Noninvasive assessment of hepatic fibrosis

Table 2. Value of non-invasive parameters for the diagnosis of
marked fibrosis, advanced fibrosis and cirrhosis: comparison of
AUC among time interval, APRI, and FIB4

Marked Advanced

fibrosis (= F2) fibrosis (=F3) Cirrhosis
Time interval 0.94 (0.83-0.97) 0.96 (0.93-0.98) 0.98(0.95-0.99)
APRI 0.86 (0.79-0.91) 0.85(0.78-0.90) 0.80(0.71-0.86)
FIB4 0.85 (0.79-0.91) 0.89(0.82-0.94) 0.90(0.82-0.95)

AUC, areas under the receiver operating characteristic curves, marked
fibrosis, >F2; advanced fibrosis, =F3; time interval, time interval
from the onset of contrast enhancement in the right portal vein to the
time of the maximum intensity ratio between right portal vein and liver
parenchyma.

decreased and the time interval from the onset of
contrast enhancement in the right portal vein to the time
of the maximum intensity ratio was prolonged according
to the progression of hepatic fibrosis, and particularly the
latter, being superior to both APRI and FIB4, had the
closest relationship with the degree of hepatic fibrosis.
Because the flow velocity in the right portal vein in our
study tended to decrease according to the progression
of hepatic fibrosis, as also reported previously (10), the
rate of filling the right portal vein with microbubbles
may be lower. Meanwhile, an arterialization related to
hepatic fibrosis may compensate the rapid parenchymal
enhancement with high blood flow (24). These factors
may explain the decrease of the maximum intensity ratio
between the right portal vein and liver parenchyma and
prolongation of time interval from the onset of contrast
enhancement in the right portal vein to the time of the
maximum intensity ratio, according to the progression of
fibrosis. However, despite the maximum intensity ratio
between the right portal vein and liver parenchyma, time
interval from the onset of contrast enhancement in the
right portal vein to the time of the maximum intensity
ratio did show a close relationship with the progression
of fibrosis. The former parameter represents only the
peak gradient of microbubble distribution between the
portal vein and liver parenchyma, while the latter para-
meter is coupled with time. Although the precise me-
chanism remains unclear, time-related haemodynamics,
linked to the microbubble distribution from the up-
stream vessel to the periphery, might have the advantage
of indicating the degree of hepatic fibrosis. In fact, it is
suggested that several pathophysiclogical conditions,
such as the presence of intrahepatic shunt and/or hyper-
dynamic circulatory state (11), affected the parameters
measured in this study. However, we believe that time
interval from the onset of contrast enhancement in the
right portal vein to the time of the maximum intensity
ratio may represent an indirect parameter for assessing
the degree of hepatic fibrosis in a comprehensive manner.
Contrast-enhanced US with Sonazoid™ may have the
possibility to reduce the biopsy procedure to examine the
severity of hepatic fibrosis.
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Fig. 4. Onset time of contrast enhancement in the right hepatic
artery and the right portal vein. (a) Onset time of contrast
enhancement in the right hepatic artery (s): there were no significant
differences of the onset time of contrast enhancement in the right
hepatic artery among the three groups (P=0.0929). (b) Onset time
of contrast enhancement in the right portal vein (s): there were no
significant differences of the onset time of contrast enhancement in
the right portal vein among three groups (P=0.1564). Data are
expressed by box-and-whisker plots. The top and bottom of the
boxes indicate upper and lower quartiles, respectively, and the
horizontal line in the bar represents the median value. The two
horizontal lines outside the box (whisker) indicate the smallest and
largest nonoutlier observations.

We also examined the two parameters, onset time of
contrast enhancement in the right hepatic artery and
right portal vein, which did not show significant correla-
tion with the degree of hepatic fibrosis. The previous
study reported similar results, in spite of the usage of
different contrast agents (21). As these parameters may
be affected by general conditions of systemic circulation
as well as specific conditions caused by portal hyperten-
sion such as intrapulmonary shunt, hyperdynamic state,
splenomegaly and development of extrahepatic collateral
vessels, they may not be ideal factors to assess the degree
of hepatic fibrosis.
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Fig. 5. Maximum intensity ratio between the right portal vein and
liver parenchyma and time interval from the onset of contrast
enhancement in the right portal vein to the time of the maximum
intensity ratio in relation to the grade of hepatic fibrosis. (@) Maximum
intensity ratio between the right portal vein and liver parenchyma (dB):
significant differences were found between controls and F2
(*P=0.0219), controls and F3 (P=0.0005), controls and cirrhosis

(fP < 0.0001) and F1 and cirrhosis (§P=0.0023). (b) Time Interval,
time interval from the onset of contrast enhancement in the right
portal vein to the time of the maximum intensity ratio (s): significant
differences were found between controls and F2 (P= 0.0004), F1 and
F3 (P < 0.0001), F2 and F3 (P=0.0177), and F3 and cirrhosis

(P < 0.0001).

Initial study for the diagnosis of cirrhosis using a US
contrast agent was performed by Albrecht et al. {(18) as a
transit time analysis with Levovist® (Schering, Berlin,
Germany). Similar studies also have reported the useful-
ness of the second-generation contrast agent SonoVue®
(Bracco, Milan, Italy) to diagnose chronic hepatitis and
cirrhosis (19, 20). However, their approach was not
satisfactory in differentiating the severity of fibrosis in

chronic liver disease. The authors speculate that there are

Liver International (2010)
© 2010 John Wiley & Sons A/S
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some limitations in transit time analysis: transit time is
influenced by various changes in the intrahepatic circula-
tion in the progress of liver disease as well as the grade of
hepatic fibrosis, and transit time includes only the time
factor without the distribution factor of microbubble in
the liver parenchyma. Against these backgrounds, we
hypothesized that increased hepatic resistance caused by
fibrosis may affect the inflow haemodynamics of micro-
bubble to the liver, and we focused on the investigation of
the microbubble behaviour, from flowing into the liver to
its distribution in the hepatic periphery. One of the
reasons for the improved diagnostic ability for the degree
of hepatic fibrosis may be that we used the parameter
time interval from the onset of contrast enhancement in
the right portal vein to the time of the maximum
intensity ratio, because it reflects microbubble distribu-
tion as well as time. There is another advantage in our
technique, that is, stable observation for the main branch
of the right hepatic artery and portal vein. As viral
infection is the most common cause of chronic liver
disease in our country, the liver becomes atrophic with
deformity, which makes it difficult to observe both the
hepatic vein and the hepatic artery on the same scan
plane in some cirrhosis patients. Therefore, our metho-
dology was more reasonable than transit time analysis for
patients with chronic liver diseases in our country.

With a vibration-induced mechanical wave, transient
elastography (FibroScan; Echosens, Paris, France) is
attracting considerable attention as a noninvasive tool
for the assessment of hepatic fibrosis (25, 26). A recent
report by Friedrich-Rust et al. (25) provided several lines
of evidence to suggest that FibroScan could predict the
grade of hepatic fibrosis; the mean AUC for the diagnosis
of marked fibrosis, severe fibrosis and cirrhosis were 0.84
(0.82-0.86), 0.89 (0.88-0.91) and 0.94 (0.93-0.95) re-
spectively. However, because the FibroScan is specialized
for the assessment of hepatic fibrosis alone, our techni-
que may have an advantage in this regard, because
patients with chronic liver disease receive regular US
examination for the supervision of hepatocellular carci-
noma, and the additional injection of contrast agent may
not be so complicated a procedure. Furthermore, the
predictive value of our results for the degree of hepatic
fibrosis was almost the same as that of FibroScan. In
addition, FibroScan is not suitable for patients with
ascites, who are clear candidates for our technique. It is
expected that the assessment of hepatic fibrosis by
contrast-enhanced US could be carried out as an exten-
sion of routine US checkup. However, the assessment of
liver fibrosis using noncontrast US might be a goal in the
management of chronic liver disease.

