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Figure 1. HpSC—HCC repre-
sents a subset of nvasive HCCs
with CSC features. (A) Hierarchical
cluster analysis based on 783
HpSC- HCC~coregulated pgenes
in 156 HCC cases. Each cellinthe
matrix represents the expression
level of a gene in an individual
sample. Red and green celis de-
pict high and low expression lev-
eis. respectively. as indicated by
the scale bar. (B) Pathway analy-
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analysis of the cases used for ar-
ray analysis. (E) Frequency of mac-
roscopic and microscopic portal
vein invasion in HoSC-HCC and
MH-HCC used for IHC. (F) Repre-
sentative images of EpCAM, AFP
and CK18 staining in HpSC-HCC
samples analyzed by IHC and IF.
EpCAM staining illustrates hetero-
geneous expression of EpCAM in
HpSC-HCC feft panel). EpCAM

celis were disseminated in the in-
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EpCAM" and CD133", but no CD90" cells, whereas
AFP cell lines had a subpopulation of CD90" cells but
no EpCAM " or CD133" cells (Figure 2B). These dara
indicate thar HpSC-HCC and MH-HCC cell lines have
distinct stem cell marker expression parrerns, and
EpCAM as well as CD133 may be hepatic CSC markers
specifically in HpSC-HCC.

We selected 2 human HCC cell lines (HuH1 and HuH7?7)
to isolate EpCAM™ cells because both lines were heteroge-
neous in EpCAM, AFP, CK19, and f-catenin expression
(Figure 2A and B and Supplementary Figure 1A; see sup-
plementary material online at www.gastrojournal.org).** We
successfully enriched EpCAM™ and EpCAM™ popula-
tions from HuH7 cells by FACS, with more than 80%

purity in EpCAM® cells and more than 90% purity in
EpCAM- cells 1 day after sorring (Figure 34). Similar
results were obtained when the purity check was per-
formed immediately after sorting (data not shown).
EpCAM" cells also were positive for CK19 and B-catenin
(Figure 3B and Supplementary Figure 1B; see supplemen-
tary material online at www.gastrojournal.org) and most
were AFP* (data not shown). In contrast, EpCAM ™ cells
were negative for these markers bur posirive for HepParl,
a monoclonal antibody specific to hepatocytes (Figure
3B). Consistent with the microarray data described ear-
lier, the levels of TACSTDI, MYC, and hTERT (known
HpSC markers) were increased significantly in EpCAM*
HuH?7 cells, whereas the levels of UGT2B7 and CYP3A4
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man embryonic stem cells (gt
panel). Gene expression was mea-
sured in guadrupicate. (D) Repre-
sentative photographs of the plates
contaning colones derived from
2000 EpCAM" or EpCAM ™ HuH7
cells (upper panel). Colony forma-
tion experments were periormed
in tripicate jmean sSD) (mid- .
die pangi) Cel invasiveness of L e
EpCAM - and EpCAM  calls using :
the Matrigel nvasion assay fower
panel). ) PFow cytometer analyss
of EpCAM ' and EpCAM HuH7 f
cels staned with ant-EpCAM at /
days 1 and 14 afer cel sorling 9+ .

LAk B

YA
ST
~ERT
ACETT

Loy ESTAM ok

7]

Normal hepatc Sem cef

Call counts
o
a3
~—

- '
CK18, 3 en Sk B

Pawrs —w's

WNT SIGNALING AND HEPATIC CANCER STEM CELLS 1017

F AN segation  FplUAM. posdoe

-
L&

D FoCAM Aegat et EpCAM-prlve
£ = ¢ = - 247
c 2 3 3 3 :
P388s3
2= -,
$33353

EpCaM-nagave  EpCAM-pontee

{F) Percentage of soned EpCAM
and EpCAM - cefs after culturing for
tmes as analyzed by
Numbers of EpCAM' and
CAM  celis were counted in 3 in-
dependent areas of chamber sides
&t days 1.3, 7, and 15 after ced sort- L]
The average percentages of
EpCAM " or EpCAM  cels are Ce-
picted as red or blue. respectively 1

EplAM - powt-ve

aF

CAM~ HuH7 cells

ies

colon

formed

pCAM cells failed ro do so (Figure

Ls creas &
‘D upperand mmd!:p.mc’.r and Supplcmen:an Figure 24
for HuH1 cells; see supplementary material online at

Lorg). In addirion, EpCAM* HuH7
cells were much more invasive than EpCAM ™ cells (P <
.03) (Figure 3D, lower panel; and Supplementary Figure 2B
for HuH1 cells; see supplementary marerial online at
WWAW,ZasStrojo rg). The EpCAM ™ fraction decreased
wnh time in soru.d EDCAM HuH?7 cells from greater

than 80% ro 50% (Figure 3E). However, a small percentage
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EpCAM-FITC

of EpCAM™ cells remained constant in sorted EpCAM

HuH7 cells. FACS analysis confirmed the results of IF
analysis (Figure 3F and Supplementary Figure 2C for
HuH7 and HuH]1 cells, respectively; see supplementary
material online at www.gastrojournalorg), suggestng
that EpCAM™ cells could differentiate into EpCAM-
cells, eventually allowing an enriched EpCAM™ fraction
to revert back to parental cells after 14 days of culture. In
contrast, EpCAM " cells maintained their EpCAM™ sta-
tus. In addirion, we successfully isolated 12 HuH1 and 2
HuH7 colonies from 192 single-cell-plated culture wells.

:

PANCREAS, AND




w

1018 YAMASHITA ET AL GASTROENTEROLOGY Vol. 136. No.

-

plAN-negatve

n tnpkcate and cata are
n as mean = SD. (C) Repre-
confocal images of
HCC spheroid co-stained with
EpCAM, anti-AFP, and 4' 6-
midino-2-phemyfindole [par) (scale
bar. 50 um). D) A 3-dimensiona
mage of an HCC spheroid
stained with anti-EpCAM, &
AFP, and DAPI (scale bar, 50 um

0
- -
—

60

| { \ recons ted from confocal im-
- ! ages using surface rendering. (€
’ { \ FACS is of EpCAM " cells

MNumitsnr of cells

spheroid cells {red) or
for 14 days
( Confocal m-
ages of an HCC spheroid co-
stained with anti-PCNA, anti-AFP

and DAPI (scale bar, 50 um

ANV ‘SYIHINVd
215V

1+

sion was relatively hererogeneous (I * 4C and D, and
Supplementary movie 1; see suoplc"nemar\‘ marterial on-
line ar www.gastroj 2 . Rarely, a few spheroids
derived from an EpCA\[ c;l[ fraction were positive for
EpCAM (dara not shown), suggesting that these sphe-
roids were derived from contaminared residual EpCAM~
cells by FACS sorting. All spheroid cells maintained
EpCAM expression while half of the attached cells lost
EpCAM expression when the EpCAM* fraction was cul-
tured for 14 days (Figure 4E). Most spheroid cells also

tro in a nonartached condirtion Consistently,  abundantly expressed proliferating cell nuclear antigen
EpCAM " cells could form spheroids efficiently, reaching (PCNA), implying active cell proliferation (Figure 4F and
to about 150 to approximately 200 um in diameter after  Supplementary movie 2; see supplcmen.an material
14 days of culture (Figure 4A and B). Interestingly, all  online ar www.gas 7). Thus, a subser of
cells in a spheroid were EpCAM~, whereas AFP expres-  EpCAM® cells, l‘ 1t not Fp("-\\‘ cells, can form spheroids.
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Figure 5. Tumorigenic and inva-
sive potential of EpCAM*- HCC
cells. (A) Representative NOD/
SCID mice (upper panel) with sub-
cutaneous tumors fower panel)
from EpCAM " (lack amows) or
EpCAM (white arows) HuH1
cells. B) Tumorigenicity of 200
sorted HuH1 cells. (C) Histologic
analysss of EpCAM" HuH1-de-
rived xenografts. HAE staining ofa
subcutaneous tumor (et upper
panel) with capsular invasion feft
lower panel) and muscular inva-
sion (right lower panel) and IF E
of the tumor stained with anti-
EpCAM, anti-AFP, and 4'.6-dia
midina-2-phenylindoie [ary) gt
upper panel) (scale bar, 50 um)
D) Tumongericity of 1000 sored
cells derived from an EpCAM
HuM1 xenograft. Data are gener-
ated from 10 mice in each group

|

{E Representatve NOD'SCID mice F
fett panel) with subcutaneous tu-
mors from CD133° black arows)

or CD133" (white arrows) {middie
panef) and EpCAM* [biack arrows)
or EpCAM- (white amows) fght
panal} HuH1 cells. F) Tumorigenic-
ity of 1000 HuH1 cels sorted by
ant-EpCAM (eft panel) or ant-
CD133 fright panel) antbodies.

