integrative Transcriptome Analysis Reveals Common Molecular
Subclasses of Human Hepatocellular Carcinoma
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Abstract

Hepatocellular carcinoma (HCC) is a highly heterogeneous
disease, ‘and prior atiempis to develop genomic-based
elassification for HCC have vielded highly divergent resuits,
indicating difficulty in identifying unified molecular anato-
my. We performed. a meta-analysis of gene expression
profiles in data sets from eight independent patient cohorts
acress the world. In addition, aiming to establish the real
world applicability of a classification’ system, we profiled
118 formalin-fixed, paraffin-embedded  tissues from: an
additional = patient cohort. 'A" total 'of 603 patients were
analyzed, representing the major etiologies of HCC (hepatitis
B aund €} eojlected from Western and Eastern countries. We
observed three robust HCC subclasses (termed §1, 82, and
$3), each correlated with clinical parameters such as tumor
size, extent of cellular differentiation, and sernm &-fetoprotein
levels, An. enalysis. of the componenis of the signatures
indicated that SI reflected aberrant activation of the WNT
signaling pathway, S2 was characterized by preliferation as
well as MYC and AKT activation, and S$3 was associated with
hepatocyte differentiation. Functional studies indicated that
the WNT pathway activation signature characteristic of Si
fumors was not simply the result of [-caienin mutaiion
but rather was the result of transforming growth factor3
activatien,  thus representing a mnew mechanism of WNT
pathway activation in HCC. These experiments ssiablish the
first consensus classification framework for HCC based on
gene expression profiles and highlight the power of integrating
multiple data sets to define a vobust molectlar tavonemy of
the disease. [Cancer Res 2009:69(18):7385-92]

Intreduction

Hepatocelllar carcinoma (HCC) ‘affects approximately half a
million patients worldwide and is the most rapidly increasing
cause of cancer death in the United States owing to the lack of
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effective: treatment options for advanced:disease {1). Numerous
lines of clinical and histopathologic evidence suggest that HCC is
a heterogeneous disease, but a coherent molecular explanation
for . this  heterogeneity. has yet . to be reported. Genomic
approaches: to .the: classification of HCC. therefore hold promise
for-a molecular taxonomy: of the disease.

Mutations in the WNT signaling pathway have been found to
be common in HCC, but other DNA level classification
approaches have proven challenging. This relates to the
enoriious: - complexity -of .the : genomic: alterations observed. .in
HCC. likely attributable:'to the accumulation ‘of - chromosomal
rearrangements resulting from decades of chronic viral hepatitis
and cirrhosis. This complexity makes it difficult to identify the
causal genetic events promoting HCC development and progres-
sion (2., 3). An alternate approach to HCC classification hds been
to. study tumors-at the level of. their: geiie: expression: profiles.
Although several such profiling efforts have been reported (4-11].
a cohesive view of expression-based subclasses of HCC has vet to
emerge. In part, this is because each of the reported studies
analyzed different patient populations (most of them small} on a
different microarray. platform, with a different. primary biological
or clinical question in mind. Perhaps not surprisingly. then; each
study reported a somewhat different view of the heterogeneity of
HCC, ‘and it has been therefore impossible to see whether there
exists a common biological thread that links these disparate
studies.

We' believe " that ‘any biclogically  6v clinically "meaningful
classification  system should be informative across muitiple
patient populaticns and should be independent of any particular
wicroarray platform. In the present study, we therefore set out
to define. molecular subclasses of HCC that existed across all
available  HCC  data sets, including eight previously reéported
studies and one new one reported here, totaling 603 patients. We
report that indeed there exist three distinct wolecular subclasses
of HCC that are present in all 'nine data sets  examined,
regardless = of - technical’ -differences ‘between 'the microarray
platforms used: to generate the profiles. We show that these
subclasses are correlated with histologic, miolecular, and clinical
features of HCC, and we highlight the important role of
transforming growth factor-p (TGE-P) signaling in one of ihe
HCC - subclasses:: These  findings - thus create’ a :solid foundation
for HCC classification on whieh to build informed. clinical trials
for patients with HCC and also 'suggest new opportunities for
therapeutic intervention.
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Figure 1.- HCC subclasses predicted in nine indspendent ‘data sats. Predicted subclasses are shown In red (51), blue (S2). and yellow {S3) with expression
paitern of the HCG subclass signatdre. The proportion of the cases with confident prediction (FDR < 0.05) in HCC-A, HCC-B, HCC-G, HCC-D, HCC-E, HCG-F, HCC-G,
HCC-H, and HGC-I were 98%. 96%, 80%. 81%. 78%, 87%, 94%, 83%, and 83%, respectively. Red bars attached to HCC+-H and HCC-1 indicate positive fi-catenin
mutations and nuclear staining of p53. respectively.

Materials and Methods previously veported (17, 18) Continuous and proportional data were tested
By Wileoxen rank suny test and Fisher's exact test. respectively. All clinical
Mieroarvay Data Sets and Statistical Analysis data anal¥ses wevs performed tsing the R statistical package version 2.4.0."
Identification of common HCC subelasses. To define and validate a
gene expression-based model of comman molecular subclasses of HCC. we Microarravs for Fixed Tissues
collected publicly - available gene expression data sets from eight We generatéd a ninth data set of formalin-fited, paraffin-embedded
independent cohorts profiled on a wide varlety of microarray platforms {FFPE} tiumors (HCC-T), reasoning that any meaningfid classification system

(HCC-A, HCC-B, HCC-C, HCC-D, HCC-E,; HCC-F, HCC-G, and HCC-H: see should be applicable to. routinely coilected fixed (as opposed to frozen)
Supplementary Tables §1 and S2 for details; refs. 4-11); Between the training tissues, We analyzed FFPE. tissue. blocks from 118 HCC patients. who

data sets (HCC-A. HCC-B. and HCC-C) chosen as larger data sets covering consecutively underwent. surgical resection during. 1990 to 2001 at
major: etiologies of HCC ta avoid overfitting a miodel to dny: particular Toranomon Hospital, Ethical approval for use of the FFPE tissues. obtained
cohort ot microarray plaiform, corresponding subgroups of the saniples and archived: as part of routine clinical care, was. acquired: from  the
were: defined by subclass ‘mapping (SubMap)- method: (12) based on institutional review board grauted on: condition: that all samples be made
subclasses that identified. three unsupervised clustering methods: hierar- anenymeous. Total RNA was extracted from macrodissected 10-jm tissue
chical clustering, k-means clustering, and nonnegative malrix factorization. slices (three ks fout slices for each sample} using High Pure RNA Paraffin kit
which finds clusters of samples - after collapsing the "data. set into iRuchel Expression of transoriptionally informative 6,000 gengs. selected to
representative ‘mefa-genes: (13}, capture. global’ state ' of transcriptome: (i) was profiled using’ DNA-
For each subclass defined by SubMap. meta-analysis marker genes were mediated ‘annealing: selection: extension. and. ligation (DASL} assay
selected as overexpressed genes compared with the rest of the subclasses {Ilimina: see Supplementary Datas ref. i%).
(HCC ‘subclass: signature) in“all ‘the tliree: clustering methods to aveid
defining gene expression-hased subclasses that were unique to a particuler Blicroarravs for Coll Lines
clustering algorithm. Prediction of the subclass was performed for each Total RNA was isolated using Trizol reagent {Invitrogen) accoiding to the
sample using neavest template prediction method (14, 15) to accommodate manufachurer’s instruction, Microarray experiinent was perforined using
the diverse microatray platforms (see Supplementary Data for details). HT HG-U132A High-Throughput Airays (&ffymetis); The raw ddta wre
Moleeunlar annotation of BCC subclasses. Functional charactevization normalized Using BioConduct;)r affy p:;ckage:ls
of the HCC subclasses was performed using gene set envichment analysis Al microarray data sets are available through Nationa! Center for
(GSEA; vef. 16). Two categories of gene sets in Molecular Signature Database Biotechnology Information Gene Expression Oimnibus’™ with accession
(MSigDB)!' were used: target gene sets regulated by experfmental  yympers of GSE10186 (DASL), GSE10393 (U133A), and GPLS47 (transcrip-
pertirbations (377 gene’ setst and’ Hterature-based manually curated tionally informative gene panel for DASL) and sur Web site)?

molecular pathway gene sets (150 gene setsk
Clinicat data analysis. The hozard of tumor recurrerice was calculated
to estimate the pattern of HCC recurrence over time after the sirgery us

%

= hittp/ wwwr-project.org
¥ htp/ Awwivbioconductor.org!
M bt/ Avveenebinimunih.gov/ geo!
b/ i broad mitiedi/gsen/insigdhb/  hpy/ wvew.broad. miLedu/eancer/pub/HCC
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Common Molecular Subclasses of Hepaioceilular Carcinoma

Table 1. Clinical phen

wotypes assoclated with HCC subclasses

Variable S s2 S3 P
Tumor size {cm)” 3.0 [2.045] +5[2.5.7.0] 2.5 {1.34.3] 0.503
Tumor differentiation™

Well 3 (16%) 4 {10%) :

Moderate 27 {53%) 23 (59%) 45 {53%) <0.001

Poor R 16 (31%) 12 (31%) 3 {4%)
AFP {ng/mb}’ 50 [14.332] 171 {27.1.251] 13 {543} <0.001
Hepatitis B virus mf=chani 39 {38%) 27 (36%) 35 {25%) 0.05
Hepatitis C virus in nfectioty 35 {53%) 44 {58%) 109 {69%) a.03

NOTE: Median [25%
*HCC-F. HCC-H. de CC I: 7 =55 52 a1 =46: 83, n = 96,
HCC H and HCC-L: §1, 2 = 8 \2 #=3%83 1 =383
$HOC-B. HCC-CL H\C~ , HCC-H, and HCC-1: St =

5%}, \“'i‘cc\'on rank sum test for continuous data, and Fisher's exact test for categorical data.

102:82.n =76:83, 2 = |

Immunostaining

Immunchistochemical staining was performed on 10-um FFPE sections
using antibodies for @-catenin {Becton Dickinson), phospho-AKT {Cell
Signaling). and p53 (Immunotech) followed by detection using the
Envision+ DAB system {Dako). The stains were evaluated by a pathologist
blinded to the results of the gene expression profiling, and the results were
scored in a binary system. For immunoiluorescence staining; cells grown on
multiwell chamber: slides were fixed by 1% paraformaldehyde and stained
for p-catenin (see Supplementary Data for details).

Cell Culture

Human FCC cell lines, Huh-7 (Riken Bioresource Center) and SNU-387
(American Type Culture.Collection), were grown in. DMEM supplemented
with ~10%. heat-inaciivated. fetal: bovine serum- at. 37°C in.a: 5% CO.

atnsosphere. No fi-catenin mutation has been found in these cell lines.