Several factors may affect the intrahepatic microbub-
ble behaviours involved with hepatic haemodynamics:
causes of liver diseases as aetiological factors, and stea-
tosis, ballooning and inflammation as histological fac-
tors. At this point, our study included chronic liver
diseases with different kinds of causes, viral infection,
alcohol abuse, nonalcoholic steatohepatitis, autoimmune

1361

- 221 -



Noninvasive assessment of hepatic fibrosis

Ishibashi et al.

a R 1P D mmm——s
0.9 A;“‘,;/—?" ’ ,r/'/ f . v
. L /g oo} Vs
o ¢ 5
o8t / /- o8t/ -
;g [
07 £y 071! /
zosf f 206 }j /
£ o5l z U/
g . —— APRI g 0.5 { e APRI
@ 04 & /
/ FIB4 o4r FIB4
0.3 0.3 f
e PILT / — PAT
02 o2}/
0.1 f 0.1 L/
ot 0 : ;
0 05 1 0 05 1
1-Specificity 1-Specificity
Tre . "
s} o
. 4
08}/ /’
o7h /
06} /
g /
B 05 / e APRI
& oat /
' ;I’ FIB4
03t /
i - PAT
o2} /
o1t/
7
0 . ,
0 05 1
1-Specificity

Fig. 6. Receiver operating characteristic curves of time interval from the onset of contrast enhancement in the right portal vein to the time of
the maximum intensity ratio, APRI and FIB4. (a) For marked fibrosis { > F2): AUC values of time interval from the onset of contrast enhancement
in the right portal vein to the time of the maximum intensity ratio, APRI, and FIB4 were 0.94, 0.86 and 0.85. (b) For advanced fibrosis (> F3):
AUC values of time interval from the onset of contrast enhancement in the right portal vein to the time of the maximum intensity ratio, APRI,
and FIB4 were 0.96, 0.85, and 0.89. (c) For cirrhosis: AUC values of time interval from the onset of contrast enhancement in the right portal
vein to the time of the maximum intensity ratio, APRI, and FIB4 were 0,98, 0.80 and 0.90. TI, time interval from the onset of contrast
enhancement in the right portal vein to the time of maximum intensity ratio between right portal vein and liver parenchyma.

hepatitis, primary sclerosing cholangitis and cryptogenic,
and the patients’ population reflects the epidemiology of
liver disease in our country. Any kind of chronic liver
diseases that met our criteria were included in this study,
because our technique aimed at representing the degree
of hepatic fibrosis in spite of their different causes.
However, as there was a potential bias of patient popula-
tion in the causes of liver disease, our results presented
neither cause-specific validity of contrast-enhanced US
with Sonazoid ™ to assess the grade of hepatic fibrosis
nor relationship between the contrast-enhanced findings
and the some pathological factors other than fibrosis,
which remain to be solved.

There were some limitations in our study. Firstly, our
result was obtained by the observation of only vascular-
phase images induced li}' dynamic microbubble. It is well
known that Sonazoid™ has a property of accumulating
in the liver, and this is the most important difference
between Sonazoid™ and SonoVue® (13-17, 19, 20). In
fact, it has not been clarified when intrahepatic micro-
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bubble accumulation starts after the agent injection, and
whether parenchymal enhancement in vascular phase
might be associated with the accumulated microbubble
in the liver. However, as contrast enhancement because of
circulating microbubble may be dominant in the vascular
phase, our study might not utilize fully the potential
property of this new contrast agent. SonoVue®™ without
accumulating property in the liver may also be acceptable
in this type of study, which should be done in near
future. Secondly, our study did not include cases with
severe obesity that may limit the US observation, because
they are in a relative minority in Japan. The results of the
present study should be confirmed in different ethnic
groups in different countries. Thirdly, onset time of
contrast enhancement was assessed subjectively by visual
investigation of recorded images. Although the intensity-
based definition of onset time may be reliable, we
thought positioning of the region of interest for intensity
measurement was not always easy, particularly in
the right hepatic artery because of their small caliber.

Liver International (2010}
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Therefore, we defined the first frame showing that the
arrival of the contrast agent in the vessel was the begin-
ning of the contrast enhancement in this study. The first
frame was found in the cine images with frame-by-frame
playback, and interobserver variability for the onset of
contrast enhancement was quite good. However, our
results of the onset time should be confirmed objectively
using the digital judgment method, which may be
improved in the future.

In conclusion, we observed the contrast enhancement
in the liver for 1 min after the injection of Sonazoid™,
and found that time interval between the onset of
contrast enhancement in the right portal vein and the
time of maximum intensity ratio between the intrahepa-
tic right portal vein and liver parenchyma was correlated
significantly with the degree of hepatic fibrosis by the
quantitative analysis of Sonazoid ™-induced sonograms.
Although this technique does not allow direct observa-
tion of hepatic fibrosis, it may be promising as an indirect
evaluation tool for hepatic fibrosis.
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Bmil Promotes Hepatic Stem Cell Expansion and
Tumorigenicity in Both Ink4a/Arf-Dependent
and -Independent Manners in Mice

Tetsuhiro Chiba,">3" Atsuyoshi Seki,"”” Ryutaro Aoki,"* Hitoshi Ichikawa,” Masamitsu Negishi,'
Satoru Miyagi," Hideyuki Oguro,' Atsunori Saraya,' Akihide Kamiya,” Hiromitsu Nakauchi,”
Osamu Yokosuka,? and Atsushi Iwama'?

We previously reported that forced expression of Bmil (B lymphoma Moloney murine leu-
kemia virus insertion region 1 homolog) in murine hepatic stem/progenitor cells purified
from fetal liver enhances their self-renewal and drives cancer initiation. In the present
study, we examined the contribution of the Ink4a/Arf tumor suppressor gene locus, one of
the major targets of Bmil, to stem cell expansion and cancer initiation. Bmil ~~ Delta-
like protein (DIk)* hepatic stem/progenitor cells showed de-repression of the Ink4a/Arf
locus and displayed impaired growth activity. In contrast, Ink4a/Arf~ " DIk cells gave
rise to considerably larger colonies containing a greater number of bipotent cells than
wild-type DIk™ cells. Although Ink4a/Arf~'~ DIk™ cells did not initiate tumors in recipi-
ent nonobese diabetic/severe combined immunodeficiency mice, enforced expression of
Bmil in InkdalArf”'~ DIk cells further augmented their self-renewal capacity and
resulted in tumor formation i vive. Microarray analyses successfully identified five down-
regulated genes as candidate downstream targets for Bmil in hepatic stem/progenitor cells.
Of these genes, enforced expression of sex determining region Y-box 17 (Sox17) in DIk™
cells strongly suppressed colony propagation and tumor growth. Conclusion: These results
indicate that repression of targets of Bmil other than the Ink4a/Arflocus plays a crucial
role in the oncogenic transformation of hepatic stem/progenitor cells. Functional analyses
of Bmil target genes would be of importance to elucidate the molecular machinery under-
lying hepatic stem cell system and explore therapeutic approaches for the eradication of
liver cancer stem cells. (Heratorocy 2010;52:1111-1123)

Abbreviations: Alb, albumin; Bmil, B lymphoma Moloncy mutine lewkemia virus insertion rvegion 1 homologs CDK, cyclin-dependent kinase; ChiE chromatin
immunaprecipitation; CK7, cyokeratin 7; DDC, 3,5-diethoxycarbonyl-1,4-dihydrocollidine; Dik, delta-like protein; EGFE enhanced green fluorescent protein;
ESC, embryonic stem eell: GO, Gene Ontology; H2Aubl, monoubiquitinylated hisiones H2A; HCC, hepatocellular carcinoma; HSC, hematopoietic stem cell; KO,
Kusabira-Orange; MACS, magneric activated cell sortingg NOD/SCID, nonobese diabetichsevere combined immunodeficiency; NSC, newral stem cell; PeG,
polycomb group: PRC. polycomb repressive complex; Rb, retinoblastama protein; RI-PCR, reverse transeription polymerase chain reaction; Sox17, sex deternining
region Y-box 17.
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cellular memory machinery through epigenetic
chromatin modifications and are indispensable to
the maintenance of cellular identity."* In particular,
Bmil, a core molecule of polycomb repressive complex
1 (PRC1), plays an important role in the self-renewal of
various stem cell systems, including hepatic stem cells.”
Recent evidence obtained using stem cell biology—
based approaches implies that a rare population of cells
in tmors, termed cancer stem cells, possess extreme

Polycomb group (PcG) proteins operate as the

tumorigenic potential and share several distinctive mo-
lecular mechanisms concerning self-renewal, differen-
tiation, and proliferation.”* Of note, it has been dem-
onstrated that Bmil is necessary for the maintenance
of not only leukemic stem cells but also cancer stem
cells in solid tumors.”® Considering that high expres-
sion levels of Bmil are reported in a wide range of
malignancies, Bmil could be a general regulator of
cancer stem cells as in normal stem cells.

