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of patients (1). osteosarcoma originating in the pelvis and
spine generally has a poor outcome. The prognosis of os-
teosarcoma patients older than 40 years is generally poor,
probably because of their lower tolerance to high-dose
chemotherapy and higher rate of axial tumor origin
(1, 4). Through various experimental and assumption-
based approaches, P-glycoprotein (multidrug resistance-1;
ref. 5), ezrin (6), vascular endothelial growth factor (7, 8),
matrix metalloproteinases (MMP; ref. 9), chemokine
CXC muotif receptor-4 (10), and other molecules have been
shown to correlate significantly with outcome in osteosar-
coma patients (11), but the clinical significance of these mo-
lecular biomarkers has not been established, and the
molecular mechanisms behind the aggressive behavior
of osteosarcoma still remain obscure.

Recently, Man and colleagues performed a microarray
analysis of 34 cases of pediatric osteosarcoma and iden-
tified gene expression profiles that can predict response
to chemotherapy (12). To clarify the alterations in gene
expression associated with pulmonary metastasis, we
have carefully selected cases with similar clinicopatho-
logic backgrounds but demonstrating distinctly different
outcomes, and did a microarray analysis under the as-
sumption that osteosarcoma developing in older patients
and/or in the trunk may have a different genetic back-
ground and different molecular mechanisms of progres-
sion. Here, we report that reduced expression of
argininosuccinate synthetase (ASS) is a novel predictive
biomarker for osteosarcoma patients with an unfavorable
prognosis. Experimentally, osteosarcoma cells lacking
ASS expression showed high sensitivity to arginine deple-
tion. Our data seem to suggest a new therapeutic option
for osteosarcoma patients with an unfavorable prognosis.

Materials and Methods

Patients and Tumor Samples

All tumor samples in this study were obtained by di-
agnostic incisional biopsy from primary sites of osteo-
sarcoma before necadjuvant chemotherapy at the
National Cancer Center Hospital (Tokyo, Japan) between
March 1996 and September 2007. We did not include pa-
tients older than 40 y and have primary tumors located
outside the extremities. Each fresh tumor sample was cut
into two pieces, one of which was immediately cryopre-
served in liquid nitrogen, and the other fixed with forma-
lin. The diagnosis of osteosarcoma and histologic
subtypes were determined by certified pathologists. Only
osteosarcoma samples with the osteoblastic, chondro-
blastic, fibroblastic, and telangiectatic histologic subtypes
were included. The response to chemotherapy was classified
as good if the extent of tumor necrosis was 90% or greater.

All patients provided written informed consent au-
thorizing the collection and use of their samples for
research purposes. The study protocol for obtaining
clinical information and collecting samples was ap-
proved by the Institutional Review Board of the National
Cancer Center (Tokyo, Japan).

Microarray Analysis

Total RNA was isolated using the IsoGen lysis buffer
{(Nippon Gene) and purified with a RNeasy Mini kit
(Qiagen) in accordance with the manufacturer's protocol.
We used a GeneChip Human Genome U133 Plus 2.0 array
(Affymetrix) containing 54,613 probe sets. Target cRNA
preparation, hybridization to the microarray, washing,
staining, and scanning were done in accordance with the
manufacturer's instructions (13). The relative expression
values of the probe sets were calculated using the Array
Assist 5.0 software package (Stratagene).

Real-time Reverse Transcription-PCR

For cDNA synthesis, 1 pg of total RNA was reverse
transcribed by random priming with a High Capacity
¢DNA Reverse Transcription kit (Applied Biosystems).
Gene-specific Tagman primers and probes were designed
by Applied Biosystems. Amplification data measured as
an increase in reporter fluorescence were collected using
the PRISM 7000 Sequence Detection system (Applied Bio-
systems). The mRNA expression level relative to the in-
ternal control (ACTB, p-actin gene) was calculated by the
comparative threshold cycle (Cy) method (14).

Immunohistochemistry

Human anti-ASS monoclonal antibody was purchased
from BD Bioscience. Formalin-fixed, paraffin-embedded
tissue sections (4 pm thick) were stained using a DAKO
streptavidin-avidin-biotin complex kit (DAKO Corp.; ref. 15).

Cell Lines

The human osteosarcoma cell lines U-2, MNNG/HOS,
and MG-63 were purchased from the American Tissue
Culture Collection. NOS-1 and HuO-9N2 were pur-
chased from Riken BRC Cell Bank. Arginine-containing
and arginine-free media were prepared by the Cell
Science & Technology Institute (Miyagi, Japan) and were
supplemented with 10% dialyzed fetal bovine serum
(Invitrogen).

A plasmid containing human ASS cDNA (pAS4/1/9)
was obtained from the American Tissue Culture Collec-
tion. The ASS cDNA was subcloned into the EcoRV site
of pcDNA3.1 (Invitrogen). Colony formation assay was
done as previously described (16), and the areas occupied
by colonies were quantified using the Image J software
package (v1.41, NIH).

Western Blot Analysis

Anti—p-actin mouse monoclonal antibody (AC-74) was
purchased from Sigma-Aldrich. Protein samples were
subjected to SDS- PAGE and transferred to Immobilon-P
membranes (Millipore). After an overnight incubation
with primary antibodies at 4°C and with relevant sec-
ondary antibodies at room temperature for 1 h, blots were
detected using enhanced chemiluminescence Western
blotting detection reagents (GE Healthcare UK; ref. 17).
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Table 1. Clinicopathologic characteristics of ostessarcoma patients analyzed using microarrays

Development of plumonary recurrence Present (n = 7) Abscent (n = 12)

Gender 0.938*
Male 5 7
Female 2 5

Age 0.233
Mean (SD) 16 (5.3) 14 (4.0)

Site of origin 0.317*
Femur, proximal 1 1
Femur, distal 3 5
Tibia, proximal 2 3
Tibia, distal 1 2
Other 0 1

Histologic subtype 0.976*
Osteoblastic 6 9
Others 1 3

Metastasis at diagnosis 0.976*
Absent 6 9
Present 1 3

Neoajuvant chcemotherapy regimen 0.347
MTX+DOX/CDDP 5 5
IFO+DOX/CDDP 2 5
Others 0 2

Response to neoadjuvant chemotherapy 0.667*
Good (necrosis >90%) 2 6
Poor (necrosis <90%) 5 6

Duration to the development of
pulmonary metastasis (mo)

Mean (SD) 28 (11.6) NA

Disease status <0.001*
CDF 0
NED 3 1
DOD 4

Follow-up period (mo) 0.290
Mean (SD), mo 62 (29.0) 72 (31.0)

mRNA expression (microarray-based arbitrary unit),
mean (SD)
VEGF 1,151 (661) 2,519 (1,709) 0.056
MMP2 2,645 (1,812) 3,019 (2,158) 0.837
MMP9 6,521 (5,284) 7,981 (6,199) 0.711
CXCR4 989 (300) 844 (456) 0.536
TP53 108 (50) 74 (39) 0.120
ABCB1 (MDR1) 42 (10) 36 (5) 0.167
ERBB2 (Her2) 199 (96) 215 (69) 0.331
BIRCS5 (Survivin) 424 (216) 432 (163) 0.711
VIL2 (Ezrin) 574 (213) 598 (321) 0.837
wr1 45 (9.0) 42 (5.9) 0.612
LRPS 48 (11) 51(12) 0.482
FAS 303 (266) 316 (322) 0.837
ASS 86 (41) 541 (379) <0.001

NOTE: Wilcoxon test was applied to assess differences in values.

Abbreviations: MTX, methotrexate; DOX, doxorubicin; CDDP, cisplatin; IFO ifosfamideof disease; NA, not applicable; CDF, chronic
disease free; NED, no evidence of disease; DOD, deed of disease.

*Calculated by X test.
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Fluorescence-Activated Cell Sorting Statistical Analysis
Cells were harvested using trypsinization and centri- Estimates of overall and metastasis-free survival were
fuged at 1,000 rpm for 5 min. A CycleTEST PLUS DNA computed using the Kaplan-Meier method. Overall sur-
Reagent kit (Becton Dickinson) was used to stain the vival was calculated from the day of diagnosis until the
cells. DNA content was analyzed using a cell sorter end of follow-up or death. Metastasis-free survival was
(FACSCalibur, Becton Dickinson). calculated from the day of diagnosis until the detection
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Figure 1. Downregulation of ASS in osteosarcoma patients who developed pulmonary metastasis. Aand B, relative expression of ASS mRNAin osteosarcoma
patients who did [metastasis (+)] and did not [metastasis ()] develop pulmonary metastasis, determined by microarray and quantitative real-time reverse
transcription-PCR (B). C to H, H&E (C~E) and immunoperoxidase (F~H) staining of ASS-positive (C, D, F, and G) and ASS-negative (E and H) osteosarcoma.
{ and J, Kaplan-Meier analysis of metastasis-free survival (I) and overall survival (J) of patients with ASS-positive and ASS-negative osteosarcoma.
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Table 2. Clinicopathologic data of 62 os-
teosarcoma patients examined by immu-
nohistochemistry

Variables No. of patients %
All 62 100
Gender

Male 41 66

Female 21 34
Age

<10 7 11

10-19 37 60

20-29 12 19

30-39 6 10
Location

Lower extremity 55 89

Upper extremity 7 11
Histogical subtype

Osteoblastic 35 56

Chondroblastic 10 16

Fibroblastic 3 5

Telangiectatic 3 5

Not determined 11 18
Metastasis at diagnosis

Absent 53 85

Present 9 15
Response to neoadjuvant chemotherapy

Good 21 34

Poor 35 56

NA 6 10
Development of pulmonary recurrence

Yes 23 37

No 39 63
ASS protein expression

Positive 22 35

Negative 39 63

Not evaluable 1 2

Abbreviation: NA, not available.

of new pulmonary lesions. Analyses such as the log-rank
test, x” test, and Cox proportional hazards regression
model were done using the R statistical package version
2.7.0.7 Differences at P < 0.05 were considered significant.