Western Blotting

Cell lysates were separated on NuPAGE 4% to 12% gels (Invitrogen) and
transfeired to polyvinylidenie diffuoride membranes (Bio-Rad) and blotted
for a-fetoprotein (AFP: Santa Cruz Biotechnology), B-catenin, phospho-
SMADS (Cell Signaling}, and proliferating cell nuclear antigen (Santa Cruz
Biotechnology) antibodies.

B-Catenin Knockdown

Cells wera infected with the indicated short hairpin ENA'(shRNA} vectors
{constract 1. TRCNOUOU003843: ‘coustruct 2. TRCNOO0000384L: The RNAI
Consortium*®} and puromyein ‘selected, Ninety-six howrs ‘after hifection,
cells were cotinted and seeded in friplicate 126.000/six welll After 10°dy cells
were fited in paraformaldehyde and stained with crystal violet: Dye was
extracted with 109 avetic acid and absorbance was determined at 600 tim.

Luciferase Assay

Cells were transfected using Lipofectamine 2000 (Tnvitrogen) with either
TOP-flasly o FOP-flash constructs and stimulated with 100 pmol/L TGF-5
(R&D Systenis} for 48 h. Luciferase activity was measured using Dual-Glo kit
{Promega). All transfections were. performed. in triplicate and: measure-
ments were normalized toa. SV40. promoter-driven: Renilla luciferase
construct:

Resulis

Three commen molecnlar subclasses of HCC, The SubMap
method identified three robust subclasses in each of the three initial
data sets analyzed. We refer tc these subclasses as S, 52, and $3

* www. broad.mitedu/ genome_biv/tre/tal itml

(Fig. 1), and the complete list of genes that correlated with each of
the subclasses is available in Supplementary Table §3. As with any
unsupervised clustering—based definition of cancer subclasses, it is
essential to establish the validity of the newfound classification
system. In the following sections. we describe three independent
validations of the three-class structure of HCC. First, we show that
the three subclasses are detected with statistical significance in each
of the six remaining HCC data sets (totaling 371 patients). Second,
we show that the subclasses are associated with clinical parameters.
Third, we show that the subclasses are associated with biological
mechanism known to be operative in: the pathogenesis of HCC,

Statistica! validation of subclasses across nine HCC cohorts.
As a statistical measure of the validitv of the three subclasses, we
determined the confidenice with which HCC samples could be
classified into oue of the three subelasses using the HCC subclass
signature-based classifier, including 619 genes. As: expected,
subclass labels were assigned with high confidence [false discovery
rate (FDR) < 0.05] to 94% of the training samples (HCC-A. HCC-B.
and HCC-C), which were used to define the subclasses in’ the first
place. -Move importantly, high confidence’ subclass: labels were
assigned to 84% of the 371 samples in the validation set (HCC-D,
HCC-E, HCC-F HCC-G, HCC-H, and HCC-1): In contrast, a classifier
based on the same number of genes chosen randomly yielded high
confidence predictions in <1% of the samples. In addition, our
classification systern was superior to. those reported. previcusly
(10, 11,20, 21) when those classifiers were tested across all of the
validation data sets (high confidence predictions using reported
signatures were 27-75%; Supplementary Fig. S1). These results,
taken: together. indicate the statistical significance of our three
subclasses and point to the limitation of defining subclasses based
on only a single cohort. where overfitting often leads to failure of
the classifier to validate on new samples. particularly when profiled
on a different microarray platform.

Clintcal relevance of HCC subclasses. Having established the
statistical validity of the HCC subclasses. we next asked whether
atry. of the subclasses were associated with clinical parameters to
add the validity of the subelasses. Clinical data were available for
197 patients, as swmmarized in Table L

Our first observation was that tumors in subclass $2 were larger
than the others, whereas tumors in $3 were smaller compared with
the rest (P = 0.003). In addition. subclass 53 included the tajority of
well-differentiated tumors (37 of 49; P < 0.001}, whereas there was no

www.ascriournals.org
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Figure 2. Molecular pathways associated with HCG subclasses. Immunchistochemical analysis of phospho-AKT (A). pS3:(B), and p~catenin (C) proteins in
HCG:1.-Laft, proportions of the cases with positive staining in each HCC subclass: right, representative positive staining (arrowheads). Magnification. »20. D, growth
inhibition of SNU-387 cells (predicted to be subclass S1) by knocking down fi-catenir: protein using two different shRNA constructs.

histologic difference between S1 and 52 (P = 0.73}. We also examined

‘the serum levels of the one clinically used serum biomarker of

HCC-—-AFP. Serum AFP was the highest in 52 (0.001). further
supporting the notion that our subclasses are clinically relevant.
Next, we scught to determine whether the HCC subclasses were
assoctated with clinical outcome following surgical resection. We
were careful to analvze the two major patterns of HCC recurrence:
early recurrence, which is velated to residual “dissemination of
primary tumor cells within the liver, and late recurrence, which is
attributable to new primary tumors arising in' a hypercarcinogenic
state of a dnjhotic liver (17; 18, 22). “Early” recurretice is associated
with malignant characteristics of the primary tumor itself, and we
reported that it has less effect on patient survival in earlier-stage
HCC. in which “late” recturence is the major determinant of
survival (14, 23}, We found that subclass §1 was associated with a
significantly greater risk of earlier recurrence (P = .03 within
1 year; Supplementary Fig. $2). This association remained to be
significant even after correcting for tumor size in multivariate Cox
regression. modeling (Supplementary Table 54). Consistent with
this observation, 81 tuinors exhibited more vascular invasion and
satellite lesions (both known risk factors for early recuirencs;
Supplementary Table S5). These results may suggest that the Si

the HCC subclasses showed no association with survival (P = 0.12)
in our data set (HCC-H) consisting mostly of early-stage tumors.
Molecular pathways associated with HCC subclasses: We
next asked whether we could ascribe biological ‘meaning to our
validated HCC subclasses. The GSEA results indicated that indeed
our HCC subclasses were  associated with distinet biological
processes, several of which have been' implicated in HCC
pathogenesis (Supplementary Tables S7 and 88). For example, 52
were tumors associated with a relative suppression of IFN target
genes (7). of interest because of the use of IFN as an: experimental
chemopreventive strategy for HCC. S2 tumors were also enriched in
NIYC target genes. suggesting that MYC activation is a feature of §2
tumors. Consistent with this observation, we found that a recently
reported mousé model of HCC based on MYC overexpression (24)
exhibited the S2 subclass signature (Supplementary Fig. 83). 52
tnmors were also ‘strongly enviched:in a signature  of EpCAM
positivity (Supplementary Table $6; ref. 251 ‘and in addition. we
found that S2 tnmors: overexpressed 4FP. {consistent “with 82
patients having elevated serum AFP levels; Table 1} Lastly 82
tumnors were enriched in a signahwe of AKT activation (10), and
validation' experimient indicated a trend toward elevated phos-
phorylation of AKT as determined by immunohistochemistry (P =

subclass is associated with a more invasive/disseminative pheno-
type. Interestingly, we found that a recently reported signature of
poor survival defined in patients with more advanced HCC, where
early recurrence is the major determinant of survival (4). was
associated with S§1 and 82, whereas the good: survival signature
defined in that study was enriched in 83 tumors (Supplementary
Table S$6). lending further credence to our subclass model
Importantly, sur HCC subclasses were not associated with late
recuirence, consistent with our recent study indicating that late
recurrence is determined not by the characteristics of the tumor
itself but rather by the biological state of the swrrounding liver at
risk {14). Furthermore, consistent with our previous observation.

0.07; Fig.-24). An AFP-AKT association has been previcusly
cbserved (10, 26). and we see here that this association is being
driven primarily by 52 tumors, The mechanism of AKT activation in
these tumors is not known but likely reflects tpstream signaling of
the phosphatidylinositol 3-kinase (PI3K} pathway (27). As PISK
inhibitors are now entering clinical development, it may be of value
to examine their role in $2 tumors in particular.

GSEA -also identified 'differential activation of p53 and p21
target gene sets, with these gemes being more abundantly
expressed in $3 tumors compared with S1 and S2, consistent
with 6w observation that $3 tumors tend to be lower grade
{Table 11 To- further- validate this result, we performed

Cancer Res 2808; 59: {18). September 15, 2068 7388
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Common Molecular Subciasses of Hepaioceilular Carcinoma

immunohistochemisty for p53, wherein nuclear accumulation of
p53 protein is well known to reflect inactivating p53 mutation
GSEA analysis, S1 and 52 tumors

ibited significantly greater nuclear p53 staining compared with
S3 (P = 0.001; Fig, 2B), The more well-differentiated nature of 53
tumeors was also reflected in the S3 gene expression profile, with
$3 tumors exhibiting relatively higher Jevels of expression of
hepatocyte function-related genes invoived in glycogen/lipid/
aleohol metabolism (APO/ALDH/ADH family genes), detoxification
(CIP family genes), coagulation; and oxygen radical scavenging
{CAZ, SODI: Supplementary Tables 83, 87 and S8).

VNT pathway activation in §1. The WINT signaling pathway is
perhaps the best characterized oncogenic pathway in HCC, with
pathway activation occurring through f-catenin mutation (specif-
ically via mutation in exon 3 in up to 44% of cases) and less
frequently in AXIVI (<10% of cases: refs. 2. 3). We addressed WNT
status with regard to HCC subclass in two ways. First, we
performed GSEA analysis using an expetimentally defined WNT
activation signature. We found strong enrichment of the WNT
signature in subclass SI compared with §2 or 83 (FDR = 0.03;
Supplementary Table §7), suggesting preferential WNT activation
in S1 tumors. We validated this result via immunohistochemistry
for @-catenin (the principal downstream effector of WNT in HCC)
and found that S1 tumiors indeed had higher levels of cytoplasmic
pB-catenin protein expression compared with the other subclasses
(0.001), again indicating preferential activation of the canonical
WNT pathway in S1 (Fig. 2C: ref. 29). In addition, we found that
shRNAs targeting f-cafenin. resulted in growth inhibition when
introduced into the SNU-387 cell line (predicted to be subclass SI).
thereby further supperting the hypothesis that WNT activation is
functionally important in SI tumors (Fig. 2D).