Disruption of the tightly regulated self-renewal pro-
cess is considered a key early event in carcinogenesis.”
Enhancement or reacquisition of the self-renewal capa-
bility in hematopoictic stem or progenitor cells is
essential for leukemogenesis.® We also showed that
forced expression of Bmil accelerated the self-renewal
of hepatic stem/progenitor cells and eventually induced
their transformation in an iz vive transplant model.?
However, the molecular machinery underlying the
Bmil-mediated transformation of hepatic stem/pro-
genitor cells remains unclear.

The Ink4a/Arf locus, which encodes a cyclin-de-
pendent kinase (CDK) inhibitor, p16"™%, and a tu-
mor suppressor, pl9*7, is a pivotal target of Bmil.’ )
We showed that de-repressed pI6™%* and p19™
expression in Bmil-deficient mice was tightly associ-
ated with a loss of self-renewing hematopoietic stem
cells (HSCs). Deletion of both the Irnk4a and Arf
genes substantially restored the self-renewal capacity of
Bmil-deficient HSCs. Bmil thus regulates HSCs by
acting as a critical failsafe against the pI6™** and
19" -dependent senescence pathway.'®'! Deletion of
Ink4a/Arf similarly rescues neural stem cell (NSC) self-
renewal and frequencies in Bmil-deficient mice,
although its effect is reportedly partial.'* In the onco-
genic setting, the Ink4a-retinoblastoma protein (Rb)
and Arf-p53 cellular senescence pathways trigger onco-
gene-induced senescence to eliminate transforming
cells that potentially develop into cancer stem cells.”
Given that enhanced expression of BMI/I and reduced
expression of INK4A/ARF are frequently observed in
human hepatocellular carcinoma (HCC) samples,''*
it would be of importance to understand the contribu-

HEPATOLOGY, September 2010

tion of the /nk4a/Arf locus to the oncogenic functions
of Bmil in cancer and search for as-yet-unknown tar-
get genes of Bmil other than Ink4a/Arf.

In the present study, we prepared hepatic stem/pro-
genitor cells from fetal livers of Bmil-deficient and
Ink4a/Arf-deficient mice and characterized their self-
renewal capacity and effects of Bmil overexpression on
them. Through these analyses, we found that the
Ink4a/Arf-independent function of Bmil is also essen-
tial for its full oncogenic activity in hepatic stem/pro-
genitor cells. Our microarray screening successfully
identified candidate downstream targets for Bmil in
hepatic stem/progenitor cells.

Materials and Methods

Mice. Bmil*'™ mice’” and Inkda-Arf""" mice
(Strain code 01XB1) obtained from Mouse Models of
Human Cancers Consortium in the National Cancer
Institute (NCI, Frederick, MD) in the C57BL/G back-
ground were used. Nonobese diabetic/severe combined
immunodeficient (NOD/SCID) mice were purchased
from Sankyo Laboratory (Tsukuba, Japan). All experi-
ments using these mice were performed in accordance
with our institutional guidelines for the use of labora-
tory animals.

Oligonucleotide ~ Array  Analysis. Biotin-labeled
complementary RNA was prepared with a two-cycle
complementary DNA synthesis kit (Affymetrix, Santa
Clara, CA) from purified total RNA equivalent to
10,000 cells, and was hybridized to an Affymetrix
GeneChip Mouse Genome 430 2.0 array (Affymetrix).
The array images were scanned using Affymetrix Gene-
Chip Scanner 3000 7G. The expression value (Signal)
for each probe set was calculated using GeneChip
Operating  Software version 1.4 (Affymetrix). The
change value (Signal Log Ratio) and change call
(Increase, Marginal Increase, No Change, Marginal
Decrease, or Decrease) for each probe set were calcu-
lated. Data were obtained for quadrant samples from
four independent experiments. To identify differen-
tially expressed genes, we selected probe sets that pre-
sented a change call of Increase and a Signal Log Ratio
value of >1 (>twofold up-regulation) or a change call
of Decrease and a Signal Log Ratio value of <-1
(>twofold down-regulation) in more than three
experiments. Moreover, the Welch 7 test or paired 7
test was performed to determine significance. Gene
Ontology (GO) annotations were performed using the
GeneSpring annotation tool (Agilent Technologies,
Santa Clara, CA). Microarray data are available at
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Fig. 1. Colony assays of Bmil /  hepatic stem cells. (A) Western blot analysis of Bmi1 expression in DIk" and DIk~ cells purified from wild-
type fetal liver. Tubulin was used as a loading control. (B) The number of large colonies containing more than 100 cells at day 7 of culture was
traced up to day 21. (C) Colony diameter at days 7 and 14 of culture. *Statistically significant (P < 0.05). (D) Bright-field images and immuno-
cytochemical analyses of colonies at day 7 of culture. Alb (red) and CK7 (green) expression was merged. Nuclear DAPI staining (blue) is shown
in the insets. (E) The absolute number of Alb"CK7" bipotent cells in large colonies derived from wild-type or Bmil~ /= DIK" cells at day 7 of
culture. *Statistically significant (P < 0.05). (F) Flow cytometric profiles of colonies derived from wild-type or Bmi1™/~ DIK" cells at days 7 and
14 of culture. The percentages of DIk™ cells are shown as mean values for three independent analyses.

http://www.ncbi.nlm.nih.gov/geo/ (accession number:
GSE17462).

Other methods are shown in Supporting Materials
and Methods.

Results

Impaired Colony Propagation of Bmil™'~ He-
patic Stem Cells. Similar to the hematopoietic compo-
nents, the hepatic components developed normally in
Bmil™'~ fetal livers and we could recover a compara-
ble number of delta-like protein (DIk)™ hepatic stem/
progenitor cells from them. Western blot analysis
showed a higher level of Bmil expression in wild-type
DIk" cells than DIk cells (Fig. 1A). To gain an
insight into the role of Bmil in hepatic stem cells, we
conducted colony assays of wild-type and Bmil '~
DIk™ cells purified by magnetic activated cell sorting
(MACS). Flow cytometric analysis revealed that the
purity of the sorted DIk" cells was greater than 90%
(Supporting Fig. 1). Approximately 1.5% of wild-type

DIk" cells gave rise to large colonies (consisting of
>100 cells) at day 7 of culture. Only a portion of the
day 7 colonies kept growing and could be detected as
large colonies at days 14 and 21, whereas the majority
of colonies stopped expanding and disappeared by
days 14 and 21 (Fig. 1B). Although the total number
of large colonies did not differ significantly between
wild-type and Bmil™'~ DIK" cells at day 7 of culture
(Fig. 1B), the diameter of colonies derived from
Bmil™'~ DIk cells was slightly reduced (Fig. 1C).
The impeded expansion of Bmil ™'~ DIk cell-derived
colonies was obvious at day 14 of culture (Fig. 1B,C).
Approximately 10% of large colonies from wild-type
DIk" cells continued to proliferate up to day 21 of
culture, whereas no colonies derived from Bmil '~
DIk ™ cells expanded beyond day 21 (Fig. 1B).

It has been reported that DIk™ cells are composed
of albumin (Alb)" cytokeratin 7 (CK7)* cells and
AIbTCK7™ cells, and AIbTCK7™" cells mainly contrib-
ute to the regeneration in retrorsine-treated liver.'®!”
These findings suggest that Alb"CK7" cells, which
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Fig. 2. Regulation of Ink4a/Arf expression by Bmil. (A) Real-time RT-PCR analyses of the p16™“® and p19*" genes in freshly purified DIk™
cells and DIk™ cells cultured for 7 days. *Statistically significant (P < 0.05). (B) ChIP analyses of DIk cells freshly purified from wild-type fetal
livers were performed on the Ink4a/Arf locus (primer sets 1-3) and the f-actin (Actb) control promoter region using indicated antibodies. IgG,

immunoglobulin G; mRNA, messenger RNA.

have the capacity to give rise to both Alb*CK7™ and
Alb™Ck7™ progenies, function as hepatic stem/progen-
itor cells. Therefore, the quantification of AlbTCK7t
impotent cells is one of the approaches to evaluate the
content of hepatic stem/progenitor cells, although not
all AIb"CK7™" cells necessarily have the capacity for
bipotential differentiation. Immunocytochemical analy-
ses revealed that the ability of Bmil ™'~ DIk" cells to
differentiate into Alb™ hepatocytes and CK7" cholan-
giocytes was preserved (Fig. 1D). However, the abso-
lute number of Alb"CK7™ bipotent cells were signifi-
cantly decreased in large colonies derived from Bmil™’
~ DIk" cells compared to those in wild-type large col-
onies (Fig. 1D,E). The absolute number of AlbTCK7
cells per each large colony was 7.6 = 1.5 and 2.8 *
0.4, respectively (P < 0.05) (Fig. 1E).

