in the liver was observed in
patients with no response to IEN treatment for chronic
hepatitis C*-* Thus, we speculate that PLNE, as an
indicator of active host immune responses,”® may be
associated negatively with the efficacy of [EN therapy for
chronic hepatitis C in line with these previous studies.

One of the limitations of the current study is that the
association between PLNE and efficacy of IFN therapy
in chronic hepatitis C patients was determined in the
retrospective cohort. However, the cohort analyzed

was originally set up to prospectively examine the risk

of liver stiffness values for HCC development, where
patients were consecutively enrolled among those who
previously visited our Department of Gastroenterology,
The University of Tokyo Hospital,”™ and were followed
up for 4.8 years.’ Thus, we believe that our current
evidence could be the same as that from the prospective
cohort. As another limitation, the association between
PLNE and IL-28B polymorphism, the mutations at posi-

- tion 70 of HCV core protein or those at ISDR could not
be assessed in the original cohort, because the stored
samples of the original cohort were not enough for these
determinations.

PLNE in chronic hepatitis C 1011

The combination of PEG IFN and RBV has been the
standard of care for chronic hepatitis C,** and the further
combination of telaprevir®® or boceprevir®” with PEG IFN
and RBV has been recently employed to improve the
treatment efficacy. Nonetheless, it is expected that IFN is
still going to play a role in the treatment for chronic
hepatitis C. Thus, our evidence of PLNE as a significant
predictor for SVR by PEG IFN and RBV therapy may
be useful when deciding upon the regimen or timing
treatment for chronic hepatitis C patients. Furthermore,
because PLNE is originally one of the common clinical
signs of chronic liver disease,’ the knowledge regarding
the clinical significance of PLNE may shed a light on not
only the prediction of treatment outcome of IEN therapy
for chronic hepatitis C but also the general pathophysi-
ology of chronic liver disease.
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SUMMARY

Hepatocellular carcinoma (HCC) is a slowly devel-

oping malighancy postulated to evolve from pre-
malignant lesions in chronically damaged livers.
However, it was never esiablished that premalig-
nent lesions actusglly contain tumor progenitors
that give rise to cancer. Here, we describe isola-
tion and characterization of HCC progeniior cells
{HcPCs) from different mouse HCC modeis. Unlike
fully malignant HCC, HcPCs give rise to cancer
only when introduced into a liver undergoing
chronic damage and compensatory proliferation,
Although HcPCs exhibit a similar transcriptomic
profile to bipotential hepatobiliary progenitors, the
latter do not give rise 1o tumors. Cells resembling
HcPCs reside within dysplastic lesions that appear
several months before HCC nodules. Unlike early
hepatocarcinogenesis, which depends on paracrine
IL-6 production by mﬂammatory calls, due to upre-
gulation of LIN28 expression, HcPCs had acquired
autocrine IL-6 signaling that stimulates their in vivo
growth and malignant progression. This may be a
general mechanism that drives other IL-6-producing
malignancies. ‘