Mechanisms of WNT activation in 81 tmmers. Having
determined that SI tumors exhibit preferential activation of the
WNT/-catenin pathway, we next addressed potential mechanisms
for .this activity. We  fivst asked whether the SI tumors were
associated with f-catenin mutation in HCC-H data set. for which
we previously sequenced exon 3 of fi-catenin gene {11} Surpri-

singly. B-cazenin mutations were preferentially found in S3 tumors,
consistent with previously reported "CTNNB1" class representing a
subset of 83 (1l. 30). This result is also consistent with recent
evidence indicating that f-calenin mutations do not regulate the
canonical WNT tavget genes (e, avelin DI and MIC) that
characterize our Sl-associated WNT activation signature {31)

" These results further saggest that the WNT pathway is activated in

S1 tumors by a mechanism other than f-catenin mutation,

To explore alternate explanations for WNT pathway activation.
we again twrned to GSEA, asking whether other gene sets
{signatures) enriched in SI tumors might provide insight into
WNT activation in these tumors. Strikingly, we observed strong
overexpression of TGF-f5 target gene sets (ie., genes expressed
as.a vesult of experimental activation of TGF-B) in 81 tumors
{Supplementary Table §7). We similarly cbserved enrichment of a
gene set associated with epithelial-to-mesenchymal transition. a
phenomenon implicated in tumor invasion and metastesis (32} and
known to be regulated by TGF-p signaling in HCC (Supplementary
Table §7: refs. 33. 34), Furthermore, a previously reported TGF-p
activation signature associated with an invasive phenotype (35)
showed strong enrichment in SI (Supplementary Table S6). We
observed no genomic copy number change associated with SI
subclass in TGFBI locus, suggesting that chromosomal aberration
is not the causative mechanism of the activation (Supplementary
Fig. S4). These results indicate that TGF-p and WNT signaling co-
ceeur i’ the same HCC 'subclass (subclass' S1); and suggest the
hypothesis that TGF-p might in some way lead to WNT activity
that defines the 51 molecular phenotype.

TGF-3-WNT interactions. We next explored the hypothesis that
TGF-j3 regulates WNT pathway activity in HCC cells, First. we
treated. the .HCC. cell line Huh-7 with intact WNT pathway
components (classified as subclass 82 and with no activation of 81
and WNT activation signature} with TGF-{2 and monitored the
genome-wide expression consequence. As predicted, TGEF-§ stimu-
lation induced expression of WNT target genes (FDR < 0.001: Fig, 34)
and induced the expression of genes characteristic of subclass 51
{FDR = 0.04; Fig. 35: Supplementary Data) characterized by WNT/

A

Figure 3. Interaction between WNT
pathway and TGF-i% A, upregulation of an
experimentally defined WNT {arget gene
set, "KENNY. WNT_UP” (FDR < 0,001}, by
TGF-5. Genes were rank ordered based on
differential expression between
TGF-p~ireated and untreated Huh-7.

cells {predicted to.be subclass: 52).
A'database of target gene sets for
experimential perturbations (377 gene sets)
was assessed by GSEA. B, up-regulation
of the 51 signature by TGF-{; treatment.
Genes were rank ordered based on
differential expression between treated and
untreated Huh-7' cells; and induction' of

Lasichiment
{91

the 'subclass signature was svaluated by {04 TGF-|;
GSEA (FDR =0.04). G, suppression : o
of AFP. protein sxpression by TGF-p b 1

Rark-crdered genss
£ Induzed by TSR0

oo 450

Rark-crdered genss
(& induced by TBE-

ipmoliL

treatment. Loading control is nonspecific
for AFP antibody o show that equal
amotirits. of protein were loaded,
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We next explored the mechanisn TGF-p» augments
WNT/jb-catenin activity, A simple D‘ngianaiflf»fx would be that
TGF-B induced expression of B-catenin RMNA or protein levels, but
we found no evidence for this (Fig, 48). Strikingly. however, TGF-3
treatment resulted in a marked change in P-catenin subcellular
localization. §pet“~“aﬂv GF-f trea induced a shift from
membranous PB-catenin staining to a C‘ftvpiasz i

nr
or
et

stribution with

T

focal perinuclear aggregation (¥
enhances WNT signaling by meod
free p-catenin.

Taken together, these resuits validate the cbservation that TGF-p
and. WNT activity together typify the S1 subclass of HCC. and
further suggest that TGF-j» augments WNT activity via alteration of
the subcellular localization of p-cutenin. consistent with the ¢ross-
talk between these pathways observed in other biclogical contexts
(34, 36). This implies that therapeutic. cotargeting TGE-{% and
jp-catenin: i 51 tumors mzch: be explored as.a:strategy for the
treatment of 51 subclass HC

s

Discussion
Advances in genome fechnologies
of “cancer genome: charvacterizat

3.

are now supporting a bréadth
tion o studies. Including those

come, 1 ‘ iowever, a certal
often report differen
questions. For examy
classification of HCC have
consensus motectlar
This might lead some
are insufficiently stabl
complex that regular
nonexistent. We report her
molecular architecture of HC
all available HCC da
Our analysis' of nine I
indicated that there exist
we vefer to as subclasses Si
although the proportion of 138V
study to study, the subclasses were identifiable i'F‘QCL.CHGbS of the
3

data are
a hig eproducible
and is detected across

Geozxaph!c location of the study patients {Asia versus Euorope
versus United States) or the technology platform used (cDNA
versus oligonucleotide arrays. froz sus FFPE tissues).
Notably, the new data set gemerated in the present study used
FFPE tissues, thereby showing that the three-class structure is
readily . detectable in_ specimens coliected and stored in the
routirie clinical:setting.. This is. velevant because the future
deployment . of - diagnostic .tests -aimed. at cancer classification
should: ideally: be applicable to-the standard FFPE specimens
that are obtained in-clinical. practice.

Several biolegical insights can be made from the observed three-
class: structnve of HCC. Class- S is particularly notable for the
prominence of a WNT activation gene expression signature. This.is
notable because such WNT activation is not simply explained by
vated ff-catenin fnutations. saggesting that

be. at play,

the presence of a
additional” mechanisms of WNT acthvation. seem io

B

A TR

Fohd widustion

Control

Figure 4. Activaiion of WNT pathway by
TGEF-p. Al Huh-7 cells were transfecied

with the indicated reporis.f “on struct
increasi

,aihway sctivation was Vo*m.m d by
phogphorylation'of SMAD3. Abundance

of pecatenin protein was not changed

by TGF-g treatment {100 pmol/k, 48 hj.
_fsadmg control is nonspecific for
phospho-SMADS antibody to show that
squal amotnts of protein:were loaded.

C.- Huh-7 cells were stimulated as above
and ‘stained for p-catenin. Celiular
distribution: of p-catenin changed from
predaminantly membranous o cytoplasmic
and psrinucléar, and clustered cells spread
out with mors slongated and lattensd
morphology.
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including TGF-3 activation. This may be particularly important in
the setting of clinical trials testing {3-catenin inhibitorsin HCC. Our
data stiggest that such inhibitors may be worth exploring in HCC
beyond - those patients harboring f-catenin: mutation:: Although
additional mechanistic studies: are ‘clearly required; our data
support the existence of an interaction between WNT activation
and TGF- activation it S1 tumors, an interaction that has been
recently proposed in HCC (34): :

Class S2 tumiots were notable for thelr high level of expression of
AFP. rassociated - with - elevated plasma levels - of “"AFP: protein
compared with non-82 patients. 52 tumors also: tended to- be
eniriched in MYC tumors harboring a MYC activation signature. This
is of relevance because it suggests that genetically engineered
mouse models of HCC based on MYC activation may be used to
interrogate biological basis of the S2 subclass of human HCC. In
addition. the finding of an AKT activation signature i3 52 tumors
suggests that AKT or PI3K inhibitors might be particularly worthy of
exploration in this subclass. Further studies are required to establish
the mechanism by which 'AKT is activated in these tumors.

S3 tumors were notable for their relative histologic evidence of

ifferentiation; and the S3 gene expression program was secord-
ingly suggestive of a molecular program of differentiated hepato-
cyte function. It is tempting to specudate that these tumors might
be particularly well suited to differentiation therapy with agents
such as retinoids, as has been previously suggested (37). Whether
S3 twmors-have distinct mechanisims of transformation or rather
simply allow for more complete cellular differentiation remains o
be determined. The preserved p53 function in 83 suggests that the
abrogation of p53 is associated with stepiise malignant transfor-
mation of well-differentiated tumors rather than initiation of
carcinogenesis. The less frequent f-catenin mutations i 81 and S2

References

1. El-Serag HB. Rudolph KL. Hepatocellular cavciboma:
epidemiology and molecular carcinogenesis. Gastvoen-
terology 2007:132:2557-76,

2. Farazi PA, DePinho RA. Hepatocelhdor carcinoma

Cancer 2006;6:574-87.

pathogenesis: fiom genes to environment. Nat Rev

3. Villanueva A, Newell P, Chiang DY, Friedman SL. Llovet
JM. Genomics and sisnaling pathwayvs in hepatocellular
carcinoma. Semin Liver Dis 1007:27:55-76. 1929-39,

4. Lee JS.: Chu IS0 Heo }. et al. Classification: and

may suggest that these tiunors arose through different carcinogenic
mechanisms compared with S3.

Clearly; much remaius to be learnied about the biological basis of
our observed HCC subclasses. But the fact that they are observed in
all studies of HCC examined to date suggests that they represent a
teproducible classification framework for the disease. We therefore
propose that it will be important to know the subclass of HCC
patients entering clinical trials for the treatment of HCC because
the response to targeted agents (e.g.. [>-catenin and PI3K} is likely
to- be  different across: the subsets: {38). Early observations of
differential sensitivity of these distitict twmor types may help guide
the design of future clinical trials aimed at targeting agents to
distinct patient populations.

Disciosure of Potential Conflicts of Interest

No potential contlicts of interest were disclosed.

Acknowledgments

Beceived 3735/09; revised 6/9/0%: wccepted 6715049 published Cnlinefirst 97108,

Grant support: NiH/National Cancer’ institute granl 3US4 C5112962-03 (T.R
Golub), NIH/National Institutes of Diabetes, Digestive und Kidney Diseases grant
TROIDKO76986 (J.M. Llovet), NTH (Spain} grant I+1) Program SAF-2007-G1898 (J.M.
Liovet], and Samnie] Waxman Cancer Research Foundation. Y. Hoshida is supported by
Charles A, King Trust fellowship. S.M.B, Nijman was supported by the Netherlands
Organisation for Scientific Research {Rubicon} and Dutch Cancer Society fellowships.

The casts of publication of this article were defrayed in part by the payment of page
charges. This article must theréfore be hereby marked adverfiserent in accordance
with 18 11.8.C. Section 1734 solely to indicate this fact.