EpCAM = HCC Cells as Tumor-Initiating Cells

EpCAM " HCC cells, bur not EpCAM™ HCC cells.
could efficiently initiare invasive tumors in NOD/SCID
mice (Figure 5). For example, 10,000 EpCAM* HuH]1 cells
produced large hypervascular tumors in 100% of mice
whereas EpCAM ™ cell fractions produced only small and
pale-looking tumors in 30% of mice 4 weeks after injection
(Figure 5A and Supplementary Figure 3A; see supplemen-
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o8B 5888

Tumor Incidence (%)

0 10

CD133- CD133+

tary material online at www.gastrojournal.org). Similar re-
sults were obtained with HuH7 cells (Supplementary Fig-
ure 3B-D; see supplementary material online ar www.
gastrojournal.org). As licdle as 200 EpCAM™ cells could
initiare tumors in 8 of 10 injected mice, whereas 200
EpCAM- cells produced only 1 rumor among 10 injected
mice ar 6 weeks after transplantation, and the tumor sizes

were much larger in the EpCAM " cells than in the EpCAM"
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cells (Figure 5B and Supplementary Figure 3E; see sup-
plementary material online at www.gastrojournalorg).
EpCAM* cells produced rumors with a mixture of both
EpCAM"* and EpCAM" cells in xenografts, and these cells
invaded in the capsule and muscles of the leg adjacent to
the tumor (Figure 5C). EpCAM* cells derived from rumors
again maintained their tumor-initiating capacity, tumor
morphology, and invasive ability in an in vivo serial trans-
plantation experiment (Figure 5D). Occasionally, EpCAM "
cell fractions produced a few small tumors that always
contained a mixture of EpCAM* and EpCAM ~ cells
{(data not shown), indicating that the contaminated
EpCAM* cells from FACS sorting contribute to the
tumor-initiating ability.

To further validate whether EpCAM*™ HCC cells were
tumor-initiating cells, we isolated EpCAM* HCC cells
from 2 cases of AFP* (>600 ng/mL serum AFP) HCC
clinical specimens using MACS. Consistently, 1 X 10¢
EpCAM™ cells could induce tumors in NOD/SCID mice,
but up to 1 X 10% EpCAM ™ cells failed to do so (Table 1).
In addition, similar to HCC cell lines, fresh EpCAM*
tumor cells from 2 clinical HCC specimens were more
efficient in forming spheroids in vitro than EpCAM ™ cells
(Supplementary Figure 4; see supplementary material on-
line ar www.gastrojournal.org).

FACS analysis results indicate that a majority of
EpCAM™* cells express CD133 in HuH7 cells burt not in
HuH1 cells (Figure 2B), which prompted us to compare
the tumorigenic capacity of EpCAM* and CD133* cells
in chese cell lines. Noticeably, EpCAM* HuHI1 cells
showed marked tumor-initiating capacity compared with
CD133* HuH1 cells (Figure SE and F), whereas EpCAM™
and CD133" cells had similar tumorigenic ability in
HuH7 cells (data not shown).

GSK-3f Inbibition Augments EpCAM™* HCC
Cells

To determine the role of Wnt/B-catenin signal-
ing?® in EpCAM™ HCC cells (Figure 1B), we first treared

Table 1. The Tumor-Initiating Capacity of EpCAM* Cells
From Clinical HCC Specimens

Tumor incidence
(mice with tumors/

HCC patients total no. of mice
injected)
% of EpCAM* No. of celly ——
No. HCC cells Groups injected 2 months 3 months
1 5.2 EpCAM* 1 x10° 0/3 0/3
1x104 2/3 2/3
1x105% 2/2 2/2
EpCAM- 1 x10% 0/3 0/3
1x 108 0/2 0/2
2 1.4 EpCAM* 1 x10° 0/2 0/2
1x 104 0/1 1/1
EpCAM- 1 x 10* 0/3 0/3
1x 108 0/2 0/2

GASTROENTEROLOGY Vol. 136, No. 3

HuH1, HuH7, and HLF cells with a GSK-3B inhibitor
BIO (Figure 6A), which activates Wnt/B-catenin signaling
(Figure 6B) and maintains undifferentiation of embry-
onic stem cells.*® 6-bromoindirubin-3'-oxime (BIO) in-
creased the EpCAM™ cell population in HuH1 and HuH?7
cells when compared with the control mechylared BIO
(MeBIO) (Figure 6A). In contrast, BIO had no effect on
the CD90~ cell popularion, which is more tumorigenic
than the CD90~ cell population in HLF (Figure 6A and
data not shown). Enrichment of EpCAM* cells was pro-
voked furcher by the trearment of Wnrl0B-condirioned
media in HuH7 cells (Figure 6C).** BIO induced morpho-
logic alreration of HuH?7 cells because most cells became
small and round when compared with MeBIO and sup-
pressed EpCAM~ AFP~ cell populations (Figure 6D).
Moreover, BIO induced TACSTDI, MYC, and hTERT
expression and spheroid formation (Figure 6E and F).

EpCAM Blockage by RNA Interference

One of the hallmarks of CSCs is its resistance to
conventional chemotherapeutic agents resulting in -
mor relapse and thus targeting CSCs is critical to achieve
successful tumor remission. Consistently, 5-FU could in-
crease the EpCAM* population and spheroid formation
of HuH1 and HuH7 cells (Figure 74 and B) (data not
shown), suggesting a differential sensitivity of EpCAM*
and EpCAM~ HCC cells to 5-FU. In contrast, EpCAM
blockage via RNA interference dramatically decreased the
popularion of EpCAM?* cells (Figure 7C), and signifi-
cantly inhibited cellular invasion, spheroid formation,
and tumorigenicity of HuH1 cells (Figure 7D-F). Thus,
EpCAM may serve as a molecular rarger o eliminate
HCC cells with stem/progenitor cell features.