Hesullts

Downregulation of ASS in Osteosarcoma Patients
Developing Pulmonary Metastasis

We compared the gene expression profiles of biopsy
samples obtained from 7 osteosarcoma patients who later

7 http:/ / www.r-project.org/

developed lung metastasis within 4 years after neoadju-
vant chemotherapy and subsequent surgical resection,
and 12 patients who did not. The latter included three
patients who had lung metastases at the time of diagno-
sis but did not relapse after lung resection. We carefully
matched the distribution of gender, age, primary sites,
histologic subtypes, and chemotherapeutic regimens be-
tween the two groups (Table 1). All of the 19 patients
were <40 years of age and the biopsy samples were ob-
tained from their primary lesions (not recurrent or meta-
static tumors) in the upper or lower extremities before
chemotherapy.

Genes that are reportedly correlated with the prognosis
or metastasis of osteosarcoma, such as VEGF (7, 8),
MMP2/9 (9), CXCR4 (10), TP53 (18), ABCB1 (5), ERBB2 (19),
BIRC5 (20), VIL2 (6), WT1 (21), LRP5 (22), and FAS (23), did
not show significant differential expression (Table 1). Sup-
plementary Tables 51 and S2 list 102 differentially ex-
pressed genes showing a fold change of >2.0 and a
P value of <0.05. It is noteworthy that only 7 genes were
upregulated in osteosarcoma patients who developed
lung metastasis, whereas the remaining 95 genes were
downregulated. Among these genes, ASS attracted our in-
terest. The expression of ASS was downregulated 6.3-fold,
with the highest statistical significance (P = 2.2 x 107), in
osteosarcoma patients who developed lung metastasis
(Supplementary Table S1; Fig. 1A). The microarray data
were confirmed by real-time reverse transcription-PCR
(Fig. 1B).

Validation by Immunohistochemistry

ASS protein expression was assessed immunohisto-
chemically (Fig. 1C-H) in an independent cohort com-
prising 62 osteosarcoma patients (Table 2). The cohort
included 41 males and 21 females. The average age at di-
agnosis was 18 years (7-38 years) and the mean follow-up
period was 54 months (3-181 months). Of these 62 pa-
tients, 23 developed pulmonary metastasis during the
study period. No patients developed metastasis in other
organs without having a pulmonary lesion.

ASS expression was positive in 22 (Fig. 1F and G) and
was negative in 39 specimens (Fig. 1H). Metastasis-free
survival of patients with ASS-negative osteosarcoma
was significantly worse than that of patients with ASS-
positive osteosarcoma (P = 0.030, log-rank test; Fig. 1I).
The estimated metastasis-free survival rate was 88.5%
at 2 years and 71.5% at 5 years after treatment in ASS-
positive patients, compared with 63.2% and 47.7%,
respectively, in ASS-negative patients. There was no sig-
nificant intergroup difference in overall survival (P =
0.221), but there was a trend of favorable survival prob-
ability for osteosarcoma with ASS expression (Fig. 1]).
This was probably due to the relatively small cohort size.
Cox regression analysis revealed that age, gender, prima-
ry tumor site (upper or lower extremity and proximal or
distal location), histologic subtype, response to chemo-
therapy, and presence of metastasis at diagnosis were
not significantly correlated with metastasis-free survival
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Table 3. Univariate Cox regression analysis of metastasis-free survival
Variable Hazard ratio 95% confidence interval Z value P
Lower Upper

Age ()

<10 or =10 1.92 0.448 8.21 0.878 0.380

<20 or 20 1.94 0.836 4512 1.55 0.120

<30 or >30 1.59 0.471 5.356 0.746 0.460
Gender

Male or female 0.433 0.160 1173 -1.64 0.100
Original site

Lower or upper 1.14 0.338 3.824 0.207 0.840

Proximal or distal 0.93 0.401 2.154 -0.171 0.860
Histologic subtype

Osteoblastic or others 1.240 0.450 3.423 0.416 0.680
Response to neoadjuvant chemotherapy

Poor or good 0.627 0.24 1.638 -0.954 0.340
Metastasis at diagnosis

Abscent or present 0.657 0.153 2.813 -0.565 0.570
ASS protein expression

Negative or positive 0.319 0.108 0.945 -2.06 0.039*
*P value of < 0.05 was considered significant.

(Table 3). Only ASS expression was significantly corre-
lated with metastasis-free survival (P = 0.039).

Overexpression of ASS Causes Growth Suppression
of Osteosarcoma Cells

To examine the functional effect of ASS downregula-
tion on osteosarcoma cell proliferation, four osteosarcoma
cell lines (U2, NOS-1, MNNG/HOS, and MG63) were
transfected with an expression plasmid containing human
ASS ¢DNA (pcDNA3.1/ASS) or a control empty vector
(pcDNA3.1). For all the cell lines, those transfected with
pcDNA3.1/ASS formed significantly fewer colonies than
those transfected with pcDNA3.1 (Fig. 2), indicating a
growth-suppressive effect of ASS on osteosarcoma cells.

Cell Growth Inhibition of Osteosarcoma Showing
Low ASS Expression Due to Arginine Deprivation
ASS is an essential enzyme for the production of argi-
nine. U2 cells, which express a high amount of ASS
(Fig. 3A), grew equally well in arginine-containing and
arginine-free medium. Fluorescence-activated cell sorting
analysis of U2 cells revealed no significant difference be-
tween those cultured in arginine-containing medium and
those grown in arginine-free medium. On the other hand,
the four cell lines with relatively low ASS expression
(MNNG/HOS, NOS-1, HuO9N2, and MG63; Fig. 3A)
showed no cell growth at all when cultured with arginine-
free medium (Fig. 3B). An increase in the proportion of
cells in the G, phase and a decrease of those in the G,-M
phase were observed in the four cell lines with relatively

low ASS expression when the cells were cultured in
arginine-free medium (Fig. 3C). These results indicated
that arginine deprivation induced G, arrest in osteo-
sarcoma cells with low ASS expression.

Discussion

Control of pulmonary metastasis is essential for im-
proving the prognosis of osteosarcoma, and there is an
urgent need to clarify the molecular mechanisms behind
the process of metastasis, which could lead to the discov-
ery of novel therapeutic approaches for osteosarcoma.
Although several molecules associated with the meta-
static potential of osteosarcoma have been identified by
assumption- and microarray-based analyses, the lack of
consistent results in reports to date precludes any defin-
itive assessment of those molecules (11). This is likely due
to the limited number of osteosarcoma patients as well as
their heterogeneous characteristics such as age, tumor
site, histologic subtype, and treatment history before
sample collection. To identify more accurate predictive
markers for patients at high risk of lung metastasis, ap-
propriate patient selection is vital. We therefore assessed
the expression profiles of a cohort of osteosarcoma pa-
tients ages <40 years whose tumors were located in the
limbs (Table 1). The specimens were obtained by diag-
nostic biopsy from the primary sites of osteosarcoma to
unify the sample conditions, and this sample cohort was
composed of all four major histologic subtypes of osteo-
sarcoma to minimize any selection bias. Our microarray
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analysis revealed that expression of ASS was signifi-
cantly downregulated in osteosarcoma patients with
postoperative metastasis (Fig. 1A and B). Moreover, we
found a remarkable correlation between ASS expression
and metastasis-free survival in osteosarcoma patients
(Table 3), indicating that the loss of ASS could serve as
a predictive biomarker for the postsurgical pulmonary
recurrence of osteosarcoma. The expression of various
genes has been reported to correlate with the outcome
of osteosarcoma patients, but none of these showed a sig-
nificant correlation with the development of pulmonary
metastasis in our microarray analysis (Table 1), probably
because of the different criteria used for the selection
of cases for the analysis. However, four ASS-positive

patients in the validation cohort developed pulmonary
metastases (Fig. 1I), indicating that some unknown fac-
tor(s) other than ASS is also involved in the process of
pulmonary metastasis.