Consistent with these findings, flow cytometric anal-
yses demonstrated that the DIk" population in
Bmil™'~ colonies decreased rapidly compared to that
in wild-type colonies (Fig. 1F). The DIk™ fraction in
wild-type colonies was 1.1% * 0.2% at day 7 and
0.7% = 0.1% at day 14 of culture, whereas that in
Bmil™'~ colonies was 0.5% = 0.1% and 0.3% *
0.1%, respectively. Conversely, forced expression of
Bmil in wild-type DIk" cells significantly promoted
colony expansion (Supporting Fig. 2A-C) and

increased the DIk™ fraction and number of bipotent
cells (Supporting Fig. 2D,E).

Oval cells, although their origin is controversial, have
been considered stem/progenitor cells in adult liver,"®
Histological analyses demonstrated a drastic decrease in
AG-positive oval cell numbers in 3,5-diethoxycarbonyl-
1,4-dihydrocollidine (DDC)-treated Bmil ™'~ adult liver
(Supporting Fig. 3). Together, these findings suggest
that Bmil plays an important role in the maintenance
and expansion of stem/progenitor cells in both fetal and
adult livers.

Transcriptional Regulation of the Ink4alArf Gene
by Bmil. To examine whether deletion of Bmil causes
de-repression of the Ink4a and Arf genes as observed
in HSCs, we conducted real-time reverse transcription
polymerase chain reaction (RT-PCR) analyses (Fig.
2A). As expected, messenger RNA levels of /nk4a and
Arf were 2.1-fold and 8.0-fold higher in freshly puri-
fied Bmil™'~ DIk* cells than in wild-type DIk™" cells,
respectively. Colonies derived from Bmil™'~ DIk*
cells also showed increased (5.8-fold greater) expression
compared to the wild-type colonies. To determine
whether Bmil is involved in transcriptional regulation
of the [Ink4a/Arf locus, we performed chromatin
immunoprecipitation (ChIP) assays using wild-type

DIk" cells. ChIP assays demonstrated the binding of
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Fig. 3. Colony assays of Ink4a/An*‘/“‘ hepatic stem cells. (A) The number of large colonies containing more than 100 cells at day 7 of culture
was traced up to day 21. (B) Colony diameter at days 7 and 14 of culture. *Statistically significant (P < 0.05). (C) Bright-field images and
immunocytochemical analyses of colonies at day 7 of culture. Alb (red) and CK7 (green) expression was merged. Nuclear DAPI staining (blue) is
shown in the insets. Scale bar = 200 um. (D) The absolute number of Alb*CK7™ bipotent cells in large colonies derived from wild-type or
Ink4a/Arf/~ DIk" cells at day 7 of culture. *Statistically significant (P < 0.05). (E) Flow cytometric profiles of colonies derived from wild-type
or Inkda/Arf ™/~ DIk~ cells at days 7 and 14 of culture. The percentages of DIk™ cells are shown as mean values for three independent

analyses.

Bmil to the Ink4a/Arf locus and increased levels of
monoubiquitinylated histone H2A (H2Aubl) (Fig.
2B).

Aufgmented Colony-Forming Activity of Ink4a/
Arf~’" Hepatic Stem Cells. To understand the role of
the Ink4a and Arf genes in hepatic stem cells, we next
analyzed Inkda/Arf”’~ DIk cells in culture. In clear
contrast with Bmil ™'~ DIk" cells, InkdalArf”'~ DIk*
cells showed pronounced growth activity in culture.
The number of large colonies (consisting of more than
100 cells) derived from ]nk4a/A;fL/7 DIk cells was
significantly increased compared to that derived from
wild-type DIk" cells (Fig. 3A,B). By day 14 of culture,

InkdalArf"~ DIKT cells gave rise to distinctly abnor-
mal and large colonies compared to wild-type DIk*
cells (Fig. 3B,C). More than 95% of large colonies
from Inkda/Arf'™ DIk" cells further expanded beyond
day 21 of culture, although wild-type colonies barely
maintained their growth activity (Fig. 3A). Immunocy-
tochemical analyses showed an increase in the propor-
tion and number of Alb*CK7™ bipotent cells in colo-
nies derived from Ink4al/Arf = DIk cells, particularly
in their central area (Fig. 3C). The absolute number
of bipotent cells in large colonies derived from wild-
type and Ink4a/Arf”'~ DIk' cells at day 7 of culture
was 8.2 = 2.3 versus 22.7 £ 4.6 (P < 0.05) (Fig.
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3D). Flow cytometric analyses revealed that the per-
centage of DIk™ cells in wild-type colonies was 0.9%
* 0.2% at day 7 and 0.5% * 0.1% at day 14 of cul-
ture, although that in /nk4a/Arf™'~ colonies was 8.6%
= 0.7% and 4.5% * 0.3%, respectively (Fig. 3E).
These findings indicate the enhanced self-renewal capa-
bility of hepatic stem cells on the loss of InkdalArf
expression. Of note, messenger RNA expression of
Bmil was comparable between wild-type and Ink4a/
Arf = DIk cells (data not shown).

As expected, but importantly, the ability of wild-
type DIk™ cells to propagate colonies was extremely
compromised by cotransduction with /nk4z and Arf
retroviruses. Immunocytochemical analyses and flow
cytometric analyses showed that the DIk™ fraction and
bipotent cells were significantly reduced in culture
(Supporting Fig. 4).

Enhanced Self-Renewal of Ink4a/Arf'~ Hepatic
Stem Cells by Bmil Overexpression. We previously
reported that forced expression of Bmil enhances the
self-renewal capacity of hepatic stem/progenitor cells
and eventually induces their transformation.® To eluci-
date whether the functional significance of Bmil is at-
tributable to the repression of Ink4a/Arf, we performed
gain-of-function assays of Bmil in InkdalArf'™ cells.
Inkda/Arf'~ DIK" cells were transduced with either
control enhanced green fluorescent protein (EGFP) or
Bmil 12-18 hours after purification. Enforced expres-
sion of Bmil was verified by western blot analysis
(Fig. 4A). Exogenous Bmil in Ink4a/Arf™"™ DIk" cells
did not significantly increase colony number (Fig. 4B).
Of note, however, the diameter of Bmil-overexpressing
colonies was significantly larger than that of the con-
trol colonies (Fig. 4C). Furthermore, flow cytometric
analyses showed that the percentage of InkdalArf'~
DIk™ cells labeled with EGFP was higher in Bmil cul-
tures than in control cultures (22.6% = 2.3%, 14.0%
* 1.2%, and 8.8% = 0.7% versus 8.4% = 1.1%,
3.4% * 0.5%, and 2.1% = 0.2% at days 7, 14, and
28 of culture, respectively) (Fig. 4D).

We next carried out single-cell sorting of DIk™ cells
contained in primary colonies at days 14 and 28 of culture
in order to evaluate their self-renewal capacity in terms of
replating activity. DIk™ cells overexpressing Bmil gave rise
to 3.1-fold to 4.0-fold more secondary colonies than the
control (Fig. 5A). Secondary colonies were generated in a
similar fashion to the original colonies. Immunocyto-
chemical analyses demonstrated that the frequency of
Alb"CK7™" bipotent cells was significantly higher in sec-
ondary colonies derived from DIk" cells collected from
the primary Bmil-transduced Inkda/Arf'~ colonies at
days 14 and 28 of culture (Fig. 5B,C).