Discussion

The cellular origin of HCC is currently in debate.
In this study, we found that EpCAM can serve as a
marker to enrich HCC cells with tumor-initiating ability
and with some stem/progenitor cell traits. EpCAM is
expressed in many human cancers with an epithelial
origin.** During embryogenesis, EpCAM is expressed in
fertilized oocytes, embryonic stem cells, and embryoid
bodies, suggesting its role in early stage embryogenesis.*’
Furthermore, a recent article indicated that EpCAM is
expressed in colonic and breast CSCs.*! Taken rogether,
these data suggest a critical role of EpCAM in CSCs as
well as embryonic and somaric stem cells. Consistently,
we found that EpCAM expression is regulated by Wnt/
B-catenin signaling?® and rumorigenic and highly inva-
sive HpSC-HCC is orchestrated by a subset of cells ex-
pressing EpCAM and AFP with stem cell-like fearures
and self-renewal and differenriation capabilities regu-
lated by Wnt/B-catenin signaling (this study). Thus,
EpCAM may be a common gene expressed in undiffer-
entiated normal cells and HCCs with activated Wnt/g-
catenin signaling, It may act as a downstream molecule
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Figure 6. Wnt/S-catenin signaing a 2 1000
augments EpCAM- HCC cells. (A) £ 30 o 100 Contro
Fow cytometer analysis of HuH1, = Q
HuH7, and HLF cells treated with 2 S Y =
umol'L of BIO forange) or MeBIO < 10
igreen) for 10 days and stained with 10 ) SEE
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BIO Me8IO

MeBIO. (C) Flow cytometer analy-
sis of HuH7 cells cultured in nor-
mal media (Dulbecco's modified
Eagle medium supplemented with
10% FBS) or Wnt108 conditioned
media (details are described in
the Materials and Methods sec-
tion). Cells were cultured in each
medium for 2 weeks. (D) Repre-
sentative phase-contrast images
{eft panel scale bar, 100 um)or IF
images [right panei: scaie bar, 50 E

um) of HuHT cells treated with 2
umolL of BIO or MeBIO for 14 CYP3Ad {
days. (€ Quantitative reverse tran- UGT287 _.
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treated with 2 umol'L of BIO or : -
MeBIO for 14 days (mean = SD).
Fre, fluorescein isothiocyanate,

to maintain HCC stemness and serve as a good marker
for HCC initiating cells.

CD133 or CD90 have been used to identify potential
hepatic CSCs.*#*+2 CD133 is expressed in normal and
malignant stem cells of the neural, hematopoieric,
epithelial, heparic, and endothelial lineages,*+34 sug-
gesting that CD133 is also a common marker to derect
normal cells and CSCs. Captivatingly, EpCAM expres-
sion overlaps with CD133 expression in normal human
colon tissues and colorectal cancer tissues, yet CD133*
and CD133" cells are equally tumorigenic.*® Similarly,
we found that EpCAM~ and EpCAM~ HuHI cells
equally expressed CD133, but only EpCAM* cells de-

2 0 0.4
Log(BIO/MeBIO)

(=]

veloped large hypervascular cumors. Our data suggest
that EpCAM may be a better marker than CD133 to
enrich HCC tumor-initiating cells from AFP* tumors.
We also found that CD90 expression was limired o
HCC cell lines that are EpCAM™~ AFP-, and Wnt/B-
catenin signaling had licctle effect on CD90* cell en-
richment. These results suggest that the expression
patterns of various stem cell markers in tumor-initiat-
ing cells with stem/progenitor cell features may be
different in each HCC subtype, possibly owing to the
heterogeneity of activated signaling pathways in nor-
mal stem/progenitor cells where these tumor-iniriating
cells may originate. Therefore, it would be useful to

—202-

BASIC-LIVER,

(=]
r4
=
w
!
-
e
]
z
o
o




‘WIAITDISVE

]
b
r4
0
=
m
>
-
>
z
-]

1022 YAMASHITA ET AL

CO33-APC

GASTROENTEROLOGY Vol. 136, No. 3

Figure 7. EpCAM bilockage in-

65

8§ & 8 8§

o

hibits the tumorigenic and inva-
sive capacity of EpCAM* HCC
cells. (A) Enrichment of EpCAM”
cells after 5-FU treatment. HuH1
celis refer as control or without
treatment (grean) or treated with 2
ug/mL of 5-FU forange) for 3 days
and analyzed by FACS using anti-
EpCAM and anti-CD133 antibod-
ies. (B) Spheroid formation of
HuH1 cells treated with 2 ug/mL
of 5-FU for 3 days. (C) FACS ana-
ysis of HuH1 cells treated with 2

1 10 10¢ 1000

control SiRNA forange) or EpCAM-

FITC-EpCAM

= P=012

specific siRNA (green) at day 3 af-
ter transfection. {D) Spheroid for-
mation or (E invasive capacty
ofEpCAM - HuH1 celis transfected
with a control siRNA or EpCAM-
specific siIANA. Experiments were

Treatment

Tumor incidence P -value performed in triplicate and the

| Control siRNAs
EpCAM siRNAs

data are shown as mean = SD. D)
siANAs. (F) inhibition of tumor for-
mation in vivo by EpCAM gene si-

6/8(75%)
218 (25%) 046

¢

Control SiRNAs  EpCAM SiRNAS

comprehensively investigate the expression patrerns of
stem cell markers to characterize the population of
CSCs that may correlate with the activation of their
distinct molecular pachways.

CSCs may be more resistant to chemotherapeutic
agents than differentiated tumor cells possibly owing to
an increased expression of adenosine triphosphate- bind-
ing cassetre rransporters and anti-apoptotic proteins.*
Thus, the development of an effective straregy ro target
CSC pools together with conventional chemotherapies is
essential to eradicate a tumor mass.'* By blocking the
programs that activate self-renewal and/or inhibit asym-
metric division, CSC features could be destemmed.*4”
Consistently, EpCAM blockage could inhibit cellular in-
vasion and tumorigenicity of EpCAM™* HCC cells, reveal-
ing the feasibility of targeting a2 CSC marker to destem
CSC features. EpCAM may induce c-Myc,* a common
molecular node acrivated in HpSC-HCC.*” c-Myc, to-
gether with Oct3/4, Sox2, and KIf4, can induce pluripo-
tent stem cells from adulc fibroblasts.** It is possible
that EpCAM blockage to inhibit hepatic CSCs may

lencing. EnCAM* HuH1 celiswere
transfected with siRNA oligos and
1000 cells were injected 24 hours
after transfection.

result in a suppression of c-Myc signaling. Encourag-
ingly, EpCAM-specific antibodies are currently in
phase II clinical trials.*® Furthermore, a recent study
indicared that EpCAM~ circulating cumor cells identi-
fied by a unique microfluidic platform can be used to
monitor outcomes of patients undergoing systemic
treatment.S’ Therefore, it may be useful to combine
EpCAM antibodies with conventional chemotherapy
to target both CSCs and non-CSCs for the treatment
of HCC.

Supplementary Data

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2008.12.004.
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Supplementary Materials and Methods
FACS and MACS Analyses

Cultured cells were rrypsinized, washed, and re-
suspended in Hank’s balanced salt solutions (Lonza.
Basel, Swirzerland) supplemenced wicth 1% HEPES and
2% feral bovine serum. Cells then were incubared with
FITC-conjugated anti-EpCAM monoclonal antibody
Clone Ber-EP4 (DAKO, Carpinteria, CA) on ice for 30
minutes, and EpCAM ™~ and EpCAM ™ cells were 1solated
by a BD FACSAna cell sorting system (BD Biosciences).
For magnertic separation, cells were labeled 24 hours after
enzymatic dissociation with primary EpCAM antibody
{mouse IgG1: Dako), subsequently magnerically labeled
with rat anti-mouse IgGl Microbeads. and separated on
a MACS LS column (Miltenyi Biorec, Inc, Auburn, CA).
All the procedures were performed according to the man-
ufacturer’s instructions. The purity of sorted cells was
evaluared by FACS, Fixed cells also were analyzed by
FACS using a FACSCalibur (BD Biosciences). Anti-
EpCAM antibody VU-1D9, anti-CD133/2 clone 293C3
(Miltenyi Biotec Inc), and anti-CD90 clone SE10 (Stem-
Cell Technologies Inc, Vancouver, British Columbia. Can-
ada) were used ro derect EpCAM™, CD133 ", or CD90
cells. Intracellular AFP levels were examined by a BD
Cytofix/Cytoperm Fixation/Permeabilization Kit (San

WNT SIGNALING AND HEPATIC CANCER STEM CELLS 1024.e1

Jose. CA) and an-AFP rabbit polyclonal antibody
(DARO).