ASS is a rate-limiting enzyme in the biosynthesis of ar-
ginine, converting citrulline to argininosuccinate, the im-
mediate precursor of arginine (24, 25). ASS has three
major functions in mammalian organisms: (4) ammonia
detoxication through the urea cycle in the liver, (b) argi-
nine production in the kidney proximal tubule, and
() arginine synthesis for the production of nitric oxide
in various cells (24, 25). Previous studies by others have
shown that ASS deficiency is frequently evident in sev-
eral human cancers, including melanoma, hapatocellular
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carcinoma (HCC), and prostate carcinoma (26), and ASS
deficiency is significantly associated with the lymphatic
dissemination of esophageal carcinoma (27). However,
no studies have clarified the mechanisms by which lack
of ASS confers malignant phenotypes on tumor cells or
how the ASS gene is downregulated. In the present
study, we showed that the restoration of ASS expression
in osteosarcoma cell lines suppressed their growth
(Fig. 2). Considering that the lack of ASS expression is

frequently observed in cells of several other cancers,
such as melanoma and HCC, ASS may regulate normal
cellular functions, thereby working as a tumor suppres-
sor. Alternatively, the gain of arginine from the microen-
vironment or the circulation might confer some growth
advantage on ASS-negative tumor cells, instead of gener-
ating arginine on their own. Further work is needed to
clarify the role of ASS in the inhibition of tumor cell
growth. In an attempt to investigate the molecular mechanism
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of ASS gene silencing, we tried to restore ASS expression
by treating the osteosarcoma cells with a methyltransfer-
ase inhibitor, 5-aza-2'-deoxycytidine. However, we ob-
served no effects on the restoration of ASS in these cells,
indicating that the promoter methylation of the ASS gene
is not responsible for the silencing of ASS (data notshown).

Because tumors not expressing ASS are auxotrophic for
arginine, arginine deprivation has been reported to be an
effective anticancer treatment for ASS-deficient tumors,
as exemplified by HCC, melanoma, and renal cell carci-
noma, both in vitro and in vivo, and also by malignant
mesothelioma, retinoblastoma, and pancreatic cancer
in vitro (28-36). It is therefore plausible that ASS deficien-
cy could become a therapeutic target for osteosarcoma,
besides being a predictive biomarker for postsurgical
pulmonary metastasis. The effect of arginine deprivation
has not been established in osteosarcoma (37). We
showed that four osteosarcoma cell lines with low levels
of ASS expression failed to grow in arginine-free me-
dium, whereas ASS-positive cells were able to grow in
medium with or without arginine. Furthermore, osteo-
sarcoma cells that did not proliferate in arginine-free me-
dium underwent Gg-G; arrest (Fig. 3B and C). In such
cells, the sub—Gg-G, population was barely detectable, in-
dicating that arginine deprivation for 3 days did not
cause apoptosis. This finding may not contradict a previ-
ous observation by Gong et al. (37), who showed that ar-
ginine deiminase (ADI) induced apoptosis in cultured
cells only at high concentration. ADI seems to have a va-
riety of pharmacologic activities besides arginine deple-
tion (31, 37-41).

Based on our present findings, we propose a new ther-
apeutic approach for the management of osteosarcoma
patients who are at high risk of lung metastasis. Before
starting neoadjuvant chemotherapy, diagnostic biopsy
specimens from osteosarcoma patients should be
screened for ASS by immunohistochemical assay. Then,
for those lacking ASS or expressing ASS at reduced le-
vels, systemic arginine deprivation is recommended to
reduce the risk of developing pulmonary metastasis. Giv-
en that ~50% of osteosarcoma patients are resistant to
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Supplementary Table S1. List of genes whose expression was significantly down-regulated in OS
patients who developed pulmonary metastasis (P < 0.05)

Probe Set ID  Gene symbol Description P-value Fold change
207076_s at  ASSI1 argininosuccinate synthetase 1 2.20E-05 6.305
218424 s at STEAP3 STEAP family member 3 0.00126 2.150
237452_at - Transcribed locus 0.00130 2.384
237773 _at - Transcribed locus 0.00224 2.175
225863 _s at  C19orfl2 chromosome 19 open reading frame 12 0.00272 2.025
201036_s at HADH hydroxyacyl-Coenzyme A dehydrogenase 0.00299 2.003
219454 _at EGFL6 EGF-like-domain, multiple 6 0.00304 9.457
228844 at SLCI13AS5 solute carrier family 13 (sodium-dependent citrate transporter), member 5 0.00321 2.117
229963 _at BEXS BEX family member 5 0.00334 4.086
204223 at PRELP proline/arginine-rich end leucine-rich repeat protein 0.00342 4.340
205908 s at OMD osteomodulin 0.00443 4.035
225293 _at COL27A1 collagen, type XX VII, alpha 1 0.00459 2.583
227655_at -em CDNA FLJ38512 fis, clone HCHON2000503 0.00462 2.187
205907 _s_at OMD osteomodulin 0.00473 3.602
225288 at COL27A1 collagen, type XX VI, alpha 1 0.00548 2.842
223836 _at FGFBP2 fibroblast growth factor binding protein 2 0.00574 13.529
224020_at MGC4473  hypothetical LOC79100 0.00580 3.149
223983 s at  Cl9orfl2 chromosome 19 open reading frame 12 0.00617 2.152
205679 _x at  ACAN aggrecan 0.00641 5.251
210258 at RGS13 regulator of G-protein signaling 13 0.00755 2.317
226760 _at LOC203411 hypothetical protein LOC203411 0.00975 2.120
207692 s at  ACAN aggrecan 0.01006 6.008
204400 _at EFS cmbryonal Fyn-associated substrate 0.01043 2.041
202709_at FMOD fibromodulin 0.01068 6.475
228224 at PRELP proline/arginine-rich end leucine-rich repeat protein 0.01139 3.433
210367_s at  PTGES prostaglandin E synthase 0.01216 2.525
213492_at COL2A1 collagen, type II, alpha 1 0.01341 21.271
210839 s at ENPP2 ectonucleotide pyrophosphatase/phosphodiesterase 2 (autotaxin) 0.01351 2.547
202575 _at CRABP2 cellular retinoic acid binding protein 2 0.01390 2.716
217161_x_at  ACAN aggrecan 0.01398 4.895
202920 at ANK2 ankyrin 2, neuronal 0.01425 2.990
209628 _at NXT2 nuclear transport factor 2-like export factor 2 0.01456 2.168
202219 _at SLC6A8 solute carrier family 6 (neurotransmitter transporter, creatine), member 8  0.01469 2.042
224345 x at  C3orf28 chromosome 3 open reading frame 28 0.01484 2.349
206172 _at IL13RA2 interleukin 13 receptor, alpha 2 0.01508 5.689
209392 _at ENPP2 ectonucleotide pyrophosphatase/phosphodiesterase 2 (autotaxin) 0.01512 2.206
231131 _at FAMI133A  family with sequence similarity 133, member A 0.01598 2.812
223193 x_at  C3orf28 chromosome 3 open reading frame 28 0.01612 2.331

potassium large conductance calcium-activated channel, subfamily M,

221584 s at KCNMALI 0.01629 2.209
- alpha member 1
217525 _at OLFMLI olfactomedin-like 1 0.01633 2.190
232267 _at GPR133 G protein-coupled receptor 133 0.01676 2.025
228218 _at - CDNA clone IMAGE:5284125 0.01836 2.057
203570 _at LOXLI1 lysyl oxidase-like 1 0.01860 2.524
204508_s at  CAl2 carbonic anhydrase XII 0.01922 2.591
211276 _at TCEAL2 transcription elongation factor A (SII)-like 2 0.01938 4.972
204736_s at  CSPG4 chondroitin sulfate proteoglycan 4 0.01993 2.178
213348 _at CDKNI1C cyclin-dependent kinase inhibitor 1C (p57, Kip2) 0.02170 2.185
205475_at SCRG1 scrapie responsive protein 1 0.02189 20.654
220942 x at  C3orf28 chromosome 3 open reading frame 28 0.02291 2.178
39729 _at PRDX2 peroxiredoxin 2 0.02310 2222
214164 x_at  CAl2 carbonic anhydrase XII 0.02463 2.810
230204 _at --- Transcribed locus 0.02469 5.283
232010_at FSTL5 follistatin-like 5 0.02477 3.505
210511_s at  INHBA inhibin, beta A 0.02595 2.179
239481 _at FAMI33A  family with sequence similarity 133, member A 0.02598 3.027
201261 x_at BGN biglycan 0.02718 2.386
202868 s at  POP4 processing of precursor 4, ribonuclease PMRP subunit (S. cerevisiae) 0.02766 2.204
227240 _at NGEF neuronal guanine nucleotide exchange factor 0.02795 2.773
210512 s at VEGFA vascular endothelial growth factor A 0.02845 2.188
230372 _at HAS2 Hyaluronan synthase 2 0.03010 2.571
230895 _at -—- Transcribed locus 0.03018 4559
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206432 _at HAS2
223687 s at  LY6K
204932_at TNFRSF11B

