4 Y. Hodo et al. / Genomics xxx (2010) xxx-xxx

Table 4a
Number of 5’SAGE tags mapped to intronic region.
. NL NT T
Tag mapped to intron 1287 1253 1292
Total promoter region 952 981 1020
(tag number=1) 788 813 863
(tag number 22) 164 168 157

ACOX2, HGD, CYP3A5, KNG1 and AGXT were increased, while their 3’
transcripts (determined by 3’SAGE) were decreased in HCC. In
contrast, both 5’ intronic transcripts and 3’ transcripts encoding
HFM1, SERPINA1, SUPT3H, A2M and TMEM176B were similarly
decreased in HCC. Taken together, these data imply that the
canonical- and intronic-promoter activities of a subset of genes
including SAMD3, ACOX2, HGD, CYP3A5, KNG1 and AGXT might be
differently regulated in HCC.

ACOX2 as a novel intronic gene deregulated in HCC

A subset of genes listed above may be transcribed from intronic
regions specifically in HCC. Among these genes, we focused on the
regulation of ACOX2, which is reported to be potentially involved in
peroxisomal beta-oxidation and hepatocarcinogenesis [20]. The
intron-origin expression of ACOX2 increased six-fold in HCC
compared with the NT by 5'SAGE, while the expression based on
the 3’end was almost similar between HCC and NT lesions (Table 4b).
Close examination of 5'SAGE data identified two potential intron-
origin transcripts of ACOX2 (Supplemental Fig. 4). The first {intronic-
ACOX2-1) was initiated upstream of the tenth exon, whereas the
second (intronic-ACOX2-2) was initiated upstream of the twelfth
exon of ACOX2 (Supplemental Fig. 4). The sequence of the intronic
part was unique, and the remaining part of the sequence was shared
with the canonical transcripts of ACOX2.

The expression of canonical ACOX2 and the two types of intron-
origin transcripts was investigated in NL, NT, and T tissues by RT-PCR
(Fig. 1A). Although canonical ACOX2 expression was decreased in T
than in NL, the intron-origin transcript, particularly intronic-ACOX2-1,
was increased in T. Intronic-ACOX2-2 transcripts also showed a
modest increase. We further evaluated the alteration of these

Table 4b
Differentially expressed intronic promoter regions in HCC.

: 5'SAGE. 3'SAGE. 5'/3':.. Gene
T/NL . T/NL:.- Ratio
Up-regulated

Sterile alpha motif domain containing 3 (SAMD3)

9 =1 9.00
6 0.89 6.74 .- Acyl-Coenzyme A oxidase 2, branched chain (ACOX2)
6 0.62 9.68° " Homogentisate 1,2-dioxygenase (homogennsate -
- oxidase) (HGD)
6 0.009.666.67 - Cytochrome P450, family 3, subfamllyA polypeptlde

5 (CYP3AS)

5 0.64 7.81 Kininogen 1 (KNG1)

4 0.36 11.11 ' Alanine-glyoxylate ammotransferase (AG)CI')
4 1 4.00 nystalhn alpha A (CRYAA)

Down-regulated

0.13 1 0.13 7 HFMT, ATP-dependent DNA hehcase homolog

{S. cerevisiae) (HFM1)

Serpin peptidase inhibitor, clade A member 1
{SERPINAT)

Suppressor of Ty.3 Homolog (5. cerewsme) {SUPT3H)
Alpha-2-macroglobulin (A2M) B
Transmembrane protein 176B (TMEM176B)

0.25 0.51 0.49

0.25 1 0.25
0.257% 02 1.25
0.25 0.083:°.313

3'SAGE, 3'-end serial analysis of gene expression; 5’SAGE, 5’-end serial analysis of gene
expression; HCC, hepatocellular carcinoma; NL, normal liver; NT, non-tumor; T, tumor.

transcripts in 19 HBV-HCCs, 20 HCV-HCCs, and 4 non-B, non-C
HCCs, and their background liver tissues by canonical ACOX2 and
intronic-ACOX2 specific real-time detection (RTD)-PCR. Although the
expression of canonical ACOX2 was decreased, the expression of
intronic-ACOX2 was significantly increased (Fig. 1B). Importantly, the
gene expression ratios of intronic-to canonical ACOX2 increased more
in moderately differentiated HCCs (mHCC) than in well-differentiated
HCCs (wHCC), suggesting the involvement of intronic-ACOX2 expres-
sion on HCC progression.