Quantitative Reverse

Transcription—Polymerase Chain

Reaction and THC Analyses

Total RNA was extracted using TRIzol (Invitro-
gen) according to the manufacturer’s instructions. The
expression of selected genes was derermined in rriplicate
using the Applied Biosystems 7500 Sequence Detection
System (Applied Biosystems, Foster City, CA) as previ-
ously described.! Genes expressed in embryonic stem cells
were determined in quadruplicate using TagMan Human
Stem Cell Pluripotency Array (Applied Biosystems). IHC
analyses with specific antibodies were performed essen-
tially as previously described.! Confocal fluorescence mi-
croscopic analysis was performed essentially as previously

described.?
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Supplemetary Table 1. Clinicopathologic Characteristics of HpSC-HCC and MH-HCC Cases Used for Oligonuclectide

Microarray Analyses

Parameters HpSC-HCC (n = B0) MH-HCC (n = 96) P value®
Mean age, y (SD) 46.0 = 10.7 529 =105 .0004
Sex: male/female 50710 87/9 .8
Cirrhosis: yes/no/no data 56/4 88/7/1 T2
Median AFP level, ng/mL (25%75%) 1706 (865-5915) 11.8(4.0-48.5) <.0001
Histologic grade®
|-l 14 41
1= 44 48
=iV 2 5
No data [+] 2 031
Mean tumor size, cm (SD) 51=+30 44+ 3.0 .0B8
Multinodular: yes/no 16/44 15/81 .09
Portal vein invasion, yes/no® 11/49 9/87 A0
TNM classification
I 24 46
I 22 42
(1] 14 8 .03
Virus status: HBV/HBV = HCV/unknown 56/4/0 95/0/1 43
"Mann-Whitney U test or x* test,
"Edmandson-Steiner.
‘Macroscopic portal vein invasion.
Supplementary Table 2. Clinicopathologic Characteristics of HpSC-HCC and MH-HCC Cases Used for IHC
Parameters HpSC-HCC (n = 24) MH-HCC (n = 55) P value?
Mean age. y (SD) 464 + 9.4 58.4 = 11.9 < .0001
Sex: male/female 20/4 48/7 .64
Cirrhosis: yes/no 2311 46/9 14
Median AFP level, ng/ml (25%-T5%) 1620 (BB7-3166) 12 (9.3-219) < .0001
Histologic grade®
(] 12 32
1=l 8 21
=V 4 2 A3
Mean tumor size, cm (SD) 7.14=38 52=-36 .014
Multinodular: yes,/no 4/20 16/39 .24
Portal vein invasion: yes/no* 12/12 12/43 012
TNM classification
| 4 19
I 8 20
] 12 16 .14
Virus status: HBV/HCV /unknown 21/2/1 32/21/2 .026

avann-Whitney U test or x° test.
"Edmondson-Steiner,
“Macroscopic portal vein invasion.
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Supplementary Table 3. Top 10 List of Canonical Pathways Activated in HpSC-HCC From Ingenuity Pathway Analysis

Pathways Genes included in cluster A
Axonal guidance signaling
Up ROBOZ, ARPCSL (includes EG:B1873), SEMAAG, PDGFRB, PLCE1, PRKCD, FGFR3, FZD5,
MERTK, DDR1, LINGO1, SEMA3C
Down PIK3C3, IGF1, PIK3C2G, MAP2K2, ARHGEF15
Transforming growth factor-8 signaling
Up PDGFRB, FGFR3, MERTK, UBD, DDR1, SMADS
Down MAPZK2. HNF4A
Integrin signaling
Up ARPCSL (includes EG:B1873), PDGFRB, FGFR3, GRB7, MERTK, ITGBS, DDR1, DDEF1
Down PIK3C3, MYLK, PIK3C2G, MAP2K2
Apoptosis signaling
Up PDGFRB, BAK1, CYCS. FGFR3, MERTK, DDR1
Down MAP3KS, MAP2K2
G2/M DNA damage checkpoint regulation
Up YWHAZ, CCNB2. UBD, WEE1
Down CDKN2A, GADDABA
ERK/MAPK signaling
Up ELF3, PDGFRB, YWHAZ, PRKCD, FGFR3, MERTK. DDR1
Down PIK3C3, DUSP1, PIK3C2G, ESR1. MAP2K2
Writ/pcatenin signaling
Up DKK1, SOX9, FZD5, UBD, TCF7L2, CSNK1E
Down CDKN2A, RARG
PI3K/AKT signaling
Up PDGFRB. YWHAZ, FGFR3, MERTK, DDR1
Down MAP3KS, MAF2K2, GYS52
Amyloid processing
Up BACE2, CSNK1E, MAPK13
Down
Leukocyte extravasation signaling
Up PRKCD, CLDN4, CLDN1, MMP11, MAPK13
Down PIK3C3, CLDN2, PIK3C2G, MAP2K2

NOTE. The top 10 pathways were selected based on the significance for the enrichment of the genes with a particular canonical signaling pathway
determined by the one-sided Fisher exact test (P < .01).
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Supplementary Table 4. Top 10 List of Cancnical Pathways Activated in MH-HCC From Ingenuity Pathway Analysis

Pathways

Genes included in cluster B

Lipopolysaccharide /imerleukin-1-mediated inhibition

of RXR function
Up
Down

Xenobiotic metabolism signaling
up
Down

Hepatic cholestasis
Up
Down

Aryl hydrocarbon receptor signaling
Up
Down

NRF2-mediated oxidative stress response
Up
Down

Complement system
up
Down
Coagulation system
Up
Down
Acute-phase response signaling
up
Down
p53 signaling
Up
Down
LXR/RXR activation
Up
Down

SULTAC2, ACSL4, ACSL3. FABPS, GSTP1

NR1I2, NR113. CYPT7AL, ALDH1L1. ABCBE1, 5LC10A1, SLC27A2, CD14,
GSTM1. ALDHEA1, GSTM4, ACSLS, CES2 (includes EG:BE24). FMO3,
SULT2A1 (includes EG:6822), GSTA1, CYP2CB, LC27AS, CYP3AT, ABCGS.
ALDHBA1, APOCA (includes EG:346), CYP3A4, ACSL1, ABCE11, FMO4,
MADA

SULTAC2, PRHECD, GSTP1, MAPK13

NR1I2, NR1!3, ALDH1L1, ABCB1, UGT2B15, MAP2K2, UGT2B7, PPARGC1A,
GSTM1, PIK3C3, ALDHBA1, GSTM4, CES2 (includes EG:B824), MAP3KS,
FMO3, PIK3C2G, SULT2A1 (includesEG:6822), CYP1A2, GSTAL, CYP2CS,
CYP3A7, NQOZ, ALDH8AL, CYP3A4, CES1 (includes EG:1066), FMO4, MADA

ADCY3. PRKCD
CD14, ABCGS, NR1I2, CYP7AL, CYPTB, CYPBB1, ABCB1, ESR1, SLC10A1,

ABCB11, ABCBA, HNF4A

GSTP1

CDKN2A, NQO2, GSTM1, ALDHBA1, ALDHGA1, ALDH1L1, GSTM4, ESR1.
CYP1A2, GSTAL, RARG

DNAJA4, PRKCD, GSTP1

NQO2, GSTM1, AOX1, PIK3C3, GSTM4, MAP3KS, SOD1, PIK3C2G, MAP2ZK2,
FKBPS, GSTAL

CBA, C1R, MASP1, C6, CBB, MASP2

SERPINC1, KLKB1, F9, KNG1 {includes EG:3827), F11

MAPK13
APCS, RBPS, C1R, MAP3KS, HRG, MAP2K2, KLKB1, SAA4

THBS1
CDKNZ2A, PIK3C3, SNAI2, GADD45A, PIK3C2G, GADDA5B

HMGCR
CD14, ABCGS, APOAS, CYPTAL, APOC4 (includes EG:346)

LXR/RXR, liver X receptor/retinoid X receptor; NRF2, NF-E2-related factor 2.
NOTE. The top 10 pathways were selected based on the significance for the enrichment of the genes with a particular canonical signaling pathway

determined by the one-sided Fisher exact test (P < .01).