202935 s at  SOX9

28214 at -
213905 x at  BGN
218730_s at OGN
217404 s at  COL2AI
205081 at  CRIPI
212171 x at  VEGFA
210145 at  PLA2G4A
214297 at  CSPG4
222043 at  CLU
205523 at  HAPLNI
207177 at  PTGFR
209189 at  FOS

IGF2 /// INS
202410 x at NS IGF2
204724 s at  COL9A3
222722 at OGN
203963 at  CAI2
227140 at -
215867 x_at  CAI2
209815 at  PTCHI
229839 at  SCARAS
204844 at  ENPEP

208651 _x_at  CD24
266_s_at CD24
218484 at NDUFA4L2
227498 at -

216379 x at  CD24
204933 s at  TNFRSF11B
205901 at PNOC
209771 x_at  CD24
205524 s at  HAPLNI

hyaluronan synthase 2
lymphocyte antigen 6 complex, locus K

tumor necrosis factor receptor superfamily, member 11b (osteoprotegerit

SRY (sex determining region Y)-box 9

(campomelic dysplasia, autosomal sex-reversal)
Transcribed locus

biglycan

osteoglycin

collagen, type I, alpha 1

cysteine-rich protein 1 (intestinal)

vascular endothelial growth factor A

phospholipase A2, group IVA (cytosolic, calcium-dependent)
chondroitin sulfate protcoglycan 4

clusterin

hyaluronan and proteoglycan link protein 1
prostaglandin F receptor (FP)

v-fos FBJ murine osteosarcoma viral oncogene homolog

insulin-like growth factor 2 (somatomedin A) /// insulin /// INS-IGF2

collagen, type IX, alpha 3

osteoglycin

carbonic anhydrase XII

CDNA FLJ11041 fis, clone PLACE1004405
carbonic anhydrase XII

patched homolog 1 (Drosophila)

Scavenger receptor class A, member 5 (putative)
glutamyl aminopeptidase (aminopeptidase A)
CD24 molecule

CD24 molecule

NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4-like 2
CDNA FLJ11723 fis, clone HEMBA1005314
CD24 molecule

tumor necrosis factor receptor superfamily, member 11b (osteoprotegerin)

prepronociceptin
CD24 molecule
hyaluronan and proteoglycan link protein 1

0.03090
0.03109
0.03150

0.03178

0.03307
0.03345
0.03417
0.03422
0.03467
0.03535
0.03538
0.03705
0.03836
0.03897
0.04037
0.04090

0.04110

0.04126
0.04157
0.04177
0.04272
0.04364
0.04393
0.04394
0.04647
0.04673
0.04677
0.04732
0.04748
0.04815
0.04816
0.04851
0.04851
0.04911

2.436
2,927
2.819

2.396

2.034
2.434
5.400
19.284
2.078
2.031
2.277
2212
2974
3.910
2.926
2.109

2.086

4.816
4.682
2.506
2.160
2.506
2.823
2219
2.050
2.325
2731
3.466
2.363
2.642
2.390
4.542
2.509
3.479

Supplementary Table S2. List of genes whose expression was significantly up-regulated in OS
patients who developed pulmonary metastasis (P < 0.05)

Probe Set ID  Gene symbol Description P-value  Fold change
204160 s at  ENPP4 ectonucleotide pyrophosphatase/phosphodiesterase 4 (putative function) 0.00894 2.124
227290_at - CDNA FLJ13598 fis, clone PLACE1009921 0.01817 2.012
204913 s at  SOX11 SRY (sex determining region Y)-box 11 0.04052 3.869
206391 _at RARRES! retinoic acid receptor responder (tazarotene induced) 1 0.04493 2.291
230624 _at SLC25A27  solute carrier family 25, member 27 0.04715 2.111
235183 at — CDNA clone IMAGE:5312689 0.04942 3.532
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To clarify genome-wide DNA methylation profiles during hepato-
carcinogenesis, bacterial artificial chromosome (BAC) array-
based methylated CpG island amplification was performed on 126
tissue samples. The average numbers of BAC clones showing DNA
hypo- or hypermethylation increased from noncancerous liver
tissue obtained from patients with hepatocellular carcinomas
(HCCs) (N) to HCCs. N appeared to be at the precancerous stage,
showing DNA methylation alterations that were correlated with
the future development of HCC. Using Wilcoxon test, 25 BAC
clones, whose DNA methylation status was inherited by HCCs
from N and were able to discriminate 15 N samples from 10 sam-
ples of normal liver tissue obtained from patients without HCCs
(C) with 100% sensitivity and specificity, were identified. The cri-
teria using the 25 BAC clones were able to discriminate 24 addi-
tional N samples from 26 C samples in the validation set with
95.8% sensitivity and 96.2% specificity. Using Wilcoxon test, 41
BAC clones, whose DNA methylation status was able to discrimi-
nate patients whe survived more than 4 years after hepatectomy
from patients who suffered recurrence within 6 months and died
within a year after hepatectomy, were identified. The DNA
methylation status of the 41 BAC clones was correlated with the
cancer-free and overall survival rates of patients with HCC. Mul-
tivariate analysis revealed that satisfying the criteria using the 41
BAC clones was an independent predictor of overall outcome.
Genome-wide alterations of DNA methylation may participate in
hepatocarcinogenesis from the precancerous stage, and DNA
methylation profiling may provide optimal indicators for
carcinogenetic risk estimation and prognostication.

© 2009 UICC

Key words: bacterial artificial chromosome array-based methylated
CpG island amplification; hepatocellular carcinoma; multistage
carcinogenesis; precancerous condition; prognostication

Alteration of DNA methylation is one of the most consistent
epigenetic changes in human cancers.'? It is known that DNA
hypomethylation results in chromosomal mstablllty as a result of
changes in the chromatin structure, and that DNA hypermethyl-
ation of CpG islands silences tumor-related | genes in cooperation
with histone modification in human cancers.”

With respect to hepatocarcinogenesis, we have shown that altera-
tions of DNA methylation at multiple chromosomal loci can be
detected even in noncancerous liver tissue showing chronic hepatitis
or cirthosis, which are widely considered to be precancerous condi-
tions, but not in normal liver tissue, using classical Southern blot-
ting analysis.” This was one of the earliest reports of alterations of
DNA methylation at the precancerous stage. Multiple tumor-related
genes, such as the E-cadherin®’ and hyper methylared—m cancer
(HIC)-1® genes, are silenced by DNA hypermethylation in hepato-
cellular carcinomas (HCCs). DNA methyltransferase (DNMT) 1
expression is significantly higher even in noncancerous liver tissue
showmg chronic hepatitis or cmhosxs than in the normal liver tissue
and is even higher in HCCs.>'® DNMT overexpression is also cor-
related with poorer tumor differentiation, portal vein involvement
and intrahepatic metastasis of HCCs and poorer patient outcome. 1
On the other hand, overexpression of DNMT3b4, an inactive splice
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variant of DNMT3b, may lead to chromosomal instability through
induction of DNA hypomethylation in pericentromeric satellite
regions during hcpatocarcinogenesis.I

Because aberrant DNA methylation is one of the earliest molec-
ular events during hepatocalclnogenesls and also participates in
malignant progression,'>'* it may be possible to estimate the
future risk of developing more malignant HCCs on the basis of
DNA methylation status. However, only a few previous studies
focusing on HCCs have used recently developed array-based
technology for assessing genome-wide DNA methylation status,
and such studies have focused mainly on identification of tumor-
related genes that are silenced by DNA methylation. DNA methyl-
ation profiles, which could become the optimum indicator for
carcinogenetic risk estimation and prediction of patient outcome,
should therefore be further explored during hepatocarcinogenesis
using array-based approaches.

In this study, to clarify genome-wide DNA methylation profiles
during multistage hepatocarcinogenesis, we performed bacterial
artificial chromosome (BACg array- -based methylated CpG island
amplification (BAMCA)''® using a microarray of 4,361 BAC
clones' in the normal liver tissue obtained from patients without
HCCs, noncancerous liver tissue obtained from patients with
HCCs, and in HCCs themselves.

Material and methods
Patients and tissue samples

As a learning cohort, 15 samples of the noncancerous liver tis-
sue (N1 to N15) and 19 primary HCCs (T1 to T19) were obtained
from surgically resected specimens from 16 patients who under-
went partial hepatectomy at the National Cancer Center Hospital,
Tokyo, Japan. The patients comprised 13 men and 3 women with
a mean (+SD) age of 64.9 = 7.4 years. Of these, 7 were positive
for hepatitis B virus (HBV) surface antigen (HBs-Ag), 8§ were pos-
itive for anti-hepatitis C virus (HCV) antibody (anti-HCV) and 1
was negative for both. Histological examination of the noncancer-
ous liver tissue samples revealed findings compatible with chronic
hepatitis in 5 and cirrhosis in 9 and no remarkable histological
findings in 1.