We thank Menno Crevghton for reagents ond helpfid suegestion: So Young Kim.
Ron Firestein, William Hahn, and David Root for the shRMA constructs: Megan Havna
for technical help: Weijia Zhang for critical reading of the manuscript: and Jadwiga
Grabarek and Marike Kobayashi for general support.

prediction of survival in hepatocellular carcinoma by

gene expression profiling. Hepatology 2004:10:667-76.
3. Chen 5. Cheung ST So &, et al. Gene expression

patterns in human liver cancers. Mol Biol Cell 2002:15:

6. lizukaN; Oka M, Yamada-Okabe Hi et al. Oligonucleotide

W aacriournais.org

7381

Cancer Res 2009; 69: {18} September 15, 2608

—510—



ahepatic recurrence
curative resection,

T, Breubizhn K ¥

arofiling of hwnan hepaioee

nmtually exclusive interferon regulation &
[

i R. et al. Mdlecular
¢ carcinoma defines
nd insulin-like

arawth facior # overexpression. Cancer Res 200464
605564,
8. 1e QH. hepatitis B

oo

virus-posi
using gene expressicn p
Iearning, N ed 2003
4. Midorikawsa Y, Tsutswini
chwomaosomal bias of gene e.\gressmr E

tovellulay carcinomas
supervised machine

Iy

shimura X, et al. Distinet
gnatures in the

proa‘w»smu, of hepatocelldar carcinoma. Cancer Res
26370,
IO. Beyauwit . Rickman DS, de Revnies A, et al

T:.mscwptmfe classification of 1ICC is related t¢ gene
alterations and to new therapentic targets. Hepamloc\'
200
i1, Chxanﬁm Villanueva A, Hoshida Y. et al. Focal gains
of VEGFA and mulecudar classification of hepatoceliular
2r Res 2008:6 S8,

12, Hoshida Y. Branet [P Tamayo P, Golub TR,
Mesivov JP. Sibelass mapping: identifving common
subtypes in independent disease data sets. PLoS ONE
2007:2:01195,

13, Brunet [P Tamayo

P. Goiub TR. Me

ov fP.

Metagenes and molecular pattern discovery using

matrix factorization. Proc Natl Acad Sct U § A 2004
101:4164-9,

140 Hoshida' ¥, Villanueva. & Kobayashi M. et ak Gene
expression in tixed tissues and outcome in hepatocel-
tular carcinoma. N Engl J Med 2008:359:1995-2004.

150 %u L Shen 580 Haoshida Yooet al: Gene expression
changes in an animal melanoma model correlate with
aggressiveness’ of himan melanoma’ metastases,” Mol
Cancer Res 2008:6:760-9.

16, Subramanisn A, Tamavo P Mootha VK, et ul. Gene
set envichment analysis: & knowledge-bused approach

s, Proc

‘:1. ]mamun H \!msmar-m 'x Tﬂa‘\a E. 2t al
factors contvibuting to early and late phase
recisrence of (\epato\ehua_r carcinoma after hepatec-
tomy. | Hepatol 20605:38:200-7.

38, Mazzaferre V. Romito R, Schiuvo M. ot al. Prevention
of hepatocellular carcinoma recurance with
after liver vesection in ITCV cbthosis. Lepatola
1543~34,

19, Fan JB. Yeakley [V, Bibikova Moet al. & versatile assay
for high-throughput gene cxpression profiling on
aniversal array matrices, Genome Res 200:14:875

20, Kaposi-Novak P lee IS, Gomez-Quivoz L. C'tulau‘.g
C. Factor VM. Thorgeirsson 8S. Met-regulated expres-
sion signature defines'a subget of human' heépatoceliudar
carcinomas with poar prognoesis and aggressive phene-
type. J Clin Invest 2006:116:1382-85,

21, Lee JSi1ieo ] Libbrecht L. et al "3 novel proguostic
subtype: of human  hepatocellddar carcinoma, derived
from hepatic progenitor celis, Nat Med 2006:12:310-6,

22, Broix J, Sherman M Munagement of hepataceludar

carvinoma. Hepatology 2005:42:1203-36,

23, lloshida Y. Villanueva A. Llovet JM. Molecular
profiling to predict hepatocellufar carcinoma outcome,
Expert Rev Gastroenterol Hepatol 2009:3:101-3,

24, Lee JS, Chu IS, Mikaclyan A ef ol Application of
comparative functional genomics to identify. best-fit
mouse models to study 'm-x an cancer. Nar Genet 2004
36:1306-11.

25, Yamashita T. Forgues M, Wang W. et al. EpCAM and
a-fetoprotein expression defines novel prognostic sub-
types of hepatocelltdar carcinoma, Cancer Res 2008;68:
1451=6L.

26, Suhin: I, Kannangai R. Adegbola 0. Wuang J, Su G,
Torbenson M. mTOR and P70 S6 kinase expression in
primary liver neaplasms. Clin Cancer Res 200-510:84821 <5,

27. Villanueva A. Chiang DY. Newell I' et al. Pivotal rele
of mTOR signaling in hepatocellular carcinoma. Gas-
troenterojogy 2008;135:1972

4«

ey

28, Vousden KH. Lane DP. p53 in health and disease. Nai
Rev dinf Cel Sml L s

29. Miller JR. Moon RT. Signal transduction thvough f-
catenin and specification of cell fate during embive-
genesis. Genes Dev 1996:10:2527-39,

38, Tk geirsson §S. Lee ]S, Grisham [W. Functional

gen mmcs of hepatocellular carcinoma. Hepatolegy 2006:

43:8145-50,

3N .Z crian-Hosst | Benhamouche S, Godard €. et ol
Differential effects of inactivated Axinl and activated p-
catenin mutaticns in human hepatoceliular catcinomas.
Oncogene 200 77480,

32, Zavadii ). Bottinger EP. TGF-p and epithelial-
ta-mesenchymal transitions. Oncogene 2005:24:5764-7-4

25, Glannelli G. Bergamini C. Fransvea E. Sgava C.
Antonact S, Laminin-3 with transforming growth factor-

3] induces epithelial to mesenchymal transition in
hepatocellular carcinoma. Gastroenterclogy 2005:129:
1375-83.

AN, Fuchs E. Mikwla M. Huber H. Beug H.
Aikalits W PDGF essentially links TGF-f3 signaling to
nueleur Fecatenin accumulation in- hepatocellular car-
cinoma progression. Oncogene 2007:26:3295-405.

35 Coulouara €)' Factor VM. Thorgeirsson® 58, Trans-
fon"linr.f gruu‘l’h factor-p gene ex prexalo'\ <!"n'\ture; in
mouse hep’uut vies pled:‘.ts clinical outtome iu human
cancer. Hepatolagy 2008:47:2059-67.

36. Jian H. Shen X. Liu L Semenov M, He X. Wang XF.
SviADS-dependent nuclear translocation of P-catenin is
required for TGF-gl-induced proliferation of bone
marrow-derived adult human mesenchymal stem cells.
Genes Dev 2006:20:666-7-1

37. Muto Y, Moriwaki H. Ninomiva M. et al. Prevention of
second primary tumors by an acyclic: retivoid. poly-
prencic acid. in patients with hepatocellular carcinoma.
Hepatoma Prevention Study Group. N Engl ] Med 1996:
33k1361-7

38, Liovet Jad, Bruix J. Molecular targeted therapies in
l*ﬂpatocellular carcinoma. Hepatology 2008:-48:
1512-27.

Canger Res 2009; 85: {1

3. September 15, 2008

www.aacriournals.org



Hepatol Int (2009) 3:403-410
DOI 10.1007/s12072-008-9108-8

CASE REPGRT

Two cases of development of entecavir resistance during entecavir
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Abstract

because development of ETV resistance (ETVr) requires

Background - Entecavir . (ETV) is a potent nucleoside at least three amino dcid substitutions in HBV reverse
analogue against hepatitis B  virus (HBV), and emergence transcriptase. We observed two cases of genotypic ETVr
of drug resistance is rare in nucleoside-naive patients with viral rebound and biochemical breakthrough during
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Table 1 Baseline characteristics
Normal range Unit Case 1 Case 2

Age - - 44 years 47 years

Gender - - Male Male

T: Bil 0.2-1.0 “mg/dl 0.8 0.5

AST 10-40 on 113 43

ALT 5-40 104 199 74

ALP 115-359 i 268 216

BUN 620 mg/dl 9.5 159

CREA 0.61-1.04 mg/dl 0.95 0.83

ALB 4.0-5.0 g/dl 42 4.3

WBC 3500-8500 ul 6,800 5,650

Hb 13.5-17.0 g/dl 15.7 14.8

PLT 13.1-36.2 104l 18.9 145

Prothrombin time 10-13 second 10.8 11.2

INR = 1.0 0.9

HBsAg (CLIA) 0-0.05 IU/ml >100 (positive) >100 (positive)

anti-HBs (CLIA) 0-10 1U/ml 0 (negative) 0 (negative)

HBeAg (CLIA) 0-1 120 (positive) 190 (positive)

anti-HBe (CLIA) 0-50 % <35 (negative) 0 (negative)

HBV DNA (PCR) <2.6 log;e copies/ml 10.0 82

HBV genotype Genotype C Genotype C

YMDD (sequencing) YMDD+ YMDD+
YVDD-— YVDD=
YIDD— YIDD-

Liver histology* CHFU/AL CH F2/A2

* Diagnosed according to New Inuyama classification, T. Bil: total bilirubin, AST: aspartate aminotransferase, ALT: alanine aminotransferase,
ALP: alkalinephosphatase, BUN: blood urea nitrogen, CREA: sérum creatinine, ALB: serum' albumin, WBC: white blood cell count, Hb:
hemoglobin, PLT; platelet count, INR; international normalized ratio, HBsAg: hepatitis B' surface antigen, CLIA: chemiluminescent immu-
noassay, anti-HBs: antibody to hepatitis B surface antigen, HBeAg; hepatitis B e antigen, anti-HBe: antibody to hepatitis B e antigen, HBV:
hepatitis B viris, PCR: polymerase chain reaction, YMDD: tyrosine-methionine-aspartate-aspartate motif, YVDD: tyrosine-valine-aspartate-

aspartate motif, YIDD: tyrosine-isolencine-aspartate-aspartate motif, CH FI/A1: chronic hepatitis with mild fibrosis and mild activity, CH F2/