—209—



Tr—? .1

e -

e 1.‘-.‘{.!1'-’

<

i

Common Transcriptional Signature of Tumor-Infiltrating Mononuclear
Inflammatory Cells and Peripheral Blood Mononuclear Cells in

Hepatocellular Carcinoma Patients

Yoshio Sakai, Masao Honda, Haruo Fujinaga, Isamu Tatsumi, Eishiro Mizukoshi,

Yasunari Nakamoto, and Shuichi Kaneko

cytes (5), and antigen-presenting cells (6). These tumor-infiltrating
mononuclear inflammatory cells are thought to be important

Dey of G logy. K University, School of Medicine, Kanazawa. Japan
Abstract
Hepatocellular carci (HCC) is frequently associated with

infiltrating mononuclear inflammatory cells. We performed
laser capture microdissection of HCC-infiltrating and non-
cancerous liver-infiltrating mononuclear inflammatory cells
in patients with chronic hepatitis C (CH-C) and examined gene
expression profiles. HCC-infiltrating mononuclear inflamma-
tory cells had an expression profile distinct from noncan-
cerous liver-infiltrating 1 infl tory cells;
they differed with regard to genes involved in biological
processes, such as antigen presentation, ubiquitin-proteaso-
mal proteolysis, and responses to hypoxia and oxidative stress.
Immunohistochemical analysis and gene expression data-
bases suggested that the up-regulated genes involved macro-
phages and Thl and Th2 CD4 cells. We next examined the
gene expression profile of peripheral blood mononuclear
cells (PBMC) obtained from CH-C patients with or without
HCC. The expression profiles of PEBMCs from patients
with HCC differed significantly from those of patients without
HCC (P < 0.0005). Many of the up-regulated genes in HCC-
infiltrating mononuclear inflammatory cells were also differ-
entially expressed by PBMCs of HCC patients. Analysis of
the commonly up-regulated or down-regulated genes in HCC-
infiltrating mononuclear inflammatory cells and PBMCs of
HCC patients sh d ks of leophosmin, SMAD3,
and proliferating cell nuclear antigen that are involved
with redox status, the cell cycle, and the proteasome system,
along with immunologic genes, suggesting regulation of anti-
cancer immunity. Thus, exploring the gene expression profile
of PBMCs may be a surrogate approach for the assessment
of local HCC-infiltrating mononuclear inflammatory cells.
|Cancer Res 2008;68(24):10267-79)]

Introduction

Hepatocellular carcinoma (HCC) is one of the most frequent
malignancies worldwide (1), It commonly develops from chronic
liver diseases, such as viral hepatitis (2) and chronic hepatitis,
resulting from hepatitis C virus (HCV) infection, is a major risk
factor. Indeed, 7% of patients with liver cirrhosis (LC) caused by
persistent HCV (LC-C) infection develop HCC annually (3).

Cancer tissues are often associated with infiltrating inflamma-
tory cells, such as tumor-associated macrophages (4), T lympho-

Note: Supplementary data for this article are svailable at Cancer Research Online
(hittp//cancerres.aacrjournals.org/ ).

Requests for reprints: Shuichi Kaneko, 13-1 Takars-machi, Kanazawa, [shikawa 920-
8641, Japan. Phone: B1-76-265-223% Fax: 81-76-234-4250, E-mail: skaneko@m-kanazawa [p.
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modulators of HCC (7). However, their actual role remains con-
troversial. Increased numbers in HCC have been correlated with a
fair prognosis (8), but tumor-infiltrating mononuclear inflam-
matory cells in HCC tissues have also been found to involve more
FOXP3" regulatory T cells (9) and provide a cancer-favorable
environment that leads to resistance to therapy. Characteriza-
tion of tumor-infiltrating mononuclear inflammatory cells may be
valuable in understanding tumor immunology and. possibly,
in predicting the prognosis of HCC patients (7).

Peripheral blood mononuclear cells (PBMCs) consist of immune
cells, such as monocytes and lymphocytes, and are essential players
in the host immune defense system, which responds to various
abnormal conditions in the host (10). PBMCs and tumor-
infiltrating mononuclear inflammatory cells contain CTLs, specif-
ically cytocidal to cancer tissues (11) and regulatory T cells that
can suppress the host immune response against cancer (9). Thus,
PBMCs may potentially reflect host immune status, However, there
are limited assays for assessing the immune status of PBMCs,
such as a proliferation assay, measurements of cytokine produc-
tion, and the assessment of cytocidal potential.

The advent of cDNA microarray technology for the analysis of
gene expression profiles has been useful in comprehensively
disclosing underlying molecular features and has provided
considerable information for basic science and clinical medicine.
We have analyzed gene exp in liver di (12, 13) and
believe it may become a useful diagnostic tool using liver tissue
biopsy samples (14). We have also reported that gene expression
profiling of PBMCs predicted the effect of IFN for the eradication of
HCV (15) and can provide biomarkers not only for the control of
blood sugar but also possibly for predisposing diabetic factors (16).
Gene expression profiling of PBMCs from patients with renal cell
carcinoma can be used to predict their response to systemic
chemotherapy (17). Thus, gene expression information from the
cellular components of peripheral blood may be useful in
interpreting the internal condition of the patient.

In this study, we used DNA microarray technology to examine
differences in gene expression profiles between HCC-infiltrating
and noncancerous liver-infiltrating mononuclear inflammatory
cells, which were selectively microdissected (12), and the gene
expression profiles of PBMCs from LC-C patients with or with-
out HCC. We observed distinct transcriptional features of HCC-
infiltrating mononuclear inflammatory cells, reflecting the immune
status of the local environment. Intriguingly, the transcriptional
features of the HCC-infiltrating mononuclear inflammatory cells
were shared with PBMCs from HCC patients. Thus, we suggest
the possihility that the gene expression profile of PBMCs may be
useful as a clinical surrogate biomarker for the assessment of

www.aacrjournals.org
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the internal environment of HCC patients with chronic hepatitis C
(CH-C) infection.

Materials and Methods

Study subjects. All patients participating in this study had advanced
chronic liver disease, cirrhosis, or persistent HCV infection, Twelve patients
who developed HCC as a consequence of advanced chronic liver disease
related to hepatitis C and who underwent surgical treatment were enrolled
{Supplementary Table 51). HCC and noncancerous liver lissues were
obtained and frozen. For analysis of gene expression profiles in PBMCs,
32 LC patients without HCC and 30 LC patients with HCC (Supplementary
Table 52) were included. Development of HCC was diagnosed by computed

graphy (CT) or magneti ¢ imaging with

and ahdominal angiography wslh CT imaging in mm] and porm] flow
phases (18). The pathologic tumor node metastasis classification system
of the Liver Cancer Study Group of Japan was used for the staging of HCC.
LC was diagnosed by pathologic findings in biopsy specimens where
availables otherwise, radiological imaging. platelet counts, serum hyaluronic
acid levels, and indocyanine green retention rates were considered for the
diagnosis of cirrhosis, The study has been approved by the institutional
review board, and informed consent was obtained from all patients enrolled
in the study.

Isolation of PBMCs. PBMCs were isolated from heparinized blood
samples by Ficoll-Hipaque density gradient centrifugation, as reported
previously (15).