Additional Supporting Information may be found in the online version
of this article.
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METHYLATION PROFILE IN HEPATOCARCINOGENESIS

For the comparison, 10 normal liver tissue samples (C1 to C10)
showing no remarkable histological findings were also obtained
from 10 patients without HCCs who were both HBs-Ag- and anti-
HCV-negative. The patients comprised 7 men and 3 women with
a mean age of 58.4 & 9.7 years. Nine patients underwent partial
hepatectomy for liver metastases of primary colon cancers, and 1
patient did so for liver metastases of gastrointestinal stromal tumor
of the stomach.

In addition, for the comparison, 7 liver tissue samples (V1 to
V7) were obtained from 7 patients who were positive for HBs-Ag
or anti-HCV, but who had never developed HCCs. The patients
comprised 4 men and 3 women with a mean age of 624 £ 5.2
years. Three patients underwent partial hepatectomy for liver me-
tastases of primary colon or rectal cancers, and 1 patient did so for
liver metastases of gastric cancer. Three patients underwent partial
hepatectomy for cholangiocellular carcinomas.

As a validation cohort, 26 normal liver tissue samples (C11 to
C36) showing no remarkable histological features were obtained
from 26 patients without HCCs who were both HBs-Ag- and anti-
HCV-negative. Twenty-four noncancerous liver tissue samples
(N16 to N 39) and 25 primary HCCs (T20 to T44) were obtained
from surgically resected specimens from 24 patients who under-
went partial hepatectomy were added. The patients from whom
C11 to C36 were obtained comprised 21 men and 5 women with a
mean age of 59.9 = 10.9 years. The patients with HCCs from
whom N16 to N 39 and T20 to T44 were obtained comprised 22
men and 2 women with a mean age of 61.6 = 11.4 years. Of the
24 patients with HCCs from whom N16 to N 39 and T20 to T44
were obtained, 5 were positive for HBs-Ag, 16 were positive for
anti-HCV and 3 were negative for both. Histological examination
of N16 to N 39 revealed findings compatible with chronic hepatitis
and cirrhosis in 16 and 8 samples, respectively.

This study was approved by the Ethics Committee of the
National Cancer Center, Tokyo, Japan.

BAMCA

High molecular weight DNA from fresh-frozen tissue samples
was extracted using phenol-chloroform followed by dialysis.
Because DNA methylation status is known to be organ specific,
the reference DNA for analysis of the developmental stages of
HCCs should be obtained from the liver and not from other organs
or peripheral blood. Therefore, a mixture of normal liver tissue
DNA obtained from 5 male patients (C37 to C41) and 5 female
patients (C42 to C46) was used as a reference for analyses of male
and female test DNA samples, respectively.

DNA methylation status was analyzed by BAMCA using a cus-
tom-made array (MCG Whole Genome Array-4500) harboring
4,361 BAC clones located throughout chromosomes 1 to 22 and X
and Y, ' as described previously.'®™'® Briefly, 5-ug aliquots of test
or reference DNA were first digested with 100 units of methyla-
tion-sensitive restriction enzyme Sma I and subsequently with 20
units of methylation-insensitive Xma 1. Adapters were ligated to
Xma I-digested sticky ends, and polymerase chain reaction (PCR)
was performed with an adapter primer set. Test and reference PCR
products were labeled by random priming with Cy3- and Cy5-
dCTP (GE Healthcare, Buckinghamshire, UK), respectively, and
precipitated together with ethanol in the presence of Cot-1 DNA.
The mixture was applied to array slides and incubated at 43°C for
72 hr. Arrays were scanned with a GenePix Personal 4100A
(Axon Instruments, Foster City, CA) and analyzed using GenePix
Pro 5.0 imaging software (Axon Instruments) and Acue 2 software
(Mitsui Knowledge Industry, Tokyo, Japan). The signal ratios
were normalized in each sample to make the mean signal ratios of
all BAC clones 1.0.

Statistics

Differences in the average number of BAC clones that showed
DNA methylation alterations between groups of samples were an-
alyzed using the Mann-Whitney U test or the Kruskal-Wallis test.
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Correlations between DNA methylation alterations in noncancer-
ous liver tissue samples and the incidence of metachronous devel-
opment and recurrence of HCCs were analyzed using the chi-
squared test, Differences at p < 0.05 were considered significant.
BAC clones whose signal ratios yielded by BAMCA were signifi-
cantly different between groups of samples were identified by
Wilcoxon test (p < 0.01). A support vector machine algorithm and
a leave-one-out cross-validation were used to identify BAC clones
by which the cumulative error rate for discrimination of sample
groups became minimal. Two-dimensional hierarchical clustering
analysis of noncancerous liver tissue samples and the BAC clones,
and such analysis of HCCs and the BAC clones, were performed
using the Expressionist software program (Gene Data, Basel,
Switzerland). Survival curves of patient groups with HCCs were
calculated by the Kaplan-Meier method, and the differences were
compared by the log-rank test. The Cox proportional hazards mul-
tivariate model was used to examine the prognostic impact of
DNA methylation status, histological differentiation, portal vein
tumor thrombi, intrahepatic metastasis and multicentricity. Differ-
ences at p < 0.05 were considered significant.

Results

Genome-wide DNA methylation alterations during multistage
hepatocarcinogenesis

Figures. la and 15 show examples of scanned array images and
scattergrams of the signal ratios (test signal/reference signal),
respectively, for normal liver tissue from a patient without HCC
(Panel C), and both noncancerous liver tissue (Panel N) and can-
cerous tissue (Panel T) from a patient with HCC. In all normal
liver tissue samples, the signal ratios of 97% of the BAC clones
were between 0.67 and 1.5 (red bars in Fig. 15). Therefore, in non-
cancerous liver tissue obtained from patients with HCCs and
HCCs, DNA methylation status corresponding to a signal ratio of
less than 0.67 and more than 1.5 was defined as DNA hypomethy-
lation and DNA hypermethylation of each BAC clone compared
with normal liver tissue, respectively.

In samples of noncancerous liver tissue obtained from patients
with HCCs, many BAC clones showed DNA hypo- or hypermeth-
ylation (Panel N of Fig. 15). In the learning cohort, all 9 patients
(100%) showing DNA hypo- or hypermethylation on 70 or more
than 70 BAC clones in their noncancerous liver tissue samples
developed metachronous or recurrent HCCs after hepatectomy,
whereas only 2 (30%) of the 6 patients showing DNA hypo- or hy-
permethylation on less than 70 BAC clones in their noncancerous
liver tissue samples did so (p = 0.0235).

In HCCs themselves, more BAC clones showed DNA hypo- or
hypermethylation, and the degree of DNA hypo- or hypermethyi-
ation, i.e., deviation of the signal ratio from 0.67 or 1.5, was
increased (Panel T of Fig. 1) in comparison with noncancerous
liver tissue obtained from patients with HCCs. The average num-
bers of BAC clones showing a signal ratio of less than 0.67 (p =
0.0000063) and more than 1.5 (p = 0.00000052) were increased
significantly relative to normal liver tissue, to noncancerous liver
tissue obtained from patients with HCCs, and to HCCs (Table I).

There were no significant differences in the number of BAC
clones showing DNA hypo- or hypermethylation in samples of
normal liver tissue obtained from male and female patients with-
out HCCs (66.0 = 30.1 and 98.7 * 55.9, p = 0.362) and noncan-
cerous liver tissue (111.2 = 68.4 and 60.7 = 46.9, p = 0.279) and
cancerous tissue (521.5 * 255.8 and 626.7 * 329.0, p = 0.539)
obtained from male and female patients with HCCs, respectively.
Although there were no significant differences in the number of
BAC clones showing DNA hypo- or hypermethylation between
HBV- and HCV-positive patients with HCCs in both noncancer-
ous liver tissue (108.3 = 80.5 and 98.4 * 60.0, p = 1.000) and
cancerous tissue (475.6 = 323.8 and 497.0 * 247.8, p = 0.689),
Wilcoxon test (p < 0.01) identified BAC clones in which
DNA methylation status differed significantly between HBV- and
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Ficure 1 — Genome-wide DNA methylation alterations during multistage hepatocarcinogenesis. (@) Scanned array images yielded by
BAMCA in normal liver tissue obtained from a patient without HCC (C) and noncancerous liver tissue (N) and cancerous tissue (T) obtained
from a patient with HCC. (b) Scattergrams of the signal ratios yielded by BAMCA. In all C samples; the signal ratios of 97% of BAC clones
were between 0.67 and 1.5 (red bars). In N and T, DNA methylation status corresponding to a signal ratio of less than 0.67 and more than 1.5
was defined as DNA hypomethylation and DNA hypermethylation on each BAC clone compared with C, respectively. Even in N, many BAC
clones showed DNA hypo- or hypermethylation. In T, more BAC clones showed DNA hypo- or hypermethylation, and the degree of DNA
hypo- or hypermethylation, i.e., deviation of the signal ratio from 0.67 or 1.5 was increased in comparison with N.