A2; chronic hepatitis with moderate fibrosis and moderate activity

Other baseline characteristics ‘are shown in Table 1. He
was enrolled in a phase II clinical trial of ETV and was
randomized into 0.1- and 0.5-mg dosage groups. The trial
was conducted in Japan in compliance with the ethical
principles of the Declaration of Helsinki; Good Clinical
Practice guidelines, and Articles/Notifications of the Min-
istry of Health, Labor and Welfare (H. Kobashi et al., J
Gastroenterol Hepatol, in press). He was assigned into the
0.1-mg dosage group and administered ETV at daily dose
of 0.1 mg for an initial 52 weeks. Subsequently, he was
- administered ETV. continuously at a daily dose of 0.5 mg
for the following 96 weeks: The serum HBV DNA level,
which was 10.0:logio copies/ml at baseline, declined to.a
nadir.of 3.1 logg copies/ml at week 88 of ETV treatment.
Thereafter, HBV DNA - level increased from 4.5 logi
copies/ml at week 124 to 6.3 log;jo copies/ml at week 140
and 6.7 logyo copies/ml at week 148. ALT levels increased
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from 28 TU/L at week 144 to 112 TU/I at week 148. The
patient discontinued ETV therapy at week 148, and then
received a combination therapy of 100 mg of LVD and
10 mg of ADV. per day.. Afterwards, HBY DNA level
dropped to below 2.6 logg copies/ml and ALT level was
normalized after 28 weeks of LVD/ADYV dosing (Fig. 1).
HBYV DNA sequence analysis was performed using PCR-
amplified HBV DNA. from preserved serum samples at
baseline and at every 24 weeks via HBV DNA polymerase
sequence assay (developed at SRL, Inc., Tokyo, Japan),
Although sequence analysis of the baseline isolate revealed no
substitution in the RT domain of the HBV DNA polymerase
gene, analysis of the isolates collected over time revealed the
M2041 substitution at week 100 and the L180M,; S202G, and
M204V substitutions at weeks 124 and 144, respectively
(Table 2).In addition, a polymorphic residue N238 was found
as mixed N238 N/H at week 100 and thereafter. The
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ETV treatment of nucleoside-naive patients with chronic
hepatitis B (CHB).

Results Case 1. A 44-year-old HBeAg-positive man
received ETV 0.1 mg/day for 52 weeks and 0.5 mg/day for
96 weeks consecutively. HBV DNA was 10.0 log;q copies/
ml at baseline, declined to a nadir of 3.1 at week 100, and
rebounded to 4.5 at week 124 and 6.7 at week 148. Alanine
aminotransferase (ALT) level increased to 112 TU/ at
week 148, Switching to a lamivudine (LVD)/adefovir-
dipivoxil combination was effective in decreasing HBV
DNA. Case 2: A 47-year-old HBeAg-positive man
received ETV 0.5 mg/day for 188 weeks. HBV DNA was
8.2 log g copies/ml at baseline, declined to a nadir of 2.9 at
week 124, and then rebounded to 4.7 at week 148 and 6.4
at week 160, ALT level increased to 72 IU/ at week 172.
The ETVr-related substitution (5202G), along with LVD-
resistance-related substitutions (L180M and M204V), was
detected by sequence analysis at week 124 in both case 1
and case 2.

Conclusions ETVr emerged in two Japanese nucleoside-
naive CHB patients after prolonged therapy and incomplete
suppression -and in one patient after <0.5 mg of dosing.
ETV patients with detectable HBV DNA or breakthrough
after extended therapy should be evaluated for compliance
to therapy and potential emergence: of resistance.

Keywords . Entecavir - HBV .- Chronic hepatitis B -
Drug resistance - Nucleoside-naive

Introduction

Hepatitis B virus (HBV) infection is a serious: health
problemn because of its high prevalence, estimated to be
infecting more than 350 million people worldwide, and its
potential for inducing chronic: hepatitis,. cirrhosis, hepatic
decompensation, and hepatoceliular carcinoma (HCC) {1,
2]. It has been demonstrated that the most potent risk factor
for development of cirrhosis or HCC is serum HBV. DNA

level [3, 4], and it seems that suppressing serum HBV load-

is essential for improving the prognosis of HBV carriers.
Treatment of chronic hepatitis B (CHB) has evolved
markedly with the introduction of nucleoside-analogue
antivirals, that is, lamivudine (LVD), adefovir-dipivoxil
(ADV),  entecavir (ETV), and telbivudine, -to  clinical
practice. LVD; the first approved -nucleoside analogue
against HBV, was shown to be effective in suppressing
HBV DNA replication, improving transaminase levels,
improving liver histology, inducing hepatitis B e antigen
(HBeAg) seroconversion, and suppressing hepatic insuffi-
ciency and hepatocarcinogenesis in CHB and compensated
cirrhosis [5, 6]. However, the effectiveness of VD is
limited because of frequent development of drug resistance
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followed by a hepatitis flare and, occasionally, hepatic
failure {7, 8].

ETV, a novel anti-HBV nucleoside analogue, has more
than 1,500 times greater potency than LVD in vitro [9]. In
clinical trials, ETV administration demonstrated potent

. anti-HBV activity with a marked decline in serum HBV

DNA level and a significant improvement in liver histology
than LVD in nucleoside-naive HBeAg-positive and -neg-
ative patients [10, 11]. In addition, emergence of BTV
resistance (ETVr) or viral rebound was shown in these
studies to be rare. From these results, recent treatment
guidelines have recommended ETV as the first-line
nucleoside analogue for nucleoside-naive CHB patients,
including those with: cirrhosis [12, 13].

It has been reported that the development of ETVr in
nucleoside-naive patients is very rare, even after 4 years of
therapy. Recently, however, rare cases of ETVr, which
developed in nucleoside-naive patients in clinical studies,
have been reported [14-16]. We also observed two patients
who developed ETVr-associated HBV reverse transcriptase
(RT) substitutions, followed by virologic rebound, defined
as an elevation in serum HBV DNA of more than 1 logo
copy/ml from nadir, and biochemical breakthrough in long-
term ETV treatment of nucleoside-naive CHB patients. In
this article, we report these two cases in detail.

Case report
Case 1

A 44-year-old Japanese male CHB patient was positive for
hepatitis B surface antigen (HBsAg), HBeAg, serum HBV
DNA, and had HBV genotype C, had elevated alanine
aminotransferase (ALT) levels, and had no history of
nucleoside analogue treatment, The patient had a history of
acute appendicitis at age 30, ureteral stone at age 35, and
hyperlipidemia at age 43. He had a habit of drinking
alcohol (700 mi) daily but did not smoke. At age 27, he
was diagnosed for the first time by health screening as an
asymptomatic HBV carrier in the immune-tolerant phase,
defined by HBsAg positivity and normal liver enzymes,
and he was followed up regularly elsewhere with blood
tests for liver enzymes. He was found to have ALT ele-
vation. He was referred to our hospital at age 44 and was
diagnosed with CHB. Serum HBV DNA level determined
by Roche ArrmplicorTM Monitor PCR assay (lower limit of
detection is 2.6 logje copies/ml = 400 copies/ml; Roche
Diagnostics K.K., Tokyo, Japan) [17] was 10.0 log;o cop-
jes/inl and serum ALT level was 199 TU/. Histologic
diagnosis by percutaneous liver biopsy at baseline revealed
chronic hepatitis with mild fibrosis and mild activity (CH
F1/A1, according to the New Inuyama Classification) [18].
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Fig. 1- Clinical course of case 1, a 44:year-old man with nucleoside-
naive CHB. ETV treatment reduced ALT levels to below. the upper
normal limit at week 12 and reduced HBV DNA load to a nadir of
3.1 logyp copies/ml at week 88. However, HRV DNA ré-elevated to
4.5 logjg -copies/ml - at week 124 - (virologic' breakthrough) and
6.3 log;o copies/ml at-week 140, as well as ALT level re-elevated
at week 148 (biochemical breakthrough). Sequence analysis of the

Table 2. Population sequence: analysis of isolates from: case 1 on
ETV. therapy

Week Reverse transcriptase position

180 202 204 223 238
0 L S M S/A N
24 L S M SfA N
100 L S M1 S/A N/H
124 M G v S N/H
144 M G v S N/H

polymorphic residue S223, which was mixed as S/A at
baseline, was found to be only S at weeks:124 and 144.

In addition, preserved serum samples from this patient at
baseline and at every 24 weeks were analyzed by an
ultrasensitive, - single-nucleotide-polymorphism - (SNP)-
PCR assay, using a method similar to Punia et al. [19] for
identification of resistance substitutions, as well as ana-
lyzing the sequence of individual clones to determine the
genetic linkage of substitutions. SNP-PCR analysis was
performed for the two LVD-resistance (LVDr) substitu-
tions, M204V (codon GTG) and M204I (codons ATA and
ATT), and the ETVr substitution §202G. Both wild-type
and positive control plasmids containing the correct
sequence were used at various concentrations to establish
the background level as well as the level of detection for
each substitution. For clonal analysis, the amplified RT
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HBV:DNA polymerase. gene tising serum sample obtained at weeks
124 and 144 tevealed the emergence of L180M, M204V: (related to
LVD resistance), and S202G (related to ETVr) substitutions. SNP-
PCR assay revealed that LVDr M204V and ETVr §202G substitu-
tions were detected first at week 124 (98%) and increased at week 148
(>99%). Switching from ETV to LVD/ADV combination treatment at
week 148 was successful in reducing HBV.DNA load and ALT again

gene from the patient’s HBV was cloned into plasmids; as
well ‘as 22 to 24 individual clones were selected and
sequenced, to determine the genetic linkage of the different
substitutions observed. ‘

SNP-PCR analysis for ultrasensitive detection of the
resistance - -substitutions  revealed . that . the LVDr
M204V(GTG) and ETVr S202G(GGT) substitutions were
not detected (<0.1%) at baseline, week 24, or week 100,
The M2041 substitution (codon ATA) was detected at low
levels at week 24 (0.4%), increased: levels at week 100
(6.6%), and was present but at reduced levels at weeks 124
and 148 (0.4% at both time points), The LVDr M204V and
ETVr S202G substitutions were detected first at week 124
(98%} and increased levels at week 148 (>99%). The levels
of M204I(ATA) were lower at weeks 124 and 144, likely
as a result of the dominant M204V/8202G virus (Table 3).
Samples at weeks 48 and 76 could not be analyzed con-
clusively because of low yields of HBV. DNA from serum
samples.