HEPATOLOGY, September 2010

In  contrast, Bmil '~ InkdalArf'~ DIkt cells
behaved like /nkda/Arf 7= DIk cells (Supporting Fig.
5). Although loss of Bmil still affected the function of
Inkda/Arf”"~ hepatic stem/progenitor cells to some
extent, these findings indicate that /nk4a/Arf is the
major target of Bmil in hepatic stem cells as in HSCs
and NSCs.

Acquisition of Tumorigenic Capacity by Bmil-
Transduced Ink4a/Arf'~ Hepatic Stem Cells. We
then tested whether the loss of both /nk4a and Arf is
enough for the transformation of hepatic stem cells.
Considering that a large number of cells were neces-
sary for transplantations assays, these cells were allowed
to form colonies in culture for 28 days. Immunocyto-
chemical analyses showed that more than 90% of cells
transduced with Bmil expressed both EGFP, a marker
antigen for retrovirus integration, and Flag-tagged
Bmil (Supporting Fig. 6). Subsequently, a total of 2
x 10° transduced cells were transplanted into the sub-
cutaneous space of NOD/SCID mice (Fig. 5D).
Although all the mice transplanted with Bmil-trans-
duced Inkda/Arf '~ DIk" cells developed tumors,
none of those transplanted with control lnkdalArf '~
DIk™ cells did. Histological analyses revealed that the
subcutaneous tumors consisted of both Alb™ parenchy-
mal cells and a CK7" glandular structure (Fig. 5D).
The histological finding is consistent with our previous
observation in tumors derived from Bmil-transduced
wild-type hepatic stem cells.” These findings clearly
indicate that repression of the /nk4a and Arf genes is
not enough for Bmil to achieve its tumorigenic poten-
tial in hepatic stem cells.

Gene Expression Analyses of Bmil-Transduced
Inkda/Arf~"~ Hepatic Stem Cells. In order to
explore novel targets for Bmil, Inkda/Arf’~ DIk"
cells were infected with either the control EGFP or
Bmil-expressing retrovirus and allowed to form colo-
nies. DIk" cells were purified from colonies at day
28 of culture by cell sorting and subjected to gene
expression profiling using oligonucleotide microarrays.
We selected genes exhibiting a twofold or greater
change with statistical significance in Bmil-transduced
InkdalArf '~ DIK' cells compared to control Inkda/
Arf '™ DIk' cells. As a result, we identified 75
down-regulated genes and 97 up-regulated genes in
total (Supporting Table 1). Functional annotation
based on GO showed significant enrichment for
down-regulated genes which fell into the category
“metabolism” and “transport”, which included many
hepatocyte maturation genes (Fig. 6A). This indicates
that Bmil strongly suppresses the differentiation and
maturation of hepatocytes.
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Fig. 4. Gain-of-function assays of Bmil in Ink4a/Arf" 7= DIk" cells. (A) Cells transduced with indicated retroviruses were subjected to western
blot analysis using anti-Bmil and anti-tubulin (loading control) antibodies. (B) The number of large colonies containing more than 100 cells at
day 7 of culture was traced up to day 21. (C) The diameter of colonies at days 7, 14, and 28 after transduction of indicated retroviruses. *Stat-
istically significant (P < 0.05). (D) Flow cytometric profiles of colonies derived from nontransduced (mock) and EGFP or Bmil-transduced Ink4a/
Arf/~ DIk" cells at days 7, 14, and 28 in culture. The percentages of each fraction are shown as mean values for three independent analyses.

Recent whole-genome ChIP-on-chip analyses suc-
cessfully identified genes that are bound by PRCI1 and
PRC2 complexes in embryonic stem cells (ESCs).'”'
Boyer et al. reported the genes occupied by PRCI
(Phcl and Rnf2) and PRC2 (Suzl2 and Eed) in mu-
rine ESCs."” To explore a novel target of Bmil in he-
patic stem/progenitor cells, we compared the list of
down-regulated genes with the ChIP-on-chip data

documented by Boyer et al.”” As a result, five genes
namely, Sox17, Irx5, Gjb2, Shox2, and Bhmt2 in the
present study appeared to be regulated by both PRC1
and/or PRC2 in ESCs (Fig. 6B). We therefore consid-
ered these genes as candidates for direct targets of
Bmil in hepatic stem cells and performed further anal-
yses on them. In order to confirm the altered expres-

sion of these 5 candidate genes, Inkda/Arf’~ DIk"
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Fig. 5. Replating assays and implantation of Bmil-transduced Ink4a/Arf /= DIk™ cells. (A) DIk™ cells in primary colonies generated from
nontransduced (mock) and EGFP or Bmil-transduced Ink4a/Arf™~ DIk* cells were clone-sorted at days 14 and 28 of culture and allowed to
form colonies. The replating efficiency of DIk" cells was evaluated by counting the number of secondary colonies containing more than 100 cells
14 days after replating by clone-sorting. *Statistically significant (P < 0.05). (B) Fluorescence images (upper panels) and dual immunostaining
(lower panels) of secondary clonal colonies derived from EGFP or Bmil-transduced Ink4a/Arf/~ DIk™ cells at day 28 of culture. Alb (red) and
CKT (green) expression in secondary colonies was merged with nuclear DAPI staining (blue). Scale bar = 100 um. (C) The absolute number of
Alb*CK7™ bipotent cells in secondary large colonies at day 14 of subculture. *Statistically significant (P < 0.05). (D) Ink4a/Arf ™/~ DIk* cells
were transduced with the control EGFP or Bmil-expressing retrovirus and a total of 2 x 10° transduced cells were transplanted into the subcuta-
neous space of NOD/SCID mice. Bmil-transduced Inkda/Arf™/~ cells formed tumors in the right subcutaneous space of recipient mice (arrows),
whereas the same number of control EGFP-transduced Ink4a/Arf~ /= cells did not generate tumors in the left space. Hematoxylin and eosin
(H&E) staining of tumors demonstrated histological features compatible with combined hepatocellular and cholangiocellular carcinoma. Immuno-
histochemical analysis revealed that the tumors were positive for EGFP and consisted of Alb™ parenchymal cells (red) and CK7™* glandular struc-
tures (green). Scale bar = 200 um.

cells transduced with either control EGFP or Bmil
were purified from colonies at day 28 of culture and
subjected to real-time RT-PCR analyses. The selected
five genes exhibited similar expression profiles as in the
microarray analysis in Inkda/Arf”~ DIk" cells (Fig.
6C). Forced expression of Bmil in wild-type DIk
cells significantly repressed the expression of these
genes in a similar fashion to that in Inkda/Arf'"™
DIk" cells (Fig. 6C).

Gain-of-Function Assays of SoxI7 in Hepatic
Stem Cells. Among candidates for Bmil targets, sex

determining region Y-box 17 (Sox17) was most severely
down-regulated following Bmil-overexpression in he-
patic stem cells (Fig. 6C). It has been reported that
Sox17 is highly expressed in the very early definitive
endoderm®” and in hepatocyte-like cells derived from
ESCs.*® These findings prompted us to further exam-
ine the role of Sox!7 in hepatic stem cell self-renewal
and tumorigenesis. ChIP assays in wild-type DIk™ cells
demonstrated  specific binding of Bmil and an
increased level of H2Aubl at the Sox/7 promoter only
in cells transduced with the Bmil retrovirus (Fig. 7A).
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with either the control EGFP or
Bmil-expressing retrovirus  and
allowed to form colonies. DIK"
cells were purified from these colo-
nies at day 28 of culture and sub-
jected to real-time RT-PCR analysis.
The messenger RNA expression of
candidate genes in Bmil-overex-
pressing cells was compared to
that in control cells. The data
obtained by microarray analyses
are also presented.
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All these findings indicate that Bmil could directly
regulate the expression of Sox/7.