TABLE I - GENOME-WIDE DNA METHYLATION ALTERATIONS DURING MULTISTAGE HEPATOCARCINOGENESIS

Average number of BAC clones (mean *+ SD)

Tissue samples Signal ratio P Signal 14 Signal ratio Y4
<0.67 (DNA ratio >1.5 (DNA <0.67 or >1.5(DNA
hypomethylation) hypermethylation) hypo- or hypermethylation)

Normal liver tissue samples 39.9 £ 20.8  0.0000063° = 38.9 =249  0.00000052' 75.8 393 0.00000061"

obtained from patient without

HCCs (C, n = 10) .
Noncancerous liver tissue samples 612468  0.000102% 39.9 =273 0.00000267 101.1 * 66.5 0.0000065~

obtained from patient with HCCs

N, n = 15)
HCCs (T, n =19) 278.9 £ 167.7 - 228.9 * 125.7 - 507.8 £ 2819 -

p values <0.05, which indicate significant differences.

Kruskal-Wallis test among C, N and T.~2Mann—Whimcy U test between N and T.

HCV-positive patients with HCCs in noncancerous liver tissue (18
BAC clones) and cancerous tissue (15 BAC clones), respectively.

DNA methylation profiles discriminating noncancerous liver tissue
obtained from patients with HCCs from normal liver tissue

The above findings indicating accumulation of clinicopathologi-
cally significant genome-wide DNA methylation alterations in
noncancerous liver tissue prompted us to estimate the degree of
carcinogenetic risk based on DNA methylation profiles. Wilcoxon
test (p < 0.01) revealed that the signal ratios of 512 BAC clones
differed significantly between normal liver tissue samples and
noncancerous liver tissue samples obtained from patients with
HCCs. To omit potentially insignificant BAC clones associated
only with inflammation and/or fibrosis and focus on BAC clones
for which DNA methylation status was inherited by HCCs from
the precancerous stage, we defined Groups I, II, Il and IV. Group

I: BAC clones in which the average signal ratio of noncancerous
liver tissue obtained from patients with HCCs was higher than that
of normal liver tissue and the average signal ratio of HCCs was
even higher than that of noncancerous liver tissue obtained from
patients with HCCs (41 BAC clones), Group II: BAC clones in
which the average signal ratio of noncancerous liver tissue
obtained from patients with HCCs was higher than that of normal
liver tissue and the average signal ratio of HCCs did not differ
from that of noncancerous liver tissue obtained from patients with
HCCs (146 BAC clones), Group III: BAC clones in which the
average signal ratio of noncancerous liver tissue obtained from
patients with HCCs was lower than that of normal liver tissue and
the average signal ratio of HCCs was even lower than that of non-
cancerous liver tissue obtained from patients with HCCs (40 BAC
clones), and Group IV: BAC clones in which the average signal
ratio of noncancerous liver tissue obtained from patients with
HCCs was lower than that of normal liver tissue and the average
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Ficure 2 — DNA methylation profiles discriminating noncancerous liver tissue obtained from patients with HCCs from normal liver tissue.
(@) Scattergrams of the signal ratios in normal liver tissue samples (C1 to C10) and noncancerous liver tissue samples obtained from patients
with HCCs (N1 to N15) in the learning cohort on representative BAC clones, RP11-17M17, RP11-79906 and RP11-119J21. Using the cutoff
values (CV) described in each panel, noncancerous liver tissue samples obtained from patients with HCCs (N) in the learning cohort were discri-
minated from normal liver tissue samples (C) with sufficient sensitivity and specificity. (b) By 2-dimensional hierarchical clustering analysis
using the 25 BAC clones selected by the process described in the Results section, normal liver tissue samples (C1 to C10) and noncancerous
liver tissue samples obtained from patients with HCCs (N1 to N15) in the learning cohort were subclassified into the different subclasses without
any error. The cluster trees for tissue samples and BAC clones are shown at the top and left of the panel, respectively. (c) Histogram showing
the number of BAC clones satisfying the Table II criteria in samples C1 to C10 and N1 to N15. On the basis of this histogram, we established
the following criteria: when the noncancerous liver tissue satisfied the criteria in Table II for 14 (green bar) or more than 14 BAC clones, it was

judged to be at high risk of carcinogenesis.

signal ratio of HCCs did not differ from that of noncancerous liver
tissue obtained from patients with HCCs (131 BAC clones). From
the 512 BAC clones, 358 (Groups I, If, IIT and 1V), in which the
DNA methylation status was inherited by HCCs from noncancer-
ous liver tissue, were selected. From the 358 BAC clones, the first
40 were identified by spot ranking analysis using the support vec-
tor machine algorithm for discrimination of noncancerous liver
tissue obtained from patients with HCCs from normal liver tissue.
Figure 2a shows scattergrams of the signal ratios in normal liver
tissue samples and noncancerous liver tissue samples obtained
from patients with HCCs on representative examples of the 40
BAC clones. Using the cutoff values described in each panel, non-
cancerous liver tissue obtained from patients with HCCs in the
learning cohort was discriminated from normal liver tissue with
sufficient sensitivity and specificity (Fig. 2a). From the 40 BAC
clones, 25, for which such discrimination was performed with a
sensitivity or specificity of 70% or more than 70%, were selected
(Supporting Information Table S1). The cutoff values of the signal
ratios for the 25 BAC clones, and their sensitivity and specificity,
are shown in Table II. Two-dimensional hierarchical clustering
analysis using the 25 BAC clones is shown in Figure 26: 10 normal
liver tissue samples (C1 to C10) and 15 noncancerous liver tissue
samples obtained from patients with HCCs (N1 to N15) in the learn-
ing cohort were subclassified into different subclasses without any

error. The number of BAC clones satisfying the criteria listed in Ta-
ble II in noncancerous liver tissue samples showing chronic hepatitis
(20.6 = 1.8) was not significantly different from that showing cir-
rhosis (21.3 = 2.4, p = 0.542) in the learning cohort.

A histogram showing the number of BAC clones satisfying the
criteria listed in Table II for samples C1 to C10 and N1 to N15 is
shown in Figure 2¢. On the basis of this figure, we finally estab-
lished the following criteria: when noncancerous liver tissue satis-
fied the criteria of Table II for 14 or more BAC clones (green bar
in Fig. 2¢), it was judged to be at high risk of carcinogenesis, and
when noncancerous liver tissue satisfied the criteria of Table II for
less than 14 BAC clones, it was judged not to be at high risk of
carcinogenesis. Based on these criteria, both the sensitivity and
specificity for diagnosis of noncancerous liver tissue samples
obtained from patients with HCCs in the learning cohort as being
at high risk of carcinogenesis were 100%.

To confirm these criteria, an additional 50 liver tissue samples
were analyzed by BAMCA as a validation study (Supporting In-
formation Figure $1). Twenty-three of 24 validation samples satis-
fying the criteria of Table II for 14 or more BAC clones were non-
cancerous liver tissue samples obtained from patients with HCCs
(N16 to N36 and N38), and 24 of 26 validation samples satisfying
the criteria of Table II for less than 14 BAC clones were normal
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LIVER TISSUES (C)

TABLE II - 25 BAC CLONES WHICH COULD DISCRIMINATE NONCANCEROUS LIVER TISSUES (N) FROM NORMAL

BAC clone ID Location Cutoff DNA methxla(ion Sensitivity Specificity
value status (%) (%)
RP11-104J13 1p35-1p36 1.01 C>N 933 70.0
RP11-5212 1p34-1p35 1.00 C<N 80.0 60.0
RP11-29M22 ipll-1pl12 1.1 C<N 86.7 90.0
RP11-21K1 2q37.2 1.00 C>N 86.7 70.0
RP11-109B15 5q33 1.04 C<N 66.7 90.0
RP11-88B24 6426 0.95 C>N 80.0 70.0
RP11-112B7 Tp13-Tpl4 1.00 C>N 80.0 70.0
RP11-48D21 8pll.2 1.00 C>N 80.0 90.0
RP11-120E20 11p15.4-11p15.5 0.90 C>N 73.3 100.0
RP11-334E6 11923 1.00 C>N 86.7 80.0
RP11-17M17 11q25 0.90 C>N 933 90.0
RP11-319E16 12p13.32a 1.00 C>N 80.0 90.0
RP11-1100L3 12q13.13c-12q13.13d 1.04 C<N 86.7 80.0
RP11-79906 12q13.3a-12¢13.3b 1.17 C<N 86.7 100.0
RP11-119)21 12q24.33 0.89 C>N 73.3 90.0
RP11-332N6 14q11.2b 0.95 C>N 86.7 100.0
RP11-529E4 14q12¢ 1.00 C>N 93.3 50.0
RP11-89M4 16p13.2-16p13.3 1.20 C<N 86.7 100.0
RP11-215M5 15q15-15¢q21.1 1.00 C<N 86.7 70.0
RP11-348B12 19p13 1.00 C<N 80.0 80.0
RP11-134G22 20p11.2-20p12 1.01 C>N 80.0 90.0
RP11-328M17 22¢13.2-22q13.33 0.93 C>N 86.7 100.0
RP11-354112 22q13.31-22q13.33 1.00 C>N 93.3 80.0
RP11-55J11 22q13.2-22q13.33 1.00 C>N 80.0 70.0
RP11-480M11 Xq27.1-Xq28 0.90 C>N 80.0 90.0

'C>N, when the signal ratio was lower than the cutoff value, the tissue sample was considered to be at
high risk for carcinogenesis; C<N, when the signal ratio was higher than the cutoff value, the tissue sam-
ple was considered to be at high risk for carcinogenesis.

liver tissue samples (C11 to C31, 33, 34 and 36). That is, our crite-
ria enabled diagnosis of noncancerous liver tissue samples
obtained from patients with HCCs in the validation set as being at
high risk of carcinogenesis with a sensitivity of 95.8% and a speci-
ficity of 96.2%. The number of BAC clones satisfying the criteria
listed in Table II in noncancerous liver tissue samples showing
chronic hepatitis (17.6 * 2.5) was not significantly different from
that showing cirrhosis (19.4 = 1.8, p = 0.128) in the validation
cohort.