384 Cell 155, 384~396,'October 10, 2013 ©2013 Elsevier Inc.

BNTRODUCTION

Every malignant tumor is probably derived from a single progen-
itor that had acquired growth and survival advantages through
genetic and epigenetic changes, allowing clonal expansion
{Noweil, 1976). Tumor progenitors are not necessarily identical
to cancer stem cells (CSCs), which maintain and renew fully
established malignancies (Nguyen et al., 2012). However, clonal
evolution and selective pressure may cause some descendants
of the initial progenitor to cross the bridge of no return and form
a premalignant lesion. Cancer genome sequencing indicates
that most cancers require at least five genetic changes to evolve
(Wood et al,, 2007). How these changes affect the properties of
tumor progenitors and control their evolution into a GSGC is not
entirely clear, as ithas been difficult to isolate and propagate can-
cer progenitors prior to detection of tumor masses. Given these
difficulties, it is also not clear whether cancer progenitors are
the precursors for the more malignant GSC isolated from fully
established cancers. An answer to these critical questions de-
pends onidentification and isolation of cancer progenitors, which
may also enable definition of molecular markers and signaling
pathways suitable for early detection and treatment. This is espe-
clally important in cancers of the liver and pancreas, which evolve
over the course of many years but, once detected, are extremely
difficult to treat (Ei-Serag, 2011; Hruban st al., 2007).
Hepatocellular carcinoma (HCG), the most common liver can-
cer, is the end product of chronic liver diseases, requiring
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several decades to evolve (Ei-Serag, 2011). 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
HGCV) and are at a high risk of new HCC development (El-Serag,
2011). Up to 5% of HCV patients will develop HCC in their life-
time, and the yearly HCG 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 (Hytiroglou
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. Prematignant lesions, called
foci of altered hepatocytes (FAH), were also described in chem-
ically induced HCC models (Fitot, 1990), but it was questioned
whether these lesions harbor tumor progenitors or result from
compensatory proliferation (Seill 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 HcPGC isolation from mice treated with the
procarcinogen diethyl nitrosamine (DEN), which induces poorly
differentiated HCC nodules within 8 to 8 months (Verna et al.,
1996). 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-Serag, 2011). Nonetheless, we also isolated HcPCs from
Tak12"*P mice, which develop spontaneous HCC as a result of
progressive liver damage, inflammation, and fibrosis caused by
ablation of TAKT (inckuchi et al., 2010). 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 (Marquardt and Thorgeirsson, 2010)
long before visible tumors are detected. Furthermore, DEN-
induced premalignant lesions and HcPCs exhibit autocrine 1L-6
production that is critical for tumorigenic progression. Gircu-
tating 1L-6 is a risk indicator in several human pathologies and
is strongly correlated with adverse prognosis in HCC and cholan~
giocarcinoma (Porta et al.,, 2008; Sorssi et al.,, 2006). IL-6 pro-
duced by in-vitro-induced GSCs was suggested to be important
for their maintenance {ffiopoulos et al., 2008). Furthermore, auto-
crine IL-6 was detected in several cancers, but its origin is poorly
understood (Grivennikov and Karin, 2008). 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 (Maeda et al., 2005; Naugler et al., 2007). However,
paracrine 1L~6 production is transient and does not explain its
expression by HCC cells.
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RESULTS

BBN-indused Collagenase-Resisiant Aggregstes of
HCC Progenitors
A single intraperitoneal (i.p.) injection of DEN into 15-day-old
BL/6 mice induces HCG 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 et al., 2010), 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 (Fhim
et al., 1994). Collagenase digestion of DEN-treated livers gener-
ated a mixture of monodisperse hepatocytes and aggregates of
tightly packed small hepatocytic cells (Figure 1A). Aggregated
cells were also present—but in lower abundance—in digests of
control livers (Figure S1A available online). HCG markers such
as o, fetoprotein (AFP), glypican 3 (Gpc3), and Ly6D, whose
expression in mouse liver cancer was reported (Mever et al.,
2003), were upregulated in aggregates from DEN-treated livers,
but not in nonaggregated hepatocytes or aggregates from con-
trol livers (Figure S1A). Thus, control liver aggregates may result
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 celis that
were smaller than nonaggregated hepatocytes. Using 70 um
and 40 pum sieves, we separated aggregated from nonaggre-
gated hepatocytes (Figure 1A) and tested their tumorigenic:
potential by transplantation into MUP-uPA mice (Figure 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-
ure 1B). The tumors exhibited typical trabecular HCC morphology
and contained cells that abundantly express AFP (Figure S1B). 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 S1C). Transplantation of
aggregated cells from livers of DEN-treated actin-GFP transgenic
mice resulted in GFP-positive HCCs (Figure S1D). Both experi-
ments strongly suggest that the HCCs were derived from the
transplanted cells. Notumors 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
et al., 1898)), intrasplenically transplanted with HcPC-containing
aggregates, and challenged with CCly to induce liver injury and
compensatory proliferation (Guo et al, 2002), HCCs readily
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Figure 1. DEN-intduced Hepatooyiic Aggregates Contain G044 HGC Progenitors

(A) Fifteen-day-old BL/6 males were diven 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 Lp. injections of CCl, or vehicle. Tumor multiplicity and size
were evaluated 5 months later (n = 5; + SD).