We next tested the effect of Sox17 in a gain-of-
function assay. Overexpression of Sox17 was con-
firmed by western blotting (Fig. 7B). Enforced expres-
sion of SoxI7 in wild-type DIk" cells severely
impaired the formation of colonies and reduced the
number as well as size of colonies (Fig. 7C,D). DIk"
cells transduced with Sox/7 did not form any large
colonies containing more than 100 cells at day 7 of

Ll

1 microarray

RT-PCR (Inkda/Arf'- DIk* cells
transduced with Bmi7)

[ RT-PCR (Wild-type DIk* cells
transduced with Bmi?)

culture (Fig. 7C) and no colonies expanded beyond
day 14 of culture (data not shown). Immunocyto-
chemical analyses showed a decrease in number of
Alb"CK7" bipotent cells in colonies derived from
DIk™ cells transduced with Sox!7 compared to the
control colonies (Fig. 7D,E). Concordant with this,
flow cytometric analyses demonstrated that the DIk™
fraction in SoxI7-transduced colonies was 0.3% =
0.1%, much lower that that in wild-type colonies

(0.9% = 0.2%) (Fig. 7F).
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Fig. 7. Gain-of-function assay of Sex17 in wild-type DIk™ cells. (A) ChIP analyses of wild-type DIK™ cells transduced with EGFP or Bmil on
the Sox17 locus and Actb control promoter region using anti-Bmil and anti-H2Aub1 antibodies. *Statistically significant (P < 0.05). (B) Western
blot analysis in Sox17-transduced wild-type DIk ' cells using anti-Sox17 and anti-tubulin (loading control) antibodies. (C) Enforced expression of
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100 cells at day 7 of culture. *Statistically significant (P < 0.05). (D) Bright-field images and immunocytochemical analyses of colonies derived
from wild-type DIk" cells transduced with Sox17 at day 7 of culture. Alb (red) and CK7 (green) expression was merged. Nuclear DAPI staining
(blue) is shown in the insets. Scale bar = 200 um. (E) The absolute number of Alb".CK7" bipotent cells in colonies derived from wild-type
Dik* cells transduced with Sox17 at day 7 of culture. *Statistically significant (P < 0.05). (F) Flow cytometric profiles of colonies derived from
EGFP or Sox17-transduced wild-type DIk™ cells at day 7 of culture. The percentages of each fraction are shown as mean values for three inde-
pendent analyses.
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To elucidate the impact of Sox/7 on the tumori-
genic process driven by Bmil-overexpressing hepatic
stem cells, we cotransduced Ink4a/Arf’" Dlk* cells
with Bmil and Sox17. InkdalArf'~ DIk" cells were
simultaneously transduced with Sox!7-IRES-EGFP
and BmiI-IRES-Kusabira-Orange (KO)-expressing ret-
roviral vectors (Supporting Fig. 7A). Flow cytometric
profiles demonstrated that more than 90% of cells
were successfully cotransduced (Supporting Fig. 7B). A
total of 2 x 10° Inkda/Arf™~ cells cotransduced with
Bmil and Sox17 or control EGFP were transplanted
into the subcutaneous space of NOD/SCID mice.
Cotransduction of Bmil and Sox17 resulted in a sig-
nificant reduction in tumor volume compared to the
cotransduction of Bmil and control EGFP (Supporting
Fig. 6C). This result indicates that Sox!7 suppresses
the tumorigenic activity of Bmil-overexpressing he-
patic stem cells.

We then further tested the effect of SoxI7 knock-
down in wild-type DIk* cells (Supporting Fig. 8).
Sox17 knockdown mildly promoted colony expansion
and increased the DIk™ fraction and the number of
bipotent cells, although its effect was not statistically
significant. Transplantation of 2 x 10° SoxI7-knock-
down DIk™ cells did not develop subcutaneous tumors
in NOD/SCID mice at all (data not shown).

Discussion

Bmil, a component of PRCI, regulates the cell cycle,
apoptosis and senescence by repressing the Inkda/Arf
locus.>'® p19™ suppresses MDM2, which mediates
ubiquitin-dependent degradation of p53, and subse-
quently activates p53 target genes involved in cell cycle
arrest and apoptosis, including p27.”* Direct binding of
p16™% o CDK4 and CDKG keeps Rb hypophosphor-
ylated. Hypophosphorylated Rb represses E2F-depend-
ent transcription leading to cell cycle arrest and senes-
cence.’d Thus, the repression of the [nk4a/Arf locus by
Bmil has a greac impact on the maintenance of self-
renewing stem cells.

In the present study, Bmil™"~ hepatic stem cells
showed high levels of Ink4a and Aif expression and
significantly but modestly impaired colony expansion
and self-renewal in culture. Although Bmil ™ liver is
functionally and histologically normal,’® oval cell
induction following DDC treatment was apparently
impaired in Bmil ~'~ mice (Supporting Fig. 3). Con-
sidering the results of gain-of-function (Supporting
Fig. 2) and loss-of-function assays of Bmil (Fig. 1),
the possibility exists that redundancy among other
PcG molecules such as Mell8 weakens the phenotype
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of Bmil™"™ hepatic stem cells in developing and adult
liver?> In clear contrast, Inkda/Arf '~ hepatic stem
cells exhibited enhanced colony formation and retained
a large DIk™ population in culture compared to the
wild type. Furthermore, deletion of both Inkda and
Arf largely restored the impaired self-renewal capacity
of Bmil™'~ hepatic stem cells (Supporting Fig. 5).
These findings indicate that /nk4a/Arfis the major tar-
get of Bmil in hepatic stem cells as in HSCs and
NSCs.'12

Bmil is also essential for cancer stem cells as demon-
strated in a mouse leukemia model as well as in a
mouse lung tumor model generated by the expression of
a mutant K-ras gene in bronchioalveolar stem cells.>*®
In addition, we previously demonstrated that forced
expression of Bmil promotes the self-renewal of hepatic
stem/progenitor cells and contributes to malignant trans-
formadion.” All these findings highlight the important
role of Bmil in both the development and maintenance
of cancer stem cell systems. Of interest, an [nk4alArf-in-
dependent contribution of Bmil to not only self-renewal
in neural stem cells but also tumorigenesis in a mouse
model for glioma has been reported.””*® The current 7n
vivo transplant assays ascertained that Bmil-transduced
InkdalArf '~ DIk' cells but not control InkdalArf =
DIk* cells acquire tumorigenic potential. Bizil-trans-
duced Inkda/Arf'™ DIk cells showed an augmented
self-renewal capability as evident from the higher replat-
ing efficiency in the single cell-sorting analysis compared
to InkdalArf"™ DIk cells. These results clearly demon-
strated that repression of the /nk4a/Arf locus only does
not directly drive tumor initiation in hepatic stem cells.
Considering that Ink4a/Arf '~ mice barely developed
primary liver tumors in their lifetime,” repression of
additional targets of Bmil may be needed in cancer
initiation.

To evaluate the impact of Bmil on gene expression
in hepatic stem cells and to explore the additional tar-
gets of Bmil related to tumorigenesis, we conducted
an oligonucleotide array analysis using Bmil-trans-
duced InkdalArf'~ DIk cells and the control Ink4a/
Arf™"~ DIK™ cells. The screening of more than 39,000
transcripts successfully identfied 75 down-regulated
and 97 up-regulated genes (Supporting Table 1). As
expected, enforced expression of Bmil contributed to
the maintenance of stemness features and suppression
of differentiation-related genes. The present analysis
revealed gene expression to be up-regulated for the he-
patic stem cell markers Promi (CD133) (P = 0.041)
and EpCAM (P = 0.017) and down-regulated for the
hepatocyte differentiation markers Cps/ (P = 0.010),
Matla (P = 0.011), and Gjb2 (Cx26) (P = 0.010).
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Among these, Matla knockout mice have been
reported to be hypersensitive to oxidative stress and
developed steatosis and HCC.? Furthermore, reduced
expression of Gjb2 (Cx26) is known to contribute to
the promotion and progression of hepatocarcinogenesis
in rats.”'

Of interest, our microarray analysis unveiled the
altered expression of genes involved in Wnt/f-catenin
signaling; down-regulation of the Wnt antagonist
Sox17 (P = 0.009), up-regulation of a Wnt down-
stream effector Cyclin DI (P = 0.001), and modestly
increased expression of the Wnt receptor Fzd7 (P =
0.098). Wnt/f-catenin signaling is integrally associated
with the regulation of stem cells and development of
cancer’” and activated Wnt/f-catenin signaling pro-
motes the proliferation and transformation of hepatic
stem/progenitor cells.” Together, these results imply
that enforced expression of Bmil results in an
enhancement of stemness features and the acquisition
of malignant potential in normal hepatic stem/progeni-
tor cells, at least in part, through the activation of
Wnt signaling. However, further analysis would be
necessary to elucidate the relationship between Bmil
and Wnt signaling.