In addition, the average number of BAC clones satisfying the
criteria in Table I was significantly lower in 7 samples of liver tis-
sue obtained from patients who were infected with HBV or HCV,
but who had never developed HCCs (V1 to V7, 13.14 ® 4.78),
than that in N1 to N39 (19.21 * 2.67, p = 0.00419).

Association of HCC DNA methylation profiles with
patient outcome

To establish criteria for prognostication of patients with HCCs, in
the learning cohort, S of 19 HCC samples obtained from patients
who had survived more than 4 years after hepatectomy and 6 of 19
HCC samples from patients who had suffered recurrence within 6
months and died within a year after hepatectomy were defined as a
favorable-outcome group and a poor-outcome group, respectively.
Wilcoxon test (p < 0.01) revealed that the signal ratios of 41 BAC
clones (Supporting Information Table S1) differed significantly
between the favorable-outcome group (n = 5) and the poor-out-
come group (n = 6). Figure 3a shows scattergrams of the signal
ratios in samples from the favorable- and poor-outcome groups for
representative examples of the 41 BAC clones. Using the cutoff val-
ues described in Figure 3¢ and Table TIT for the 41 BAC clones,
samples from the poor-outcome group were discriminated from
favorable-outcome group samples with sufficient sensitivity and
specificity (Fig. 3a and Table III). Two-dimensional hierarchical
clustering analysis using the 41 BAC clones is shown in Figure 3b:
5 HCCs in the favorable-outcome group and 6 HCC:s in the poor-
outcome group were subclassified into different subclasses without
any error (Fig. 3b). A histogram showing the number of BAC
clones satisfying the criteria in Table III is shown in Fig. 3¢. In all
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19 HCC:s in the learning cohort; multivariate analysis revealed that
satisfying the eriteria in Table Il for 32 or more BAC clones was a
predictor of overall patient outcome and was independent of pa-
rameters that are already known to have prognostic impact,” such
as histological. differentiation, portal vein tumor thrombi, intrahe-
patic metastasis and multicentricity (Table IV).

To confirm these criteria; an additional 25 HCC samples were
analyzed by BAMCA as a validation study, and then evaluated
based on the criteria in Table III. All 44 HCCs were divided into 2
groups according to the number of BAC clones satisfying the cri-
teria (32 or more BAC clones vs. less than 32 BAC clones). The
period covered ranged from 11 to 3,413 days (mean, 1,349 days).
The cancer-free and overall survival rates of patients with HCCs
satisfying the criteria in Table HI for 32 or more BAC
clones was significantly lower than that of patients with HCCs
satisfying the criteria in Table III for less than 32 BAC clones
(Fig. 3d, p = 0.000000002 and p = 0.0013, respectively).

Discussion

Although many researchers in the field of cancer epigenetics
use promoter arrays to identify the genes that are methylated in
cancer cells, ™2 we used a BAC arrayl in this study. The effi-
ciency of identification of specific genes that are silenced by DNA
methylations around the promoter regions and may become a tar-
get of therapy may be generally lower using the BAMCA
approach than with conventional promoter array-based analysis.
However, the promoter regions of specific genes are not the only
target of DNA methylation alterations in human cancers. DNA
methylation status in genomic regions not directly participating in
gene silencing, such as the edges of CpG islands, may be altered
at the precancerous stage before the alterations of the promoter
regions themselves occur.2* Moreover, aberrant DNA methylation
of large regions of chromosomes, which are regulated in a coordi-
nated manner in human cancers due to a process of lonzf%—range epi-
genetic silencing, has recently attracted attention.”” BAMCA
methods may be suitable for overviewing the DNA methylation
status of individual large regions among all chromosomes and for
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Ficure 3 — DNA methylation profiles in HCCs associated with patient outcome. (¢) Scattergrams of the signal ratios in HCCs from patients
who survived more than 4 years after hepatectomy (favorable-outcome group, n = 5) and HCCs from patients who suffered recurrence within
6 months and died within a year after hepatectomy (poor-outcome group, n = 6) in the learning cohort for representative BAC clones, RP11-
201014, RP11-101N17 and RP11-177L7. Using the described cutoff values (CV), the poor-outcome group was discriminated from the favor-
able-outcome group with 100% sensitivity and specificity. (b) By 2-dimensional hierarchical clustering analysis using the 41 BAC clones
selected by Wilcoxon test, HCCs in the favorable-outcome group and those in the poor-outcome group in the learning cohort were subclassified
in the different subclasses without any error. The cluster trees for tissue samples and BAC clones are shown at the top and left of the panel,
respectively. (¢) Histogram showing the number of BAC clones satisfying the Table III criteria in HCCs of the favorable- and poor-outcome
groups in the learning cohort. (d) Kaplan-Meier survival curves of all patients with HCCs (T1 to T44). The cancer-free (left panel, p =
0.000000002) and overall (right panel, p = 0.0013) survival rates of patients with HCCs satisfying the Table III criteria for 32 or more than 32
BAC clones (solid lines) were significantly lower than that of patients with HCCs satisfying the Table III criteria for less than 32 BAC clones

(broken lines).
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TABLE III - 41 BAC CLONES WHICH COULD DISCRIMINATE HCCS IN POOR-OUTCOME GROUP (P) FROM THOSE

ARAL ET AL.

IN FAVORABLE-OUTCOME GROUP (F)

BAC clone ID Location Cutoff DNA meth){lmion Sensitivity Specificity
value status (%) (%)
RP11-89K16 1p35 1.50 F<P 833 100.0
RP11-201014 1p34.3-1p36.13 1.22 F>Pp 100.0 100.0
RP11-156K6 1p31.1-1p31.3 1.15 F>p 100.0 80.0
RP11-553K8 1g31.2-1931.3 1.16 F>P 100.0 100.0
RP11-89E10 1q31.3 0.91 F<P 100.0 100.0
RP11-180L.21 2pl6-2p21 1.29 F>P 100.0 80.0
RP11-90B13 2p14-2pls 1.13 F>P 83.3 100.0
RP11-449B19 2q11.2 0.75 F<P 100.0 80.0
RP11-30M1 2¢32.3 1.10 F<P 100.0 100.0
RP11-89B13 2q32.3-2q33.1 1.1 F>P 83.3 80.0
RP11-255019 3p24.3-3p25 1.08 F>P 160.0 100.0
RP11-421F9 3p24.2a 0.97 F>P 83.3 100.0
RP11-122D19 3p21.2 0.99 F<P 100.0 80.0
RP11-36K8 4q22 0.91 E>P 83.3 100.0
RPI11-10IN17 4q26 0.85 F<P 100.0 100.0
RP11-177L7 4q32 0.94 F>P 100.0 100.0
RP11-13014 4q34-4q35 0.88 F<P 83.3 100.0
RP11-88H16 S5pl4 0.85 F<P 100.0 100.0
RP11-91G9 5q22-5q23 1.45 F<P 83.3 100.0
RP11-79K22 6q16 0.98 F<P 83.3 100.0
RP11-126B8 7921.3 1.06 F>P 100.0 100.0
RP11-89P11 7935 0.83 F>P 83.3 100.0
RP11-88N§ 8q21.11d 1.02 F>P 100.0 100.0
RP11-85C21 9q33.3-9934.2 0.95 F<P 833 100.0
RP11-714M16 10926.11-10¢q26.3 1.00 F<P 100.0 100.0
RP11-48A2 10g26.2 0.69 F<P 100.0 80.0
RP11-20611 11pll.2 1.20 F<P 100.0 100.0
RP11-35F11 11q12 1.30 F<P 100.0 80.0
RP11-15819 11g23 1.04 F>P 83.3 100.0
RP11-7418 12q13 1.13 F<P 100.0 100.0
RP11-167B4 16p13.3 0.97 F>P 83.3 100.0
RP11-368N21 16p11.2-16p12 1.10 F>P 83.3 100.0
RP11-303G21 16q12.1b 0.80 F>P 83.3 100.0
RP11-151M19 1622 1.05 F>P 100.0 100.0
RP11-135N5 17p13.2 1.00 F>P 100.0 100.0
RP11-398A1 17q11.2d 1.00 F>P 100.0 100.0
RP11-15A1 19q13 1.08 F>P 83.3 100.0
RP11-697B10 19q13.3 0.90 F>P 83.3 100.0
RP11-79A3 19q13.3 1.05 F<P 100.0 100.0
RP11-29H19 20q12 1.00 F>P 100.0 100.0
RP11-36N5 22q11.2 1.15 F>P 83.3 100.0

'F>P, when the signal ratio was lower than the cutoff value, the tissue sample was considered to have
been obtained from a patient with poor prognosis; F<P, when the signal ratio was higher than the cutoff
value, the tissue sample was considered to have been obtained from a patient with poor prognosis.

identifying reproducible indicators for carcinogenetic risk
estimation and prognostication. In fact, we have successfully
obtained optimal indicators for carcinogenetic risk estimation and
prognostication of renal cell carcinomas® and urothelial carcino-
mas (data will be published elsewhere) by BAMCA using the
same array as that used in this study.