Clonal analysis revealed that position 223 was a mixture
of S and A residues at baseline; the LVDr substitutions
L180M and M204V, as well as the ETVr substitution
S202G,; all emerged simultaneously and were linked in the
same virus isolate clones at week 124, isolates that also
contained S at position 223. These substitutions did not
appear to arise from the LVDr isolates with M204I because
the M204I substitution emerged in an isolate with substi-
tution S223A.
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Table 3 SNP-PCR analysis of case 1 isolates
Week M204V $202G M2041 (ATA) M2041 (ATT) A
Mut/WT Ave (%) Mut/WT Ave (%) Mut/WT Ave (%) MuvWT Ave (%)
0 1/5,424 0.018 1/15,453 0.0065 /4,199 0.024 1/37,940 0.0026
24 1/5,655 0.018 1/19,000 0.0052 1/243 0.410 1/46,518 0.0021
100 1/3,846 0.026 1/16,038 0.0062 v 6.569 1/50,456 0.0020
124 48/1 97.973 5911 98.327 1/265 0.377 1/12,879 0.0078
144 706/1 99,859 1,250/1 99.920 1/237 0.421 1/10,573 0.0095

Cells with bold and underlined font are considered positive (>1/1000 or >0.1% mutant/wild-type)

Mut/WT, mutant/wild type, mean (N = 3)
Ave %, average % in total HBV DNA

Case 2

A 47-year-old Japanese male CHB patient was. positive. for
HBsAg, HBeAg, serum HBV DNA, and had HBV geno-
type C, had elevated ALT levels, and had no history of
nucleoside analogue treatment. At age 33, he was diag-
nosed for the first time as an asymptomatic HBV. carrier in
the immune-tolerant phase because of positive HBsAg and
normal liver enzymes. At age 44, he was found to have
ALT elevation, referred to our hospital, and diagnosed with
CHB. Histologic: diagnosis by percutaneous liver biopsy
revealed chronic ‘hepatitis with  moderate  fibrosis and
moderate activity (CH F2/A2 according to the New Inuy-
ama Classification). He was treated with ursodeoxycholic
acid ‘at a daily dose of 600 mg orally and glycyrrhizin
preparation (stronger Neo-Minophagen C™) 40 ml iv.
thrice per week for 3 months. However, liver enzymes did
not normalize. Interferon-02b administration; three mega
units i.m. thrice per week,; was started at age 45 and con-
tinued for 24 weeks. Although HBV. DNA level was
reduced transiently to below 3.7 log;o copies/ml at the end
. of therapy, it rose 9 months after cessation of interferon
therapy to 8.2 logjo copies/ml and ALT level increased to
483 TU/L. At age 47, the patient was started on ETV
treatment as the subject enrolled in the ETV clinical trial
(ETV-053) in Japan at a daily oral dose of 0.5 mg and
continued for 188 weeks. ‘A liver biopsy  performed
1 month before starting the ETV treatment showed chronic
hepatitis with moderate fibrosis and moderate activity (CH
F2/A2; dccording to the New Inuyama Classification). The
baseline serum HBV DNA level was 8.2 logio copies/ml,
ALT level was 74 U/, and other baseline characteristics
were as shown in Table 1. The serum HBV 'DNA level
declined to 3.2 logg copies/ml and ALT level decreased to
below the uppér limit of normal at week 32. Liver histol-
ogy improved to mild-to-moderate fibrosis  and mild
activity -(CH F1-2/A1) at week 48 and chronic hepatitis
with mild-to-moderate fibrosis and mild activity (CH F1/

Al) at week 148. HBV DNA level was suppressed to a
nadir of 2.9 logyo (794) copies/ml at week 124 and rose
again to 4.7 logjo copies/ml at week 148, 5.4 log;o copies/
ml at week 152, and 6.4 log;g copies/ml at week 160 and
7.0 log;, copies/ml at week 164, ALT level rose to 79 TU/
at week 172 and remained between 40 and 50 IU/1 there-
after. ETV at 0.5 mg/day was continued until this time
(Fig. 2).

HBV DNA sequence analysis revealed no resistance
substitutions in the patient’s baseline virus. However, the
LVDrrelated substitutions 1.180M and M204V, as well as
ETVr-related substitution S202G, were detected at week
124, as a mixed population with wild type, and at week
148, as a pure population (Table 4). In addition, the patient
displayed evidence of several polymorphic substitutions at
baseline, indicating a mixed quasi-species, which became
enriched for those with the resistant virus over time.

SNP-PCR analysis was used to determine the first
appearance of the resistance substitutions, using the same
method ‘as for case 1. There was no antiviral resistance
detected at baseline (<0.1%). The M204V (0.65%) and
$202G substitutions were detected first at week 24 but not
again until week 124. At weeks 124 and 148, the resistant
isolate had become enriched to 43% (M204V) and 98%
(M204V), respectively (Table 5).

Clonal analysis was performed to determine the genetic
linkage of the various substitutions observed, using the
same method as for case 1. The amplified RT gene from the
patient’s virus was cloned into plasmids, and 24 to 27
individual clones were selected and sequenced. From the
clonal analysis, it can be seen that there are three positions
that contain mixtures at baseline; position 55 is a mixture
of H and R residues, position 221 is a mixture of Y and F
residues, and position 269 is a mixture of I and L residues.
The substitutions L.180M and M204V, as well-as the ETVr-
related substitution S202G, all emerge simultaneously and
in an isolate with H at position 55, Y at position 221, and I
at position 269.
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Fig. 2 Clinical course of case 2; a 47-year-old man with nucleoside-
naive CHB.. ETV. treatment reduced ALT level to below' the upper
normal limit at - week 30 and reduced serum HBV DNA level to a
nadir of 2.9 log)o copies/ml at week 124. However, HBYV DNA level
re-elevated to 4.7 log;q copies/ml:(virologic breakthrough) at week
148 and 7.0 log;o copies/ml at week 168, as well as ALT level re-

Table 4 Population sequence analysis of isolates from' case 2 on
ETV therapy

Week - RT position

55 .76 180 191 195 202 204 221 269
0 HR .S L \Y E S M Y/FE UL
24 HR S L vV F.'§ M YE.JL
52 HR: 'S L v F 8 M YF 1L
100 H S L v E S M YE UL
124 H S/ LM VI FS.  SIG: MNV..-Y L
148 H S M v F G v Y I

Table 5 SNP-PCR analysis of case 2 isolates

Week S202G*  M204V (GTG,  M204I (ATA,  M204I (ATT,
%) %) %)

0 Negative 0.016 0.020 0.0065

24 Positive  0.65 0.029 0.018

52 Negative 0.021 0.020 0.018

100 Negative = 0.020 0.021 0.010

124 . Positive . 43 0.33 0.010

148 Positive 98 2.9 0.016

% 8202G PCR. was non-quantitative; A positive indicates. 4-fold,
5085-fold; and 10475-fold the wild-type background for weeks 24,
124, and 148, respectively. The baseline isolate gave 1.1:fold the
wild-type background

@ Springer

elevated to 79 TU/I at week 172 Sequence analysis of the HBV DNA
polymerase gene using serum. sample obtained at weeks 124 and 148
revealed the emergence of LISOM, M204V. (related to LVD
resistance), and S202G. (related to ETVr) substitutions. SNP-PCR
assay revealed that the resistant isolate was enriched to 43 (M204V)
and 98% (M204V), respectively

Discussion

The most important limitation of long-term nucleoside
analogue treatment for CHB is the emergence of drug-
resistant mutant HBV followed by viral breakthrough and
hepatitis flare [12]. The most common mutation associated
with ‘LVDr involves substitution of methionine in the
tyrosine-methionine-aspartate-aspartate. (YMDD) miotif of
the HBV DNA polymerase gene RT domain with valine or
isoleucine (M204V/), with or without a leucine-to-methi-
onine substitution in an upstream region (rtL180M) [20]. It
was reported that LVDr was detected at a rate of 14 to 32%
after 1 year and 60 to 70% after 5 years of LVD treatment
[12]. The substitutions conferring resistance to ADV. are
asparagine to threonine (N236T) and alanine to valine or
threonine (A181V/T) [21], and the cumulative probability
of ADV resistance with elevation of HBV DNA level has
been reported to be 20% at 5 years in HBeAg-negative
patients [22] ‘and as high as 42% in HBeAg-positive
patients [23].

In the case of ETV, it has been reported that resistance
to.the drug requires at least one of three substitutions in
HBYV RT, that is, rtT184, rtS202,-and rtM250, as well as
LVDr-related - substitutions  rt.180M  and M204V- [24].
Phenotypic analyses of samples associated with virologic
breakthrough confirmed that ETV. susceptibility correlates
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with the spectrum of these additional substitutions con-
ferring genotypic resistance and the increased-level: of
circulating HBV DNA [25].

There is a high genetic barrier to resistance to ETV in
nucleoside-naive patients and <1% experience virologic
breakthrough with ETVr through 4 years of therapy [15].
However, in LVD-refractory patients, the barrier to resis-
tance is lower because the suppression of HBV replication
is not as great and these patients - mostly harbor virus with
two of the three substitutions required for high-level ETVr
[26]. This results in virologic breakthrough with ETVr in
LVD-refractory patients at 1% in ‘the first year but
increasing to 39.5% after 4 years of therapy [15].

In this article, we report two cases with confirmed
genotypic resistance to ETV, virologic rebound, and bio-
chemical breakthrough during long-term ETV" treatment
for nucleoside-naive CHB patients. In. the first case; the
patient received a lower dose of ETV (0.1 mg daily for
52 weeks) than is currently recommended in product
labeling. It was shown that LVD-ADV combination ther-
apy was apparently effective for the ETV-resistant strain,
presumably because there is no: cross-resistance between
ETV and ADV [26, 27].

SNP-PCR analysis for resistance substitutions revealed
that the LVDr M204V(GTG) and the ETVr S202G(GGT)
substitutions were negative at baseline and emerged
simultaneously at week 124 in both patients. The three
resistance substitutions L180M, M204V, and S202G
appeared to be genetically linked and did not arise in a
stepwise manner in nucleoside-naive patients, as has been
described previously.

ETV displays several properties for consideration as the
first-line nucleoside analogue because of jts potent antiviral
activity and a lower frequency of drug resistance than LVD,
ADV, or telbivudine [13]. Although ETV is effective in
LVD-refractory patients, the potency is reduced somewhat
and the barrier to resistance is diminished by the presence of
rtM2041/V and rtL180M substitutions. The fact that ETVr
may develop in nucleoside-naive patients, even if the
chance is small, is noteworthy. In case 1, the patient
received a lower dose of ETV (0.1 mg daily), which may be
a possible contributing factor to resistance. The common
féatures of our two cases were: HBeAg-positivity, male,
high viral load, slow decrease of HBV DNA, and persis-
tently detectable HBV DNA by PCR (>2.6 log,¢ copies/ml)
during the treatment course; however, these characteristics
were also present in some other patients who did not
develop ETVr. Patient compliance with prescribed therapy
also should be assessed in such situations. It is believed that
some subpopulations of HBV that proliferate very actively
and are not completely suppressed by ETV may have a
chance of being selected for the resistance substitutions
required for ETV virologic failure. Accordingly, such cases

with persistent HBV DNA after extended ETV treatment
should be evaluated for emergence of drug-resistance sub-
stitutions with close monitoring of HBV DNA level, even in
nucleoside-naive patients.