Surprisingly but importantly, none of the 75 down-
regulated genes following Bmil-overexpression was
included among the 305 up-regulated genes in neural
progenitor cells after Bmil knockdown.”” Likewise,
there existed no overlapping genes between the current
expression profile and the 101 commonly regulated
genes following BMII knockdown between medullo-
blastoma and Ewing sarcoma cells.*>** In contrast, we
detected several genes down-regulated following Bmil-
overexpression in hepatic stem/progenitor cells which
are also regulated by Bmil in hematopoietic stem/pro-
genitor cells (data not shown). These findings support
the fact that PcG proteins function in a cell type-spe-
cific manner and the composition of PcG complexes is
highly dynamic and differs in different cell-types and
even at different gene loci.””

A comparison of the down-regulated genes with the
ChIP-on-chip data for PcG complexes in ESCs
revealed five genes that are regulated by PRCI in
ESCs as potential direct targets of Bmil in hepatic
stem/progenitor cells (Fig. 6B). One of these genes,
Sox17, is an endodermal marker gene and Sox/7 '~
mice die in the embryonic stage because the endoderm
fails to form properly.”> Therefore, its role in hepatic
stem cells remained obscure. In the present study, self-
renewal capacity of hepatic stem cells was inversely
correlated with the SoxI7 expression levels. Further-
more, cotransduction of Sox17 with Bmil repressed
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tumorigenic capacity of Bmil in NOD/SCID mice.
These findings suggest that Sox17 acts as a tumor sup-
pressor in a specific type of tumor originating from he-
patic stem cells. The finding that it is transcriptionally
silenced by DNA methylation in human colon cancer
cells further supports its role as a tumor suppressor
gene.36 On the other hand, Sox/7-knockdown in
DIk™ cells alone did not promote tumor initiation in
immunodeficient mice. Tumor initiation usually
requires multiple steps including activation of onco-
genes and repression of tumor suppressor genes. As a
number of candidate genes of Bmil were identified in
this study, coordinated regulation of multiple Bmil
targets might be needed to recapitulate Bmil-mediated
tumorigenesis iz vivo. In this regard, knockdown of
Sox17 or other candidate target genes in Inkda/Arf '~
DIk* cells would be intriguing to assess for their
tumorigenic activity i vivo.

Finally, our findings demonstrated that Bmil regu-
lates the self-renewal of hepatic stem/progenitor cells
to a large extent through the suppression of Ink4a/Arf
However, it is evident that targets of Bmil other than
the Ink4a/Arf locus are also responsible for the devel-
opment of cancer. Further analyses are necessary to
determine the roles of the genes listed here in liver de-
velopment, regeneration, and cancer.
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Background and purpose: To compare the efficacy and toxicity of short-course carbon ion radiotherapy
(C-ion RT) for patients with hepatocellular carcinoma (HCC) in terms of tumor location: adjacent to
the porta hepatis or not.

Materials and methods: The study consisted of 64 patients undergoing C-ion RT of 52.8 GyE in four frac-
tions between April 2000 and March 2003. Of these patients, 18 had HCC located within 2 cm of the main
portal vein (porta hepatis group) and 46 patients had HCC far from the porta hepatis (non-porta hepatis

g%‘i’g;fr:a group). We compared local control, survival, and adverse events between the two groups.
Carbon ionpy Results: The 5-year overall survival and local control rates were 22.2% and 87.8% in the porta hepatis

group and 34.8% and 95.7% in the non-porta hepatis group, respectively. There were no significant differ-
ences (P= 0.252, P = 0.306, respectively). Further, there were no significant differences in toxicities. Bil-
iary stricture associated with C-ion RT did not occur.

Conclusions: Excellent local control was obtained independent of tumor location. The short-course C-ion
RT of 52.8 GyE in four fractions appears to be an effective and safe treatment modality in the porta hep-

Hepatocellular carcinoma
Porta hepatis

atis group just as in the non-porta hepatis group.
© 2010 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology 96 (2010) 231-235

Hepatocellular carcinoma (HCC) is one of the most common
malignant tumors worldwide and is the third leading cause of death
from cancer [1]. Various therapeutic options are presently available
for patients with HCC. In radiotherapy, the role for patients with
HCC was previously limited and unsatisfactory on the basis of its
poor hepatic tolerance to irradiation [2,3]. Technological advances
have made it possible to deliver a higher dose of radiation to focal
liver tumors accurately, reducing the degree of toxicity [4-7]. Pro-
ton beam therapy was shown to be effective and safe for HCC,
mainly due to its excellent dose distribution at the end of the beam
path, called the Bragg peak [8-10]. Carbon ion beams also possess
the Bragg peak, and they provide excellent dose distribution to
the target volume by specified beam modulations [11-15]. They
have advantageous biological and physical properties that result
in a higher cytocidal effect than that of photons and protons [16-
19]. Since 1995, carbon ion radiotherapy (C-ion RT) has been per-
formed for treatment of HCC, and clinical trials were initiated at
the National Institute of Radiological Sciences (NIRS).

In terms of HCC adjacent to the porta hepatis, treatment with
minimal invasiveness and complications is an important issue.

* Corresponding author. Address: Research Center for Charged Particle Therapy,
National Institute of Radiological Sciences, 4-9-1, Anagawa, Inage-ku, Chiba 263-
8555, Japan.

E-mail address: h_imada@nirs.go.jp (H. Imada).

0167-8140/$ - see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.radonc.2010.05.019

Surgical resection is the standard of curative treatment, but it is re-
stricted to selected patients due to degradation of hepatic function
[20,21]. Liver transplantation is a curative treatment of HCC, but it
is often not feasible [22-24] and a shortage of donors also limits its
possibilities. Radiofrequency ablation (RFA) and other ablative
techniques obtain excellent local control, but are limited largely
to small HCCs [25-27]. In the presence of blood vessels contiguous
with tumor, blood flow reduces the thermal effects of RFA [28-30].
In addition, biliary complications after RFA for HCC adjacent to the
porta hepatis sometimes occur, resulting in septic complications
and liver failure [31].

We have already reported that C-ion RT used for the treatment
of HCC is safe and effective [17,19]. In this study, patients were
stratified into two groups according to tumor localization: adjacent
to the porta hepatis or not. We compared the treatment effect and
toxicity between the two groups retrospectively.

Materials and methods

Patients

Between April 2000 and March 2003, 64 patients with HCC
underwent 52.8 GyE/4-fraction C-ion RT in a phase 1/II clinical trial
or phase Il clinical trial at NIRS. The phase I/ clinical trial was car-
ried out from April 2000 to March 2001, and the phase II clinical
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Table 1
Patient and tumor characteristics.
Total Porta Non-porta P
hepatis  hepatis
group group

N 64 18 46

Gender, n (%) >0.999
Male 48 (75) 14 (78) 34(74)
Female 16 (25) 4(22) 12(26)

Age (years) 0.736
Median 69 68 69
Range 37-84 51-79  37-84

Child-Pugh classification, n (%) 0.198
A 49 (77) 16 (89) 33(72)
B 15(23) 2(11) 13(28)

Stage (UICC 5th), n (%) 0.438
Il 23 (36) 5(28) 18 (39)
A 32(50) 9(50) 23(50)
IVA 9(14) 4(22) 5(11)

Maximum tumor diameter (mm) 0.725
Median 40.0 36.5 40.0
Range 12-120 21-120 12-112

Vascular invasion 0.066
Yes 45 (70) 16 (89) 29 (63)
No 19(30) 2(11) 17 (37)

Number of tumors, n (%) 0.676
Single 56 (88) 15(83) 41(89)
Multiple 8(12) 3(17) 5(11)

Abbreviations: UICC = International Union against cancer.

trial was sequentially performed from April 2001 to March 2003.
The eligibility criteria were previously reported [17]. HCC was
diagnosed by needle biopsy in all patients. Prior to treatment, all
patients gave their informed consent in writing in accordance with
the Declaration of Helsinki. These clinical trials were approved by
the ethics committees at NIRS. Eighteen of the 64 patients had
HCC located within 2 cm from the main portal vein, and the other
46 had HCC far from the porta hepatis.