(D) Hepatocyte aggregates were prepared as in (A), stained with GD44 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 S1.

appeared (Figure 1C). CCl, omission prevented tumor develop-  CCls-induced liver damage, especially within a male liver, gener-
ment. -Notably, MUP-uPA or CCly-treated livers are fragile, ates a microenvironment that drives HcPG proliferation and
rendering direct ihtrahepatic transplantation difficult. The trans-  malignant progression. To examine this point, we transplanted
planted HcPC-containing aggregates formed more numerous GFP-labeled HcPC-containing aggregates into retrorsine-
and larger HCG nodules in male recipients than in females (Fig-  treated BL/6 mice and examined their ability to proliferate with
ure 10), as observed in MUP-uPA mice transplanted with unfrac-  or without subsequent CCl, treatment. Indeed, the GFP* cells
tionated DEN-exposed hepatocytes (He et al., 2010). Thus, formed clusters that grew in size only in CCly-treated host livers

386 Cell 155, 384396, October 10, 2013 ©2013 Elsevier Inc.
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(Figure S1E). Omission of CC1, prevented their expansion.
Unlike HCG-derived cancer cells (dih10 cells), which form sub-

cutaneous (s.c.) tumors with HGC morphology (He et al., 2010;

Park et al, 2010), the HcPC-containing aggregates did not
generate s.c. tumors in BL/6 mice (Figure S1F).

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 al, 2008; Zhu st al., 2010), we dispersed the aggregates
and separated GD44* 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
after transplantation of CD44~ cells (Figure 1E). Remarkably,
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 et al., 2009; Ichinohe et al., 2012). Hence,
livers of DEN-treated mice contain CD44* HcPG that can be
successfully isolated and purified and give rise to HCCs after
transplantation into appropriate hosts. Unlike fully transformed
HCC cells, HoPCs only give rise o tumors within the liver.

HeRC-Containing Aggregates in Tak?*"® Wice

We applied the same HcPC isolation protocol to Tak74™P mige,
which develop HCC of different etiology from DEN-induced
HCC. Importantly, Tak7*™P mice develop HCC as a conse-
quence of chronic liver injury and fibrosis without carcinogen or
toxicant exposure (inckuchi et al., 2010). Indeed, whole-tumor
exome sequencing revealed that DEN-induced HCC contained
about 24 mutations per 10° bases (Mb) sequenced, with
B-Raf'®37F heing the most recurrent, whereas 1.4 mutations per
Mb were detected in Tak12"®P HCG’s exome (Tabie $1). By
contrast, Tak1*"* HGC exhibited gene copy number changes.

165

Figure 2. Tak?*™P Livers Contain Collage-
nase-Hesistant HoP( Aggregates .
(A} Livers, free of tumors {upper panels), were
removed from 1-month-old Tak7" and Tak72"eP
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 CGl,
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 (eft
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
Figure $2 and Table 31.

Hepatocytes

Collagenase digests of 1-month-old Tak7%™® fivers contained
much more hepatocytic aggregates than Tak7” liver digests
(Figure 2A). Notably, HCG developed in 75% of MUP-uPA mice
that received dispersed Tak74MP aggregates, but no tumors
appeared in mice receiving nonaggregated Tak12"™P or total
Tak1" hepatocytes (Figure 2B). Because Tak72"P 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 CCly to induce liver injury and compensatory
profiferation in WT mice. Although this freatment 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), ireatments that
cause cholestatic liver injuries and oval cell expansion (Dorrell
et al,, 2011), did increase the number of small hepatocytic cell
aggregates (Figure S2A). Nonetheless, no tumors were observed
5months after injection of such aggregates into MUP-uPA mice
(Figure S2B). Thus, not all hepatocylic aggregates contain
HcPCs, and HcPCs only appear under tumorigenic conditions.

The HePC Transcriptome Is Shnilar to that of HOG and
Oval Celis

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, HGG 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

Cell 155, 384-396, October 10, 2013 ©2013 Elsevier Inc. 387
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Figurs 3. Aggregated Hepatocytes Exhibit an Altered Transcriptome Similar to that of HOC 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 (01 = 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 compatisons. 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
(Figure S3A). 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 1,912 differentially expressed
genes (false discovery rate [FDR] < 0.01; Figurs 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 2A, 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 vaiue
that is highly significant (p < 7.13 x 1072%%). More specifically,
85% (494/583) of these genes are overexpressed in both HCC
and HcPC-containing aggregates (Figure 3B, bottom tabie).
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,
Gpced and H19, were upregulated in aggregated hepatocytes
(Figures 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&ller, 2009). Another cell-surface molecule highly
expressed in aggregated cells is LyBD (Figures 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 (Figure S3C). A fluorescent-labeled
Ly6D antibody injected into HGC-bearing mice specifically
stained tumor nodules (Figure S3D). Other cell-surface molecules
that were upregulated in aggregated cells included syndecan 3
(SdeB), integrin « 9 (ttga9), claudin 5 (Cldn5), and cadherin 5
(Cdhs) (Figure 3D). Aggregated hepatocytes also exhibited
elevated expression of extraceliular 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-
ure 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 STAT3 (Figure 3D).