The rate at which resistant mutants are selected is
related to pretreatment serum HBV DNA level, rapidity of
viral suppression, duration of treatment, and prior exposure
to nucleoside analogue therapies [12]. For the management
of the emergence of drug resistance in nucleoside analogue
treatment of CHB and cirrhosis, prediction and early
detection of drug-resistant HBV by close monitoring of
serum viral load and genotypic resistance are necessary.
Keeffe et al. [28] reported the “road-map concept,” that is,
on-treatment monitoring strategy, for selection of nucleo-
side analogues by early prediction of efficacy and
resistance using assessment of viral responses at weeks 12
and 24. Although this “concept” seems imperfect because
the probability of emergence of resistance to particular
nucleoside analogue is not taken into account, a similar
strategy for management of drug resistance by close
monitoring of viral load and confirming genotypic resis-
tance with consideration of the property of each nucleoside
analogue should be established for antiviral treatment of
CHB using nucleoside analogues.

Conclusions

We reported two cases of emergence of genotypic resis-
tance to ETV accompanied by virologic breakthrough in
nucleoside-naive CHB patients. One patient was treated
with a lower than recommended dose of ETV. Although
development of ETVr-related gene mutations is rare in
nucleoside-naive patients, the patients with a slow decline
of HBV DNA or persistent HBV DNA (>2.6 log;o copies/
ml) after ETV administration should be evaluated carefully
for the potential emergence of ETVr.
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A genome-wide association study identifies variants in
the HLA-DP locus associated with chronic hepatitis B

1in Asians
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Aekkachai Puseenam?’, Thanyachai Sura’, Yataro Daigo!?, Kazuaki Chayama®>, Wasun Chantratita®,

Yusuke Nakamural? & Koichi Matsudal

Chronic hepatitis B is a serious infectious liver disease that
often progresses.to liver cirrhosis and: hepatocellular
carcinoma; however; clinical outcomes after viral exposure
vary enormously among individuals'. Through a two-stage
genome-wide association study using 786 Japanese chronic
hepatitis B cases and 2,201 controls, we identified a significant
association of chronic hepatitis B with 11 SNPs in a region
including HLA-DPA1 and HLA-DPB1. We validated these
associations by genotyping two SNPs from the region in three
additional Japanese and Thai cohorts consisting of 1,300 cases
and 2,100 controls (combined P = 6.34 x 1073%and 2.31 %
10738, OR = 0.57 and 0.56; respectively). Subsequent analyses
revealed risk haplotypes (HLA-DPAT*0202-DPB1*0501 and
HILA-DPAT*0202-DPB1*0301, OR = 1.45 and 2.31,
respectively) and protective haplotypes (HLA-DPAT*0103-
DPBT1+0402 and HLA:DPA1*0103-DPB1*0401, OR = 0.52 and
0.57; respectively). Our findings show that genetic variants in
the HLA-DP locus are strongly associated with risk of persistent
infection with hepatitis B virus.

Chronic: hepatitis B is one of the most. common infectious: liver
diseases caused by hepatitis B virus (HBV). HBV infection shows a
marked regional diversity: and is very prevalent in the Asia-Pacific
region; HBsAg seropositivity rates are as high as 5-12% in Thai and
China, but as low as 0.2-0.5% in North America and Europe?. It is
estimated that, at present, more than 400 million people worldwide
are chronically infected with HBV, and nearly 60% of liver cancers are
considered to be related to chronic hepatitis B and subsequent liver
cirrhosis®. Most HBV carriers are considered to have been infected

through maternal transmission in the neonatal period or infancy,
particularly in Japan’. Although some: HBV' carriers spontaneously
eliminate the virus, 2--10% of individuals with chronic hepatitis B are
estimated to develop. liver cirrhosis every year, and a subset of these
individuals ‘suffer from: liver ‘failure ‘or hepatocellular: carcinomal.
Because clinical outcomes after exposure to HBV are highly variable,
identification of genetic and environmental factors that are related to
progression of HBV-induced liver diseases is critical.

Several epidemiological factors such as age at infection, sex,.chronic
alcohol ‘abuse? and co-infection. with other hepatitis viruses® were
suspected to affect viral persistence. In addition; a twin study in:Taiwan
indicated that host genetic background influences infection: outcome’.
Although genetic variants in I[FNG, TNE VDR, ESRI and several HLA
loci were shown to associate with chronic hepatitis B®~12, none of the
associations has been proven to be conclusive. To identify disease-
predisposing variants, we carried out a two-stage association study for
chronic hepatitis B using genome-wide SNPs as: genetic markers.

Characteristics: of each cohort group are shown in Supplementary
Table 1 online. We carried out a two-stage genome-wide association
approach as described in the Methods. In the first stage, we genotyped
179 TJapanese individuals' with chronic hepatitis B and 934 control
individuals using Hlumina HumanHap550 BeadChip (Fig. 1a). For the
second stage, we selected the top 12,000 SNPs that had the smallest
P values on the basis of minimum P value considering three genetic
maodels: allelic, dominant or recessive. Analysis of an independent set of
607 cases and 1,267 controls using these sub-selected SNPs showed 11
SNPs to be significantly associated (P = 3.62 x 107% ~ 1.16 x 1075)
with chronic hepatitis B after Bonferroni correction (Fig. 1b and
Supplementary Table 2 online). Application of the Cochrane-Armitage
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test to all the tested SNPs indicated that the genetic inflation
factor lambda was 1.02 for the second stage (Supplementary Fig. la
online), implying a low possibility of false positive associations
due to population stratification. All 11 SNPs are located within
or around the HLA-DPAI and HLA-DPBI locus (Fig. 2). We also
conducted age- and sex-adjusted analysis using a logistic regression
model, and confirmed similar association after adjustment (data
not shown).

To validate the result of the discovery-phase analysis, we carried out
replication analyses using three independent cohorts. We selected the
most or second-most strongly associated SNPs from each HLA-DP
locus (rs9277535 on HLA-DPBI and rs3077 on HLA-DPAI, respec-
tively), as we failed to-design a Tagman or Invader probe for rs2395309
on HLA-DPAI. We first examined two inidependent sets of Japanese
case~control samples comprising 274 cases and 274 controls (age-,
sex- and alcohol consumption-matched cohort from BioBank Japan)
as well as 718 cases and 1,280 controls. We found significant associa-
tions at two SNP loci in both studies (P = 1.06 X 10~ ~1.96 x
1075 Table 1). We also genotyped 308 individuals with chronic
hepatitis B and 546 healthy controls in Thailand, and further con-
firmed the association at the two loci, 153077 (P = 6.53 x 10~%) and
159277535 (P = 6.52 x 107%),

To combine these studies, we conducted a meta-analysis with a
fixed-effects model using the Mantel-Haenszel method. As shown in
Table 1 and Supplementary Figure 1b, the odds ratios (OR) were
quite: similar. across. the four: studies (the second stage of GWAS
and three replication studies) and no heterogeneity was- observed.
Mantel-Haenszel P values for independence were 231 %107 for
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1s3077 (OR = 0.56, 95% confidence interval (CI) = 0.51-0.61), and
6.34 x 1073 for rs9277535 (OR = 0.57, 95% CI = 0.52-0.62).

The 11 SNPs showing significant associations are located within a
50-kb region including HLA-DPAI and HLA-DPBI {Fig. 2). Although
the HLA region is known to show extensive linkage disequilibrium
(LD) spanning over 7 Mb, the LD block including these 11 SNPs
(surrounded by a bold line in Fig. 2a) was not in strong LD with the
other HLA loci. In accordance with the extent of LD, only SNPs
around the HLA-DPAI and HLA-DPBI genes showed very strong
associations with chronic HBV (surrounded by a bold line in Fig. 2b),
and SNPs outside' of this particular LD block did not have
significant association.

HLA-DPAL and HLA-DPBI encode the HLA-DP o and B chains,
respectively. HLA-DPs belong to the HLA class II molecules that form
heterodimers on the cell surface and present antigens to CD4-positive
T lymphocytes. HLA-DPs are highly polymorphic, especially in exon 2,
which encodes antigen-binding-sites. We thus considered that the
association of these SNPs with chronic HBV might reflect variations
in antigen-binding sites that might affect the immune response to
HBV. We genotyped HLA-DPAI and HLA-DPBI alleles by direct
sequencing of exon 2 (cases at second stage and controls at first
stage) and found significant association of chronic hepatitis B with
HLA-DPAI*0103, DPAI1*0202, DPBI*0402 and DPBI*0501 (P = 2.93
x 107, 445 x 1078, 2.27 x 1077 and 6.98 x 1077, respectively;
Supplementary Table 3 online). Because sequence variants in exon 2 of
HLA-DPAI and HLA-DPBI could be linked to individual nucleotide
variants, we inferred haplotypes using the 11 SNPs and variants in exon
2; and found very strong LD among them (Supplementary Fig. 2
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Figure 1-Results from a two-stage genome-wide association study. (a) —~log;g P.value plot at the first stage. Each P value is the minimum of Fisher's exact
tests for three models: dominant, recessive and allele frequency model. (b) <logjg P value piot at the second stage: P values were calculated by 1-d.f.
Cochrane-Armitage trend test. The large dots circled by red on the chromosome 6 showed significant associations (P < 5.06 x '10~8) with chronic' hepatitis B.
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Figure 2 Case—control association results and linkage disequilibrium map of the MHC region. (a) Pvalue plot, genomic structure and LD map of the second
stage within the extended MHC region of chromosome 6. The LD map based on [¥ was drawn using the genotype data of the cases and the controls in the
second stage. (b) P-value plot, genomic structure and LD map around the HLA-DPA1 and HLA:DPB1 region. Black dots and red dots represent P values in
the first 'and the second stage, respectively. The LD map based on D’ was drawn using the genotype data of the cases and the controls:in the first stage.

online). Case—control analyses revealed four associated haplotypes:
DPAI*0103-DPBI*0402 and DPAI*0103-DPBI*0401 showed protec-
tive effects (P = 6.00 x 10~8, OR = 0.52, 95% CI = 0.35-0.75and P =
0.002, OR = 0.57, 95% CI = 0.33-0.96, respectively), whereas
DPAI*0202-DPBI*0501 and DPA1*0202-DPBI*0301 were associated
with susceptibility to chronic hepatitis B (P = 5.79 x 1075 OR = 1.45,
95% CI = 1.16-1.81 and P = 0.002, OR = 2.31, 95% CI = 1.39-3.84,
respectively; Table 2). We also found various sets of SNPs (tagging
SNPs) that could predict HLA-DP alleles (Supplementary Table 4
online). Taken together; our findings strongly implicate an association
of genetic variants in the HLA-DPAI and HLA-DPBI genes with
chronic hepatitis B.