Background data of the patients and tumors are presented in
Table 1. The enrolled patients consisted of 48 males and 16 fe-
males. Median age was 69 years (range, 37-84). Child-Pugh classi-
fication of the degree of liver impairment was as follows: 49
patients were categorized as Class A (scores, 5-6), and 15 patients
as Class B (scores, 7-9). Twenty-three patients had Stage II, 32 had
Stage IlIA, and 9 had Stage IVA. By the Barcelona Clinic Liver Cancer
staging classification [32,33], 2 patients had Stage A and 16 had
Stage C in the porta hepatis group, and 15 had Stage A, 2 had Stage
B, and 29 had Stage C in the non-porta hepatis group. Median max-
imum tumor diameter was 40 mm (range, 12-120). Forty-five pa-
tients had vascular invasion. Fifty-six patients had a solitary mass
and 8 had multiple tumors.

Pretreatment evaluation

Laboratory values collected for all patients included complete
blood cell counts, liver and renal function tests, electrolytes, HBV
and HCV titers, and a-fetoprotein (AFP). Abdominal triphasic CT
or MRI was performed for evaluation of the extent of HCC.

C-ion RT

The carbon ion beam used for radiotherapy was generated by
the heavy ion medical accelerator in Chiba developed by NIRS in
1993. The accelerator system and the biophysical characteristics
of the carbon ion beam have been previously described [13-15].
For modulation of the Bragg peak of the beam to conform to the
target volume, the beam lines in the treatment room are equipped

with a pair of wobbler magnets, beam scatterers, ridge filters, mul-
tileaf collimators, and a compensation bolus.

Before therapeutic planning, all patients had metallic markers
(iridium seeds, 0.5 mm in diameter and 3 mm in length) implanted
near the tumor to obtain precise treatment positioning. The irradi-
ation fields were established with a three-dimensional therapy
plan on the basis of 5-mm-thick CT images. The planning target
volume was defined according to the shape of the tumor plus a
1.0-1.2 cm margin. To reproduce the target position accurately, a
low-temperature thermoplastic sheet (Shellfitter, Kuraray, Osaka,
Japan), a customized cradle (Moldcare, Alcare, Tokyo, Japan), and
a respiratory gated irradiation system [34] were used in the CT
planning and radiotherapy performance. The radiation field was
confirmed and corrected by orthogonal fluoroscopy and radiogra-
phy immediately before each treatment session.

Irradiation doses were expressed in Gray equivalents
(GYE = carbon physical dose [in Gray] x relative biologic effective-
ness). The relative biologic effectiveness value of carbon ions was
assumed to be 3 at the distal part of the spread-out Bragg peak
[35]. C-ion RT was given once daily, 4 days a week, for four frac-
tions in 1 week. The dose per fraction was 13.2 GyE, so all patients
received a total dose of 52.8 GyE.

Follow-up and evaluation criteria

All patients were assessed according to a predetermined sche-
dule. After C-ion RT, patients were evaluated on the basis of phys-
ical examinations and blood tests once a month for the first year,
once every 3 months for the following year, and once every 3-
6 months thereafter. Contrast-enhanced CT or MRI was performed
every 3 months for the first 2 years and every 6 months thereafter.
Local control was defined as no sign of regrowth or new tumor in
the treatment volume. Local recurrence was defined as failure of
local control. Overall survival was measured from the starting date
of treatment until the date of death from any cause. Cause-specific
survival was defined as the interval between the starting date of
treatment and the date of death from liver failure or HCC. Dis-
ease-free survival was defined as the interval between the starting
date of treatment and the date of the diagnosis of the first recur-
rence or death from any cause. Acute and late toxicities were as-
sessed using the National Cancer Institute Common Criteria,
version 2.0, and the Radiation Therapy Oncology Group/European
Organization for Research and Treatment of Cancer late radiation
morbidity scoring scheme. Liver toxicity in late phase was assessed
by Child-Pugh score, a commonly used marker of hepatic func-
tional reserve in chronic liver disease.

Statistical analysis

Statistical analyses were performed using SPSS version 12.0
(SPSS Inc., Chicago, IL). For continuous variables, non-parametric
tests (Mann-Whitney U test) were used. For categorical data, chi-
squared test or Fisher’s exact test was used. The Kaplan-Meier
method was used for calculation of local control and survival rates,
and the survival curves were compared by log-rank test. Statistical
significance was considered if P<0.05 (P-values from two-sided
tests).

Results

There were no significant differences in sex, age, Child-Pugh
classification, clinical stage, maximum tumor diameter, and tumor
number between the two groups. The porta hepatis group exhib-
ited greater vascular invasion than the non-porta hepatis group
(P=0.066).
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Fig. 1. Overall survival rate according to tumor localization. Overall survival rates
after 3 and 5 years were 44.4% and 22.2% in the porta hepatis group and 60.9% and
34.8% in the non-porta hepatis group, respectively. There were no significant
differences between the two groups (P =0.252).
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Fig. 2. Local control rate according to tumor localization. Local control rates after
both 3 and 5 years were 87.8% in the porta hepatis group and 95.7% in the non-porta
hepatis group. There were no significant differences between the two groups
(P=0.306).

The median observation period for survival was 34 months
(range, 6-90 months) in the porta hepatis group and 41 months
(range, 11-98 months) in the non-porta hepatis group. Four pa-
tients were alive at last follow-up and 14 had died in the porta
hepatis group, and 15 were alive at last follow-up and 31 had died
in the non-porta hepatis group. Overall survival rates after 3 and
5years were 44.4% [95% confidence interval (CI), 22-67] and
22.2% [95% CI, 3-41] in the porta hepatis group and 60.9% [95%
Cl, 47-75] and 34.8% [95% CI, 21-49] in the non-porta hepatis
group, respectively (Fig. 1). Local control rates after both 3 and
5years were 87.8% [95% CI, 72-104] in the porta hepatis group
and 95.7% [95% CI, 90-102] in the non-porta hepatis group, respec-
tively (Fig. 2). There were no significant differences between the
two groups in overall survival and local control rates (P= 0.252,
P=0.306, respectively). Cause-specific survival rates after 3 and
5 years were 50.0% [95% CI, 27-73] and 25.0% [95% CI, 4-46] in
the porta hepatis group and 72.3% [95% CI, 59-86] and 42.8%
[95% CI, 27-58] in the non-porta hepatis group, respectively
(Fig. 3). Disease-free survival rates after both 3 and 5 years were
5.6% [95% CI, -5 to 16] in the porta hepatis group, and they were
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Fig. 3. Cause-specific survival rate according to tumor localization. Cause-specific
survival rates after 3 and 5 years were 50.0% and 25.0% in the porta hepatis group
and 72.3% and 42.8% in the non-porta hepatis group, respectively. The porta hepatis
group showed a trend towards inferior outcome compared to the non-porta hepatis
group (P =0.086).
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Fig. 4. Disease-free survival rate according to tumor localization. Disease-free
survival rates after both 3 and 5 years were 5.6% in the porta hepatis group, and
they were 34.8% and 23.9% in the non-porta hepatis group, respectively. The porta
hepatis group showed a trend towards inferior outcome compared to the non-porta
hepatis group (P=0.051).

34.8% [95% Cl, 21-49] and 23.9% [95% Cl, 12-36] in the non-porta
hepatis group, respectively (Fig. 4). In the cause-specific and dis-
ease-free survival rates, the porta hepatis group showed a trend to-
wards inferior outcome compared to the non-porta hepatis group
(P=0.086, P=0.051, respectively).

Toxicities in early phase are shown in Table 2. Adverse events of
grade 3 or more were compared between the two groups. There
were no significant differences in hepatic and hematologic toxici-
ties (P>0.999, P=0.190, respectively). As to Child-Pugh score in
late phase, cases with changes in Child-Pugh score within 1-point
increase were 13 in the porta hepatis group and 41 in the non-por-
ta hepatis group. Those with changes in score increasing by at least
2 points were five in each of the groups. There were no significant
differences between the two groups in terms of change in Child-
Pugh score (<1 vs. 22) (P=0.128) (Table 3). In terms of other
non-hematologic toxicities such as skin and gastrointestinal toxic-
ities, toxicities of grade 3 or higher did not occur. No patient had
biliary stenosis associated with C-ion RT.
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