Aggregated hepatocytes expressed albumin, albeit less than
nonaggregated hepatocytes (Figure 4A). Some aggregated cells
were positive for cytokeratin 19 (CK19) and A6, markers for bile
duct epithelium and oval cells (Figure 4A). Most cells in the DEN-
induced aggregates were AFP positive, and some of them
expressed EpCAM (Figure 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 HePC and HCC (Figure 3A) to
the transcriptome of DDC-induced oval cells (Shin et al., 2011).
This analysis revealed a striking similarity between the HCC,
HcPC, and the oval cell transcriptomes (Figure S3B). Despite
these similarities, some genes that were upregulated in HcPG-
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 ¢-Jun and
STATS (Figure 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 cells
and hormal hepatocytes with an FDR < 0.01 (cyan and red dots from A). The probabiity to find 583 overlapping genes is <7.13 X 1072%%, From these 583 common
genes, only 4 behaved differently. ‘

(C) The ten most enriched biological processes (upper table) and cellular compartments (jower panel) represented by genes that are significantly upregulated (feft
panel) or downreguiated {right panel) in HCGC 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 HoPCs (left) and in HCC versus normat
hepatocytes (right).

(E) Expression of selected genes was examined by real-time PCR and is depicted as fold chiange relative to normal hepatocytes given an arbitrary value 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 Figure S3.
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hepatocarcinogenesis (Eferl et al., 2003; He et al., 2010). Sox9,
a transcription factor that marks hepatobiliary progenitors (Bor-
rell et al,, 2011), was also expressed by many of the aggregated
cells, which 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 (Bladt
et al, 1895) and hepatocarcinogenesis (Wang et al., 2001).
Few of the nonaggregated hepatocytes exhibited activation 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"P
mice also contained cells positive for AFP, Sox9, phosphorylated
c-Met, and EpCAM, but not A6-positive cells (Figure 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"*P 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 Tak72"®P livers (Figure S4B).

390 Cell 155, 384-3986, October 10, 2013 ©2013 Elsevier Inc.

Figure 4. DEN-Induced HcePC Aggregsies
Express Pathways and Markers Characler-
igtic of HOC and Hepalobiliary Stem Calis
(A) Cytospin preps of collagenase-resistant
aggregates from 5-month-old DEN-injected mice
were stained with antibodies . to CK19, AFP,
EpCAM, A6, phospho-Y-STAT3 (Tyr708), albumin,
phospho-c-Jun, Sox8, and phospho-6-Met. Black
anows 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 (400x).
" See also Figure S4.

Albumin

SOX9 Merge

HePC-Containing Aggregales
Originate from Premalignant
Dyaplastic Lesions

FAH are dysplastic lesions occurring in
rodent livers exposed to hepatic carcino-
gens (Su et al., 1890). Similar lesions are
present in premalignant human livers
(Su et al., 1897). 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 (Seil
and Leffert, 2008). In DEN-treated males,
FAH were detected as early as 3 months
after DEN administration (Figure BA),
concomitant with the ftime at which
HePC-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, ¢-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 fiver cancer
oncoprotein (Zheng et al., 2011). FAH were also enriched in F4/
80" macrophages (Figure 5C). These results suggest that the
HcPC-containing aggregates may be derived from FAH.