Laser cap dissection. HCC and erous liver ti
obtained during surgery were frozen in optimum cutting temperature

7900HT. Relative expression level of each gene was calculated cun:

pared with that of internal control in each sample. Results are exy i as
means + SE.
Flow cy ¥ bysis, Flow cy ¥ lysis was performed as

described previously (19). Briefly, isolated PBMCs were incubated in PBS
supplemented with 2% bovine serum albumin (Sigma-Aldrich JAPAN KK.)
with antihuman CCRI and CCR2 antibodies labeled with Alexa Fluor 647
(Becton Dickinson Pharmingen), The fi ence i ity of the cells was
measured using a FACSort (Becton Dickinson).

Immunohistochemistry. Surgically ok d HCC and TOUS
liver tissues were fixed with neutral buffered formalin, embedded in
paraffin, cut into 4-um sections. and mounted on microscope slides. The
fixed slides were deparaffinized and subjected to heat-induced epitope
retrieval 98°C for 40 min. After blocking endogenous peroxidase activity in
the tissue specimen using 3% hydrogen peroxide, the slides were incubated
with appropriately diluted primary antibodies, antihuman CD4 or anti-
human CD14 mouse monoclonal antibodies (Visionbiosystems Novocastra),
The reaction was visualized by the REAL EnVision Detection System
(DAKO) followed by counterstaining with hematoxylin.

Statistical analysis. Hierarchical clustering and principal component

lysis of gene expression was perfi | using BRB-ArrayTools.' Fisher's
exact test was used to examine the significance of hierarchical clustering in
the dendrogram. A class prediction was performed by three nearest
neighbors, incorporating genes that were differentially expressed at the
P = 0.002 significance level, as assessed by the random variance I test
(BRB-ArrayTools). For genes to analyze in a pathway, we nwd a P value of
<005 with 2,000 permutations to avoid und the

uf meaningful signaling pathways that were mordmately upreguhmd or
gulated with subtle differences (13). The cross-validated misclas-

compound (Sakura Finetech; ref. 13). All HCC tissues wl:rt jular and
clearly separated by pi . Cells infiltrat-
ing HCC tissues were visualized under a microscope and precwely excised
by laser capture microdissection (LCM) using a CRI1-337 (Cell Robotics,
Inc), as previously performed (Supplementary Fig S14; ref. 12). Cells

sification rate was computed, and at least 2,000 permutations were
performed for a valid permutation P value. The univariate ¢ values for
comparing the classes were used as weights. Student’s £-test was performed
I'ur RTD-PCR data, and P values of <0.05 were deemed to be statistically

ifi The population of CCRl-positive or CCR2-positive cells in

infiltrating noncancerous tissues of CH-C patients were lized and
excised similarly.

RNA isolation and amplification. Total RNA was isolated from PBMCs
or tissue samples using a microRNA isolation kit (Stratagene) in accordance
with the supplied protocol with slight modifications. Isolated RNA was then
amplified twice using antisense RNA and an Amino Allyl MessageAmp
aRNA kit (Ambion), as described previously (13). The reference RNA sample
was isolated from the PBMCs of a 29-yr-old healthy male volunteer and was
amplified in the same manner. Amplified RNAs from the PBMCs of patients
and the healthy volunteer were labeled with Cy5 and Cy3 (Amersham),
respectively. Equal amounts of amplified RNAs were hybridized to an oligo-
DNA chip (AceGene Human Oligo Chip 30K, Hitachi Software Engineering
Co., Lid.) overnight and were then washed for image scanning,

DNA microarray image analysis. The fluorescence intensity of each

PBMCs by flow cytometry analysis was tested for differences (with P < 0.05)
by the Mann-Whitney U-test, using SPSS software (SPSS Japan, Inc.).
Analysis of expression data for kb gical p and networks.
As for genes significantly up-regulated or down- regu]nlzd in HCC-
infiltrating mononuclear i v cells pared with ous
liver-infiltrating tory cells or in PBMCs in LC
without HCC compared with LC with HCC at P < 0,05, we have performed
lysis of the biological p using the MetaCore software suite
(GeneGo), as described previously (13). Possible networks were created
according to the list of the differentially expressed genes using the
MetaCore datat a unique d database of I protein-protein
and protein-DNA interactions, ling, meta-

T

and sigr
bolic, and bioactive molecules. The P \ralue was calculated as deucﬁhed

spot on the oligo-DNA chip was determined using a DNA Mi ray Scan
Array G (PerkinElmer). The images obtained were quantified using a
DNASIS array (v26, Hitachi Software Engineering Co., Ltd). For normali-
zation, the intensity of each spot without oligo-DNA was subtracted from
that with oligo-DNA in the same block. A validated spot was determined
when the Intensity of the spot was within the intensity +2 5Ds for each
block. By calibrating the median to base quantity, the intensities of all spots
were adjusted for normalization between Cy5 and Cy3.

Quantitative real-time detection PCR. Real-time detection PCR (RTD-
PCR) was performed as previously described (15). Briefly. template cDNA
was synthesized from | g of total RNA using SuperSeript [I RT (Invitrogen).
Primer pairs for chemokine (C-C motif) receptor 1 (Cerl), histone acetyl-
transferase 1 (Hatl), mitogen-activated protein kinase kinase | interacting
protein | (Map2klipl), phosphatidylinositol glycan anchor biosynthesis,
class B (PigB), toll-like receptor 2 (71r2), superoxide dismutase 2 (Sod2).
cytokeratin 8 (Krt8), Krtl8 Krtl9, and glyceraldehydes-3-phosphate
dehydrogenase, as an internal control of expression, were purchased from
the TaqMan assay reagents library (Applied Bi ). Synthesized cDNA
was mixed with the TagMan Universal Master Mix (Applied Biosystems),
as well as each primer pair and reaction was performed using ABI PRISM

P y (13),

Gene expression data of major leukocyte types and analysis of DNA
microarray expression data. Gene expression data for leukocytes were
retrieved through publicly accessible databases.” The gene set database
GDS1775, which includes gene expression data for major leukocyte types.
was obtained and subjected to one-way clustering analysis using BRE-Array
Tools with genes that were up-regulated in HCC-infiltrating mononuclear
inflammatory cells for the enrolled cases above.

Results

Gene expression in mononuclear inflammatory cells infil-
trating into HCC tissue. HCC is frequently associated with infil-
trating mononuclear inflammatory cells (20), and various attempts
have been made to understand their biological significance

! httpe/ Mlinus.nci.nih.gov/BRB-ArrayTools html
? httpe/ /wwwoncbinlm.nih.gov/ geo/

Cancer Res 2008; 68: (24). December 15, 2008

10268

www.aacrjournals.org

—211-



Locosystemic Inflammatory Cells Transcriptional Feature

(8, 9, 21). We selectively obtained HCC-infiltrating mononuclear
inflammatory cells by LCM and compared their gene expression
profiles with those of noncancerous liver-infiltrating mononuclear
inflammatory cells obtained in the same way (Supplementary
Fig. S1A4: Supplementary Table S1). The gene expression profiles of
HCC-infiltrating mononuclear inflammatory cells showed that 115,
206, and 773 genes were up-regulated and 52, 114, and 750 genes
were down-regulated compared with those of noncancerous liver-
infiltrating mononuclear inflammatory cells at P levels of <0.005,
<001, and <0.05, respectively (Geo accession no.’ GSE 1046l;
Supplementary Fig. S18),