Our previous studies indicated that alterations of DNA
methylation are one of the earliest events of multistage hepato-
carcinogenesis and participate in malignant progression of
HCCs.>71%272% However, since in previous studies we examined
DNA methylation status on only a restricted number of CpG
islands or chromosomal loci, it has not yet been clarified whether
DNA methylation status on only restricted regions is simply
altered at the precancerous stage, or whether genome-wide altera-
tions of DNA methylation status have certain clinicopathological
significance. As shown in Panel N of Figure 1, genome-wide
DNA methylation alterations (both hypo- and hypermethylation)
were confirmed even in noncancerous liver tissue samples
obtained from patients with HCCs. The number of BAC clones
showing DNA methylation alterations and the degree of DNA
methylation alterations were found to increase stepwise from the
precancerous stage to the HCC stage (Fig. 15 and Table I). This
study revealed that alterations of DNA methylation during
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multistage hepatocarcinogenesis occur in a genome-wide manner.
Genome-wide DNA methylation alterations may participate in
multistage hepatocarcinogenesis potentially through the induction
of chromosomal instability and silencing of tumor-suppressor
genes. DNA methylation alterations in noncancerous liver tissue
were correlated with the future development of HCCs, suggesting
that DNA methylation alterations at the precancerous stage may
not occur randomly but are prone to further accumulation of
genetic and epigenetic alterations.

Although mass vaccination against HBV has been initiated, this
will not have a major impact for many years, as the age at presen-
tation of HBV is older than 50 years mainly in Asia and Africa.®
The spread of HCV in Japan that occurred in the 1950s and 1960s
has resulted in a rapid increase in the incidence of HCC since
1980. In other countries including the United States, where HCV
infection spread more recently, an increase in the incidence of
HCC is imminent.*! Although there were no significant differen-
ces in the number of BAC clones showing DNA hypo- or hyper-
methylation between HBV- and HCV-positive patients with
HCCs, Wilcoxon test identified BAC clones in which DNA meth-
ylation status differed significantly between HBV- and HCV-posi-
tive patients with HCCs in both noncancerous liver tissue and can-
cerous tissue, suggesting that the HBV-related carcinogenetic
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TABLE 1V - MULTIVARIATE ANALYSIS OF CLINICOPATHOLOGICAL
PARAMETERS AND DNA METHYLATION PROFILES ASSOCIATED WITH
OVERALL OUTCOME IN PATIENTS WITH HCCS

Parameters Hazard ratio (95% CI) © 14
Histological
differentiation
Well differentiated 1 (Reference) 0.031 0.8594
Moderately or poorly  0.817 (0.088-7.616)
differentiated
Portal vein tumor
thrombi
Negative 1 (Reference) 2.095 0.1478
Positive 4.474 (0.588-34.033)
Intrahepatic metastasis’
Negative 1 (Reference) 0.090 0.7647
Positive 1.248 (0.292-5.336)
Multicentricity'
Negative 1 (Reference) 1.499 0.2209
Positive 0.328 (0.055-1.955)
The criteria of Table 3
Satisfying for less than 1 (Reference) 4.997 0.0254
32 BAC clones
Satisfying for 32 or 4.466 (1.202-16.585)

more BAC clones

CI, confidence interval.

n patients with multiple lesions, whether the lesions other than the
main tumor from which tissue samples were obtained for this study
were intrahepatic metastases of the main tumor or second primary
lesions was judged by microscopic observation of hepatectomy speci-
mens based on the previously described criteria.”

pathway may result in distinct DNA methyldtion profiles. These
findings are in accordance with a previous report showing that
HBV-related proteins can induce DNA methylation alterations.” 2

The effectiveness of surgical resection for HCC is limited,
unless the disease is diagnosed early at the asymptomatic stage.
Therefore, surveillance at the precancerous stage will become a
priority. To reveal the baseline liver histology, micmscopic exam-
ination of liver biopsy specimens is performed in gatlents with
HBV or HCV infection prior to interferon therapy Therefore,
carcinogenetic risk estimation using such liver biopsy specimens
will be advantageous for close follow-up of patients who are at
high risk of HCC development. Because even subtle alterations of
DNA methylation profiles at the precancerous stage are stably pre-
served on DNA double strands by covalent bonds, they may be
better indicators for risk estimation than mRNA and protein
expression profiles that can be easily affected by the microenvir-
onment of precursor cells.

The present genome-wide analysis revealed DNA methylation
profiles that were able to discriminate noncancerous liver tissue
obtained from patients with HCCs from normal liver tissue and
diagnose it at high risk of HCC development in the learning set.
The sensitivity and specificity in the validation set were 95.8 and
96.2%, respectively, and the criteria listed in Table II were
validated. For carcinogenetic risk estimation using liver biopsy
specimens obtained prior to interferon therapy, DNA methylation
profiles actually associated with carcinogenesis should be discri-
minated from those associated with inflammation and/or fibrosis.
Therefore, we first omitted potentially insignificant BAC clones
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associated only with inflammation and/or fibrosis and focused on
BAC clones for which DNA methylation status was inherited by
HCCs from the precancerous stage (Groups I, II, 1II and IV). In
fact, it was confirmed that there were no significant differences in
the number of BAC clones satisfying the criteria in Table II
between noncancerous liver tissue samples showing chronic hepa-
titis and noncancerous liver tissue samples showing cirrhosis, not
only in the learning set (p = 0.542) but also in the validation set
(p = 0.128), indicating that our criteria were not associated with
the degree of inflammation or fibrosis. In addition, the average
numbers of BAC clones satisfying the criteria in Table II were sig-
nificantly lower in liver tissue of patients without HCCs (V1 to
V7) than in noncancerous liver tissue of patients with HCCs (N1
to N39), even though the patients from whom V1 to V7 were
obtained were infected with HBV or HCV. Therefore, our criteria
not only discriminate noncancerous liver tissue obtained from
patients with HCCs from normal liver tissue but may also be ap-
plicable for classifying liver tissue obtained from patients who are
followed up because of HBV or HCV infection, chronic hepatitis
or cirrhosis into that which may generate HCCs and that which
will not. Our criteria are applicable to both patients with chronic
hepatitis and liver cirrhosis, although liver cirrhosis is known to
show a more pronounced tendency to lead to HCC development
than chronic hepanm We intend to validate the rehdblhty of
such risk estimation prospectively using liver biopsy specimens
obtained prior to interferon therapy from a large cohort of patients.
On the basis of the present data, we now consider it justifiable to
propose that clinicians can apply a portion of biopsy cores for this
type of prospective study.

Because a sufficient quantity of good-quality DNA can be
obtained from liver biopsy specimens, PCR-based analyses focus-
ing on individual CpG sites are not always required. Although cut-
off values should be modified for widely available standardized
reference DNA, array-based analysis that overviews aberrant
DNA methylation in each BAC region is immediately applicable
to routine laboratory examinations. Moreover, because DNA
methylatlon status of CpG sites is often regulated in a coordinated
manner in each individual large region on chromosomes, 131425 an
overview of the DNA methylation tendency (hypo- or hypermeth-
ylation) in the whole BAC region can be a more reproducible
diagnostic indicator than one focusing on individual CpG sites.

The present genome-wide analysis revealed DNA methylation
profiles that were able to discriminate a poor-outcome group from
a favorable-outcome group. Correlation between the DNA methyl-
ation profiles and both cancer-free and overall survival rates of
patients with HCCs (Fig. 3d) validated the criteria in Table III.
Prognostication based on our criteria may be promising for sup-
portive use during follow-up after surgical resection, because mul-
tivariate analysis revealed that our criteria can predict overall
patient outcome independently of parameters observed in hepatec-
tomy syecmlens that are already known to have prognostic
impact.™ Such prognostication using liver biopsy specimens
obtained before transarterial embolization, transarterial chemoem-
bolization and radiofrequency ablation may be advantageous even
to patients who undergo such therapies. The reliability of such
prognostication needs to be validated again prospectively in surgi-
cally resected specimens or biopsy specimens.
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