HePCs Exhibit Autocring IL-8 Expression Mecessary

for HGG Progression

In situ hybridization (ISH) and immunohistochemistry (IHC) re-
vealed that DEN-induced FAH contained {L-6-expressing cells
(Figures 6A, 8B, and $5), and freshly isolated DEN-induced
aggregates contained more IL-6 messenger RNA (mRNA) than
nonaggregated hepatocytes (Figure 6C). 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 6D
and 6E). LIN28-expressing cells were also detected within FAH
(Figure 6F). As reported (liopouios et al., 2008), knockdown of
LIN28B in cultured HcPG or HCGC cell lines decreased IL-6

. expression (Figure 6G). LIN28 exerts its effects through downre-
gulation of the microRNA (miRNA) Let-7 (lliopoulos et &l., 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 1L-6
expression (miR194 and miR872), was lower in aggregated cells
than in nonaggregated cells (Table $2).

To determine whether autocrine 1L-6 production is needed for
HCG growth, we silenced IL-6 expression with small hairpin RNA
(shRNA) in dih10 HCGC cells (He 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 88A). 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 7B and
88D). 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 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 87B), 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: 200x).

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

3 months 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 I~
B-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. Silericing 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 HcPG is impor-
tant for HCC development. To investigate whether autocrine I1L-6
signhaling 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.

DEECUSSION

The isolation and characterization of cells that can give rise to
HCC only after transplantation into an appropriate host liver un-
dergoing chrenic injury demonstrates that cancer arises from
progenitor cells that are yet to become fully malignant. Impor-
tantly, unlike fully malignant HCG cells, the HoPCs 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 GCly treatment provides HocPCs 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
GCCly 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

Cell 155, 384-396, October 10, 2013 ©2013 Elsevier Inc. 391
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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: 100x,
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
fivers 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 HC with a
LIN28A antibody. Broken lines indicate borders of
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premalignant/dysplastic lesions (Hruban et al., 2007; Hytirogiou
et 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 HcPGs originaté from FAH or dysplastic fodi,
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, 1983), and similar lesions were detected
in human cirrhotic livers (Hytircglou et al., 2007; Seki et al,,
2006; Takayama et al,, 1980) in which the rate of HCC progres-
sion is 3%~5% per year (Ei-Serag, 2011). We found that human
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IL-6

FAH {400x%).

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

See also Figure S5 and Table §2.

dysplastic lesions and mouse FAH and
HePC exhibit autocrine 1L-6 signaling.
HcPC are not unique to DEN-treated
mice, and similar cells were isolated
from Tak72"P mice in which HCGC devel-
opment resembles cirrhosis-associated

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

—Z - []shLIN28B

HePC Qrigln and Belationship to
Liver and HOU Stem Cells )
Transcriptomic analysis indicates that
DEN-induced HcPCs are related to both
normal hepatobiliary bipotential stem
cells/oval cells and HCC cells. Although
HePCs are not fully transformed, they ex-
press several markers—CD44, EpCAM,
AFP, SOX9, QV6, and CK12—found to
be expressed by HCC stem cells and
oval cells (Guo et al., 2012; Mikhail and
He, 2011; Terris et al., 2010; Yamashita
et al., 2008; Zhu et al., 2010). However,
unlike oval célls, 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
HCG stem cell markers AFP, CD44, and EpGAM, 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 (Tsutsumi et al,, 1888) and -
that Cyp2E1~/~ mice are refractory to DEN (Kang et al., 2007),
DEN-induced HcPG 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 L6 Production
_ (A} HCG cells (dih10) were transduced with lenti-
viruses containing scrambled or IL-6-specific
shRNA. IL-6 mRNA was analyzed by gRT-PCR.
(B) Dih10 cells (1.2 x 10% transduced as above
were Ls. injected into MUP-UPA mice that were
analyzed 6 months later for HCC development (n =
3; + SEM).
(C) HoPGs from WT and 6™/~ 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 fransduced with shRBNA against iL-6 or
scrambled shRNA, cultured for 3 to 4 days, i.s.
1 transplanted (1 x 10* cells/mice) into MUP-uPA
rmice, and analyzed 6 months later (n = 3; = SEM).
| (E) Livers of MUP-uPA mice from (D) were immu-
nostained with GFP antibody 6 months after
transplantation {200x). The bicistronic lentivirus in
] this experiment expresses GFP along with control
or IL-6 shRNA, allowing tracking of the infected
cells.
hE (F) DEN-treated /6P and 6™ mice were sacri-
@Q Q?R ficed after 9 months to evaluate turmor muftiplicity
\\, and size (n = 6-10, = SEM).
(@) HC analysis of autocrine IL-6 signaling in
human premalignant lesions in HCV-infected
livers. Expression of LIN28, p-STAT3, 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 HcPG-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 Autocring IL-6 Bxpression
Elevated 1L-6 was detected in at least 40%. of human HCCs,
where it is expressed by the cancer cells (Sorssi et al., 2006).
More recent studies have confirmed upregulation of lL—G in hu-

man HCC and suggested that it plays a central role in a gene |

expression network that drives tumor development {Ji st b,
2009). 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 et al., 1989; Kakumu et al., 1983; Soresi et al,
20086). 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

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

See also Figures S8 and 87.