Genes at the P < 0.05 level were analyzed with regard to their
role in biological processes in HCC-infiltrating mononuclear
inflammatory cells compared with noncancerous liver-infiltrating
mononuclear inflammatory cells using the MetaCore pathway
analysis software. The significant processes, in which the up-
regulated genes in HCC-infiltrating mononuclear inflammatory
cells were involved, included antigen presentation, an immunolog-
ically important process in antigen-presenting cells, such as
monocyte/macrophages and dendritic cells (Table I; ref. 22). The
genes involved in this process were the genes for the CDI1d
molecule and C-type lectin domain family 4 for glycolipid antigen
recognition (23, 24) and CD86, an accessory molecule indispensable
for provoking an immune response (25), suggesting an activated
immune reaction in these cells. The up-regulated genes in HCC-
infiltrating mononuclear inflammatory cells were also involved in
the ubiquitin-proteasomal proteolysis process, with significant
genes, such as those encoding ubiquitin-conjugating enzymes and
proteasome subunits. This process is required to eradicate
unnecessary proteins, which are ubiquitinated, and then degraded
in proteasomes (26). Processes related to the steps of gene
expression, such as transcription by RNA polymerase [I, mRNA
processing, and the process of the cell cycle were also represented
in the genes up-regulated in HCC-infiltrating mononuclear
inflammatory cells, indicating enhanced cellular activity. Genes
involved in the process of double-strand breaks, such as top-
oisomerase I a4 (27), and proliferating cell nuclear antigen (PCNA:
ref. 28) genes involved in responses to hypoxia and oxidative stress,
such as thioredoxin, peroxiredoxin, and antioxidant protein, were
also up-regulated, suggesting that HCC-infiltrating mononuclear
inflammatory cells were in an activated inflammatory status and
under hypoxic or oxidative stress, presumably caused by the HCC.
Thus, the profile of up-regulated genes in HCC-infiltrating
mononuclear inflammatory cells suggested an inflammatory status,
possibly triggered by antigenic stimulation of HCC tissues.

Fewer processes were identified for the down-regulated genes.
One intriguing process identified was that of integrin-mediated cell
matrix adhesion, suggesting that HCC-infiltrating mononuclear
inflammatory cells may be less adhesive in the local tissues where
they were found (Supplementary Table 53).

Subpopulation analysis of HCC-infiltrating mononuclear
inflammatory cells using i histochemistry and tran-
scriptional analysis, Tumor-infiltrating mononuclear inflamma-
tory cells consist of a mixed cell population, including macrophages,
effector T cells, and regulatory T cells, which have been considered
to be both cancer-favorable or cancer-unfavorable (8, 21). HCC-
infiltrating and noncancerous liver-infiltrating mononuclear
inflammatory cells were immunohistochemically evaluated to
examine the characteristics of the subpopulations. CD14-positive
monocytes/macrophages were prominent in HCC-infiltrating
mononuclear inflammatory cells, whereas they were rarely observed

in noncancerous liver-infiltrating mononuclear inflammatory cells
(Fig. 14). CD4-positive helper T cells were observed in both HCC
tissues and noncancerous liver tissues, although in noncancerous
liver tissues, these cells tended to accumulate within the aggregates
of mononuclear inflammatory cells, whereas they seemed to be
scattered in HCC-infiltrating lear infl y cells
(Fig. 14).

Next, we examined the genes that were significantly up-
regulated in HCC-infiltrating mononuclear inflammatory cells
compared with noncancerous liver-infiltrating mononuclear
inflammatory cells, relative to subpopulations of leukocytes, and
explored how they may be relevant to leukocyte subpopulations,
using the database of the human immune cell transcriptome in
the Gene Expression Omnibus® (Geo accession no. GDSI775),
which covers 26 immune regulatory cells, such as T cells, B cells,
natural killer cells, macrophages, dendritic cells, basophils, and
eosinophils. Among the 206 extracted, up-regulated genes in
HCC-infiltrating mononuclear inflammatory cells (at the P < 0.01
level). 97 annotated genes were used for one-way hierarchical
clusters (Fig. 18). Most genes among 97 annotated up-regulated
genes in HCC-infiltrating mononuclear inflammatory cells were
shown to be expressed with higher magnitude in lipopolysaccha-
ride-stimulated or lipopolysaccharide-unstimulated macrophages
than in other types of major leukocytes. The next subpopulations,
including the second most number of genes for relatively high
magnitude of expression, were Thl and Th2 CD4 cells under
conditions supplemented with interleukin-12 (IL-12) and IL-4,
respectively (Geo accession no." GSM90858), secreting Thl and
Th2 cytokine profiles, respectively, suggesting that featured genes
expressed in HCC-infiltrating mononuclear inflammatory cells
were indicative of CD4 helper T cells, secreting a variety of
cytokines,

Thus, this expression analysis showed that, in HCC lesions with
tumor antigens, there was an accumulation of antigen-presenting
cells, monocyte/macrophages, and CD4 helper T cells, which were
in a cytokine-secreting condition, with enhanced cellular biolog-
ical activities, including ubiquitin-proteasomal proteolysis, pre-
sumably under a hypoxic and oxidative stress environment
caused by the HCC, The overall inflammatory status represented
by HCC-infiltrating mononuclear inflammatory cells was not
determined in terms of an anticancer effect. because no obvious
shift of CD4 helper T cells to the Thl or Th2 condition was
indicated.

Distinct gene expression profile of PBMCs obtained from
patients with cirrhotic liver disease complicated with HCC.
The HCC-infiltrating mononuclear inflammatory cells were distinct
in terms of expressed genes. The putative biological processes
involving these up-regulated genes in tumor-infiltrating mononu-
clear inflammatory cells suggested a general influence of the HCC
on the local environment of the host, represented by stress-
response genes. We, thus, examined whether PBMCs in the
systemic circulation of the patient might also be influenced by
the development of HCC. PBMCs were obtained from 30 patients
with LC associated with HCC and from 32 patients with LC not
associated with HCC, and the gene expression profiles were
compared (Geo accession no.? GSE10459).