Table 1 Results of replication studies and meta-analysis

HLA-DR13 was reported to have a protective effect against
persistent HBV infection in different populations®'*!*. Comparison
of genotypes of HLA-DRBI*1301 and *1302 alleles (both correspond-
ing to- HLA-DR13) and Illumina HumanHap550 SNPs in 333 of
the first-stage control samples revealed that the A’allele of rs11752643
was in strong LD with HLA-DR13 (r2 = 0.83, D’ = 1). However,
the association between rs11752643 and chronic hepatitis B was
not significant in our second stage GWAS, with an uncorrected
P value of 1.04 X 107% (Supplementary Table 5 online). In addition,
the association of chronic hepatitis B with 153077 and rs9277535
remained highly significant (P = 2.11 x 107 and 1.73 x 1077,
respectively) after adjustment for rs11752643 using a logistic

Cases Controls
Aliele

SNP Nearest gene (1/2) Stage 11 12 22 11 12 22 OR (95%CI2 PP Phet®
rs3077 HLA-DPA1 AG GWAS second stage 42 240 324 197 598 472 0.57 (0.49-0.66) 1.26E~13

First replication 25 95 152 50 122 102 0.53 (0.41-0.69) 1.73E-06

Second replication 64 237 410 197 596 485 0.55 (0.47-0.63) 1.06E-16

Third replication 28 109 163 85 250 210 0.61 (0.49-0.75) 6.53E-06

Meta-analysisd 0.56 (0.51-0.61) 2.31E-38 0.84
1s9277535 HLA-DPBI AG GWAS second stage 58 254 294 230 619 418 0.59:(0:51-0.69) 1.78E~-12

First replication 26 102 144 49 132 91 0.54 (0.42-0.69) 1.96E-06

Second replication 68 264 376 227 604 445 0.56:(0.48-0.64) 1.81E-16

Third replication 29 136 139 107 273 155 0.56:(0:46-0.69) 6.52E-08

Meta-analysis? 0.57 (0.52-0.62)  6.34E-39  0.85
Odds ratio’ and’ P.values for indépendence test were calculated by the Mantel-Haenszel method.
20dds ratio.of minor-allele from two-by-two allele frequency table. bp values of Pearson’s %2 test for allele model. *Result of Breslow-Day test. dMeta-analysis of ail four studies.
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Table 2 Haplotype analysis

(or no) immune response and persistent HBV

infection. A previous report that implicated

Frequency  Frequency OR® HLA-DPAI*0103 and DPBI*0402 to be
No. Haplotype? (cases)  (controls) Pt (95% Cl) candidate predictive factors for antibody
production after HBV vaccination!® supports
1 GG-DPAI*0202-TCG-DPBI*0501-GAGATT  0.428 0347 579606 L4S(LIGLED o s 1 hould be noted that the
5 AA-DPAI*0]103-CCA-DPBI*0201-AGTGCC  0.165 0.192  0.052 Reference lack of information regarding exposure fo
3 GG-DPAI*0201-TCG-DPBI*C901-GGGGTC  0.129 0124  0.642 1.21 (0.91-1.61) Ba :
4 AA-DPAI*0103-CTA-DPBI*0402-AGTGCC  0.042 009 600608 0.52(0.35-0.75 LbY for each control might underestimate
5  AA-DPAI*0103-CCA-DPBI*0401-AGTGCC  0.018 0.038  0.002 057 (0.33-0.96) (e effect size obtained in this study but does
6  GG-DPAI*0202-TCG-DPBI1*0301-GGGGTC  0.036 0.018 . 0,002 2.31(1.39-3.84) Dot inflate the type 1 error rate.
7 GG-DPAI*0202-TCG-DPBI*0202-AGTGCC 0.020°  0.027  0.257 088 (0.51-1,52)  n summary, we have demonstrated that
8 GG-DPAI*0202-TCG-DPBI*020I-AGTGCC ~ 0.022 0.024  0.662 0.97 (0.57-1.65) . genetic variants in the HLA-DP genes are
9 GG-DPAI*0201-TCG-DPBI*050I-GAGATT  0.029 0.018  0.057 1.81 (1.06-3.08) strongly associated with chronic hepatitis B
10 GG-DPAI*0201-TCA-DPBI*1301-GGTGCC . 0.022 0.016. 0.172 1.69(0.95-3.03) in the Asian population. Considering the
11 AA-DPA1*0103-CTG-DPBI*0301-GGGGTC  0.011 0.016 . 0.246 0.740.36=153) function of HLA-DP molecules, our findings
12 GG-DPAI*0201-TCG-DPBI1*1401-GGGGTC  0.012 0.012 0877 125(0.61-2.53) suggest that antigen presentation on HLA-DP

Controls of the first stage and cases of the second stage were analyzed.

aHaplotypes consisting of 1s2595309, 153077, HLA-DPA1, 152301220, 1s9277341, 153135021, HLA-DPB1, 158277535,
1510484569, rs3128917, rs2281388, rs3117222 and r$9380343 are shown. PP values, adds ratios and its 95% confidence

intervals of each haplotype were caiculated as described in the Methods.

regression mmodel. Thus, our findings clearly indicate that hepatitis B
is associated with variants in the HLA-DP loci.

A number of reports have described association of several HLA and
non-HLA genes with persistent HBV infection!?!>, but their results
were not consistent among, the studies, and none of them indicated a
possible involvement- of the ‘HLA-DP locus. This: study is- the: first
GWAS: to_investigate host genetic factors associated with chronic
‘hepatitis B. One genome-wide linkage analysis using 318 microsatellite
markers in the Gambian population suggested that the chromosome
21q22- region contains a- susceptibility locus for' persistent HBV
infection!®. However, our GWAS analysis failed to support this result,
possibly owing to ancestry differences or different modes of viral
transmission (the vertical transmission in Japan versus the horizontal
transmission in Gambia).

To. investigate the correlation between the incidence of hepatitis B
infection and these polymorphisms, we evaluated the frequencies of
rs3077 and 1s9277535 in 11 different HapMap3 populations (Supple-
mentary Table 6 online). Our’ association analysis indicated that
A alleles at both 153077 and 159277535 were associated with protective
effects for chronic hepatitis B. Notably, the frequencies of these two
alleles were lower in Asian and African populations, especially in the
Chinese population; compared with European and Central American
populations. Although disease prevalence is not determined solely by
genetic factors, the findings presented in our manuscript suggest that
genetic factors might exert substantial influence on the prevalence of
infectious. disease.

Antigen presentations on HLA class II molecules to CD4-positive
helper T cells and on class-1 molecules to CD8-positive. cytotoxic
T cells are considered to be critical for the immune response agairist
exposure ‘to HBV. ‘Although ¢ytotoxic T cells are suspected to have
major roles in viral clearance, helper. T cells are also essential in the
immune response to acute infections'’. HLA-DPs have a structure
similar to other classical HLA class II molecules, but their roles in the
immune response have not been well characterized, except the associa-
tion with berylliosis'®. The 11 SNPs we found showing strong associa-
tion with chronic HBV infection were in very strong LD with HLA-DP
alleles. Because the subsequent haplotype analyses identified significant
association of chronic hepatitis B with haplotypes containing the
HIA-DPAl and HLA-DPBI genes, we suspected that variations in
HIA-DP. molecules would - affect the ability for antigen : presenta-
tion of HLA class I molecules on immune: cells and result in weak

molecules might be critical for virus elimina-
tion and have an important role in the patho-
genesis of chronic hepatitis B. An understand-
ing- of the molecular mechanism by which
HLA-DP variants confer risk of chronic hepatitis B should shed light
on'its pathogenesis: and: facilitate: development of new therapies for
treatment of the disease and prevention of disease progression.

METHODS

Samples.. Characteristics of each cohort group are shown in Supplementary
Table 1. Case and control samples: used in this. study for the Japanese
population were obtained from the BioBank Japan at the Institute of Medical
Science; the University of. Tokyo?(, -except. case. samples of the second
replication and control samples: of the first stage of the GWAS. From the
registered ‘samples in. BioBank Japam, we  selected individuals that were
clinically diagnosed as having chronic. hepatitis B. The diagnosis of chronic
hepatitis B was conducted: based on  HBsAg-seropositivity and elevated
serum arninotransferase levels for more: than six months according to the
guideline for diagnosis and treatment of chronic hepatitis (see URLs section
below). The comtrol groups consisted of 2,821 individuals that were regis-
tered in BioBank Japan as subjects with diseases other than chronic hepatitis
B. Subjects who were positive for HBsAg were excluded from the controls.
We obtained 934 Japanese control DNAS in the first stage from volunteers in
the Osaka-Midosuji Rotary Club, Osaka; Japan: Case samples for the second
replication cohort (n = 718, RIKEN). were collected at Toranomon Hospital
as well as at hospitals participating in the Hiroshima Liver Study Group. (for
a list of doctors participating in this study group, see URLs section below).
Cases and controls for the Thai replication study {n = 308 and 546,
respectively) were: collected at Ramathibodi Hospital, Mahidol. University,
Thailand, The diagnosis_ of - chronic hepatitis. B. was based on HBsAg-
seropositivity and. elevated serum aminotransferase levels. All participants
provided written informed consent. This research project was approved by
the ethical committees. at the Institute of Medical Science, the University of
Tokyo, the Center for Genomic Medicine (formerly SNP Research Center),
RIKEN and Ramathibodi Hospital, Mahidol University.

SNP 'genotyping: We applied the two-stage approach as described: pre-
vicuslyL. For the first stage, we genotyped 188 individuals with'chronic
hepatitis B and 934 controls using the [lumina HumanHap550v3:Geno-
typing BeadChip. After excluding nine cases with call rate of <0.98, we
applied SNP quality control (call- rate of >0.99 in both cases and controls
and P value' of Hardy-Weinberg equilibrium test 'of =1.0"X 1078:in
controls): 499,544 SNPs on autosomal chromosomes passed the quality
control filters and were further analyzed. Amiong the SNPs analyzed in the
first stage, we selected the top 12,000 SNPs showing the smallest P values
for the second stage. SNPs with minor allele frequency (MAF) of <0.1'in
both case and control samples were excluded from the further analysis. In
the second stage; we: genotyped an additional panel of 616 cases using an
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