(Masda et al, 2005). This initial surge in IL-6 is required for
DEN-induced hepatocarcinogenesis (Naugler 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 {L-6 is important for HcPC to HCG progression and
for tumorigenic growth. Autoctine 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 epigenstic switch is important for
in vitro programming and maintenance of cancer stem cells
(Hiopoulos et al., 2008). IL-6 also induces malignant features in
human ductal carcinoma stem cells (Sansone et al, 2007). In
fact, autocrine IL-6 signaling was suggested to play a key role
in STAT3-dependent tumor progression (Grivennikov and Karin,
2008). Another miRNA-driven autoregulatory circuit involved in

Gell 155, 384-396, October 10, 2013 ©20f3 Elsevier Inc. 393
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hepatocarcinogenesis accounts for elevated IL-6R expression
(Hatziapostolou et al., 2011). Yet, HoPC-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/epigenstic
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

Afice, HGO induction, HoPG Isolation, and Transplentation
MUP-uPA transgenic mice (Weglarz et al., 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 frans-
plantation. Tak72"®P (inokuchi et al.,, 2010) and #6™ (Quintana et al., 2013)
mice were also in the BL/6 background. /6" mice were generated by
crossing #1677 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 et al., 2010). Gell 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 onice. 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 &t al., 2010). Alternatively, single-
cell suspensions of aggregated hepatocytes were enriched for CD44* HcPC
using magnetic beads. As few as 100 viable GD44* cells mixed with 1 x 10°
normal hepatocytes from normal males were transplanted into MUP-uPA
mice. Afternatively, 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 (Guo
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.
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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 signiﬁcanﬂy suppressed MICA expression. Conversely,
silencing of this miR cluster enhanced MICA expression in cells that express substantial amounts of MICA.
The changes in MICA expresszon levels by the miR25-93-106b cluster were biologically significant in an
NKG2D- bmdmg 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.

7 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 diséase 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 eatly 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 0 may actasa decoy of NKG2D to
avoid tumor rejection. :

Although several stress pathways regulate the transcription of the MICA gene’z’”, 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
expetiments are shown. (b), Immunofluorescence staining for MICA in Huh7 and HepBB cells. Representative imnages from two independent

experiments are shown. Scale bar, 25 pm.

Resulis

HCC cell lines differentially express MICA protein. To determine
'MICA protein levels in HCC cells, four representative HCC cell lines
(Huh7, HLE, PLC/PRF/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/PRF/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 Huh?7 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 hypothesized 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 miRINAs 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 mamipals 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 2c) 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 1061) but
that its expression is simultaneously endogenously regulated by other
factors (possibly by promoter activities, mcludmg eplcenetlc
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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Figure 2 | miR93 and 106b target MICA 3'UTR. (a), Sequences of MICA 3"UTR (upper). Letters i red are the sequences completely matched with the
seed regions of miR93 and 106b. The complementarities between the first predicted target in the MICA 3'UTR and miRNA sequences are shown below.
(), (¢), 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
(F/R) obtained by dividing firefly luciferase values with renilla luciferase values of three independent experiments. *p < 0.05. (d), miR93 and miR106b
expression levels in control and stably miR25-93-106b cluster-expressing cells were determined by northern blotting. U6 levels were used as a loading
control. Representative images from two independent experiments are shown. Full-length blot images are available in Supplementary Figure 5.

(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 fune-
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 Huh?7 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 Huh7 cells, which express
no MICA protein in the normal state, silencing of miR25-93-106b
had no effect on MICA protein expression (Figure 3c). 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 miR25-93-166b cluster
(Figure 4a). On the contrary, the levels of NKG2D binding to the cells
were increased in Hela and Hep3B cells in which miR25-93-106b
function had been silenced (Figure 4b).
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