Unsupervised hierarchical clustering analysis using 17,903
filtered genes, the expression values of which were not missing
in >50% of the cases, identified two major clusters of patients,
with and without HCC (data not shown). To examine the
reproducibility and the reliability of the clustering, we excluded
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Table 1. Biological processes for genes up-regulated in HCC-infiltrating mononuclear inflammatory cells
Biological process ~log(P) Gene [} teTINT) P Cellular
components *
Antigen presentation 8526 CDl63 NM_004244 396 0.001 M
CD86 antigen NM_006889 328 0.006 M
IFN, a-inducible protein & NM_022872 2.9 0.031 M
IFN., ¥-inducible protein 30 NM_006332 289 0011 M
Fc fragment of IgG, high affinity la. NM_000566 285 0,013 M
receptor (CD&4)
C-type lectin domain family 4. NM_014257 273 0.020
member M
CD63 NM_001780 251 0.024 M
CDI1D antigen NM_001766 219 0.049
Ubigutin-proteasomeal proteolysis 6.555 Nucleoporin 107 kDa NM_020401 432 0.001
Proteasome subunit, [ type, 5 NM_002797 3.80 0.002 M
Ubiguitin-conjugating enzyme E2R 2 NM_017811 367 0.004
Proteasome subunit, a type, 5 NM_002790 364 0.003
Prostaglandin E synthase 3 NM_006601 353 0.003
Ubiguitin-conjugating enzyme E2 NM_005744 294 0.011
binding protein, 1
Ubiguitin-canjugating enzyme E2E 3 NM_006357 275 0.017
Dna) (Hsp40) homologue, subfamily A,  NM_001539 247 0,028
member 1
Syntaxin 5 BC012137 219 0.046
ER and cytoplasm 5.704 Chaperonin containing TCP1, NM_006585 371 0.002 M
subunit 8 (8)
Peptidylprolyl isomerase A NM_021130 3.69 0.002
ERO1-like NM_014584 3.03 0.009 ™M™
Peptidylprolyl isomerase C BCO02678 268 0017 M
SEC63 homologue AF119883 59 0.020
Peptidylprolyl isomerase B NM_000942 254 0023
Chaperonin containing TCP1, NM_006430 253 0.023
subunit 4 (6)
FK506 binding protein 3, 25 kDa NM_002013 246 0.026 M
Heat shock 70 kDa protein 5 AF 188611 245 0.027
mBNA processing 5.143 Small nuclear ribonucleoprotein NM_003092 465 0.000
polypeptide B
Small nuclear ribonucleoprotein BC002505 328 0.005 T
polypeptide F
DEAD (Asp-Glu-Ala-Asp) box NM_007204 322 0.006
polypeptide 20
Cleavage and polyadenylati NM_007007 3.16 0.010
specific factor 6
Cleavage stimulation factor subunit 2 NM_001325 3.10 0.008 T
Heterogeneous nuclear NM_031243 294 0.010
ribonucleoprotein A2/B1
PRP4 pre-mRNA processing factor 4 NM_003913 290 0.020
homologue B
Gem-associated protein 4 NM_015721 2164 0.019 T
L5Mé6 homologue NM_007080 263 0.019
Exportin 1 NM_003400 242 0.029
RNA-binding motif protein 8A AF127761 241 0.030
Splicing factor, arginine/serine-rich | M72709 239 0.036
Transcription by RNA polymerase [I 4.298 TAF9 RNA polymerase [1 NM_016283 501 0.001
General transcription factor IIH. NM_001516 4.74 0.001
polypeptide 3, 34 kDa
TAF6-like RNA polymerase I NM_006473 39 0.002
Nucl P P 1 AFM4209 364 0.007
TATA box binding protein NM_003194 289 0.018
(Ci d on the following page)
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Table 1. Biological processes for genes up-regulated in HCC-infilirating mononuclear inflammatory cells (Cont'd)
Biological process —log(P) Gene D t(TI'NT) P Celiular
components *
Cofactor reguired for Spl NM_004270 282 0014 ™M
transcriptional activation
SUB1 homologue NM_006713 259 0.021
General transcription factor 11, | NM_033001 255 0,023 M
GONS-like 2 NM_021078 234 0.8
TBP-like 1 NM_004865 224 0.043
Double-strand breaks repair 3289 RADS51 homologue C NM_058216 5.24 0.000 T
Wemer syndrome AF091214 499 0.000 T
NIMA-related kinase 1 AKO027580 327 0.007
Protein phosphatase 2 AF086924 3.24 0.023
Protein phosphatase 6 NM_002721 313 0.007
Proliferating cell nuclear antigen NM_002592 280 0014 T
Topoisomerase [l a-4 AF285159 257 0033 i |
ESRI-nuclear pathway 2.886 Jucl T p 1 AF(44209 364 0.007
Nuclear receptor coactivator 4 X77548 i 0.007
Dopact NM_001922 3.04 0.019
COP9, subunit 5 NM_006837 277 0.014
Tissue specific extinguisher 1 NM_002734 270 0.018 M
SCAN domain containing 1 NM_033630 250 0.026
Kinase insert domain receptor NM_002253 235 0.047
Cell cycle 2241  Cyclin-dependent kinase inhibitor 3~ NM_005192 4.60 0.000
Erythrocyte membrane protein NM_004437 347 0.014
band 4.1
RAN, member RAS oncogene family ~ NM_006325 338 0.004 T
Cyclin C NM_005190 3.14 0.008
Cell division cycle 42 NM_044472 314 0.007
Cyclin-dependent kinase-like | NM_00419% 27 0,033
Cell division cycle 73 NM_024529 272 0.043 M
Cell division cycle 27 NM_001256 257 0.043
Microtubule-actin cross-linking AK023285 257 0025
factor |
Histone cluster 1 NM_005323 230 0047
Cyclin-dependent kinase 7 NM_001799 213 0.050
Cyclin Gy NM_004354 248 0.038
Response to hypoxia and oxidative stress 1.401 Thioredoxin NM_003329 264 0019 M
Glutaredoxin 2 NM_016066 263 0.024 .M
Peroxiredoxin 3 NM_006793 281 0.016 .M
Peroxiredoxin 2 NM_005809 227 0.039
Antioxidant protein 2 NM_00:4905 222 0.042
Peroxiredoxin 1 NM_002574 22 0.043 M
Microsomal glutathione NM_002413 241 0.031 M
S-transferase 2
*T represents tumor-infiltrating mononuclear inflammatory cells.
INT represents non-tumor-infiltrating mononuclear inflammatory cells.
1Cellular components predominantly expressed cellular comp 5 g 26 i regulatory cells (T. Th cells: M, macrophage).

unchanged genes in all samples (genes with less than a 1.8-fold
difference in >85% of samples) to remove noise. This hierarchical
clustering analysis using 1,917 filtered genes confirmed two clear
clusters in patients with or without HCC (Fig. 24). In one major
cluster, including the most LC cases, there was a subcluster, LC/
HCC, which included more of the HCC patients located next to
the cluster of patients with HCC (LC/HCC: Fig. 24). The
reproducibility of the clustering (proportion, averaged over
replications and over all pairs of samples in the same cluster,
BRB-ArrayTools) was 93%. Sensitivity and specificity to HCC in

this cluster analysis is 88% and 76%, respectively. These cirrhotic
patients without HCC were followed for at least a further
12 months to detect HCC; nmone of those in the LC group
developed HCC over this time. The principal component analysis
was performed with the filtered 1,917 genes and the two major
groups; classifying LC and HCC were similarly observed
(Fig. 2B).

To further confirm that gene expression in the PBMCs of
patients with HCC was distinct from that in patients without
HCC, analysis of PBMC gene expression was performed by a
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supervised learning method using categories of LC-C or HCC, age.
gender, serum alanine aminotransferase (ALT). and a-fetoprotein
(AFP). It showed that patients with or without HCC were
significant classifiers (P < 0.0005), assigned with 1,430 predictor
genes (P < 0.002; Table 2). Of 32 patients with LC, eight (25%)
were misclassified as having HCC, and 2 of 30 patients with HCC
(6.7%) were misclassified as not having HCC, indicating that the
overall accuracy of the prediction of a patient with or without
HCC was 84% (Table 2). Other clinical variables supposed to be
related to HCC occurrence, such as age (ref. 29; >68 or < 68 years
old), gender (30). and ALT(ref 31: >50 or =50 [U/L), could not
differentiate gene expression in PBMCs. AFP (>20 or <20 ng/mlL)
was actually significant but was a much less powerful classifier
(P < 002 assigned with 301 classifier genes). The prediction
accuracy for categories of LC-C versus HCC and the AFP value >20
versus <20 ng/mL is not significantly affected whenever the number
of predictor genes is reduced to below 62 (Supplementary Fig 52).
Taken together, these results by unsupervised and supervised
analysis methods indicate that HCC development in LC-C patients
significantly affects the gene expression profile in PBMCs.
Features of biological processes for which gene expression
was significantly altered in PBMCs in HCC patients. We next
examined the biological processes possibly affected by HCC
development, given the expression profiles in PBMCs from
patients with HCC. Statistical analysis showed that 867 genes
were up-regulated and 989 genes were down-regulated in PBMCs
from patients with HCC, compared with those without HCC
(P < 0.005). Six representative genes, Cerl, Hat. Map2klipl, PigB,
1ir2 and Sod2, were randomly selected from genes which were
biologically important and differentially expressed between LC
and HCC groups, and their expression was confirmed by RTD-
PCR (Supplementary Fig. S34). To exclude the possibility of
circulating cancer cells, we have also examined the expression of
Afp. Krt8, Krtl8& and Krt]9. No expression was detected for
Afp (data not shown), and no statistically significant difference
was found for expression of Krt& KrtI& and Krtl9 between
patients with HCC and without HCC (Supplementary Fig. S34).
The expression data were also confirmed by flow cytometric
analysis. We evaluated how many cells in blood expressed CCRI
and CCR2 and confirmed that populations expressing CCRI1 and
CCR2 were significantly higher in PBMCs from patients with HCC
than those without (Supplementary Fig. S3B). To understand
the biological processes in PBMCs for which up-regulated or
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