Discussion

This is the first comprehensive transcriptional analysis of tissue
lesions of non-B, non-C HCC, background liver and NL using the 5/
SAGE method. Approximately 6.7% of our 5'SAGE tags showed no
matching within the human genome, possibly due to the presence of a
single nucleotide polymorphism (SNP) in the human genome. Out of
the complete matched tags in the genome, 70% were assigned to
unique positions and 30% to two or more loci. The tags with multiple
matches with genomic loci were largely retrotransposon elements,
repetitive sequences, and pseudogenes.

In this study, the analysis of non-B, non-C HCC enabled us to
evaluate direct molecular changes associated with HCC without any
bias of gene induction by virus infection. The gene expression profile
based on our 5'SAGE tags revealed that albumin (ALB) and
apolipoproteins were highly expressed in NL, indicating the massive
production of plasma proteins in NL; these results are similar to those
of our previous study using 3'SAGE [6]. Other genes such as aldolase B
(ALDOB), antitrypsin (SERPINA1), and haptoglobin (HP) were also
highly expressed in NL, in both the 5’SAGE and 3'SAGE libraries (Table
2) [6]. Comparison of the expression profiles among NL, background
NT and T identified several differentially expressed transcripts in T.
Galectin-4 (LGALS4) was up-regulated and HAMP, NNMT, CYP2E1,
and metallothionein were down-regulated in HCC in accordance with
previous findings (Table 3a) [8,9,21]. Moreover, CLEC4G, which was
predominantly expressed in the sinusoidal endothelial cells of the
liver, was down-regulated in HCC. In addition, we first found that P
antigen family, member 2 (PAGE2) and XAGE1A were up-regulated in
HCC (Table 3a, Supplemental Fig. 1). These genes were members of
cancer-testis antigen that include MAGE-family genes. MAGE-family
members were originally found to be up-regulated in HCV-related
HCC, and reported to be useful as molecular markers and as possible
target molecules for immunotherapy in human HCC [22]. In this study,
we identified that these members of genes were also up-regulated in
non B, non-C HCC. Thus, these genes may be useful as molecular
markers and therapeutic targets for the treatment of a certain type of
human HCC,

There existed some discrepancy between 5’SAGE and 3'SAGE
results, even though they were derived from the same sample.
Technical issues such as amplication error, difference of restriction
enzyme, and annotation error have been described previously [14]. It
is possible that 3/ transcripts might be more stable than 5 transcripts
by binding of ribosomal proteins during translation. Another
possibility is the diversity of the transcriptional start and/or
termination sites. One of the advantages of 5’SAGE analysis is the
potential to determine the transcriptional start sites in each gene.
Indeed, a recent study indicated the importance of an insulin splice
variant in the pathogenesis of insulinomas [23]. Considering the
diversity of 5’ends of genes, it is more appropriate to perform 5'SAGE
in combination with 3’SAGE when determining the frequency of gene
expression and identifying novel transcript variants.

Here, we were able to identify at least 12 intron-origin transcripts
that were differentially expressed in HCC compared with the
background liver or NL. These transcripts could not be identified by
the 3'SAGE approach. We also performed detailed expression analysis
of ACOX2 that was involved in the beta-oxidation of peroxisome, We
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Fig. 1. (A) RT-PCR results of ACOX2 and ACOX2 intronic RNAs in independent NL, NT (non-B, non-C), and T (non-B, non-C) samples. RT-PCR was performed in triplicate for each
sample-primer set from cDNA. The PCR products were semi-quantitatively analyzed with Image] software and calculated as levels relative to polymerase (RNA) Il (DNA directed)
polypeptide L (POLR2L). The bar graph indicates the expression ratio of intronic-ACOX2-1 te canonical ACOX2. The expression pattern of intron 1 was different from that of canonical
ACOX2. (B) RTD-PCR analysis of ACOX2 and ACOX2 intronic RNAs in NL, T (HBV-related, HCV-related, and non-B, non-C), and NT tissues. Quantitative RTD-PCR was performed in
duplicate for each sample-primer set from cDNA. Each sample was normalized relative to POLR2L. Al HCC tissues were pathologically diagnosed as well differentiated HCC (wHCC) or
moderately differentiated HCC (mHCC). Kruskal-Wallis tests and Mann-Whitney U tests were used for statistical analysis. ACOX2, acyl-Coenzyme A oxidase 2; HCC, hepatocellular
carcinoma; NL, normal liver; NT, non-tumor; RT-PCR, reverse transcriptase-polymerase chain reaction; RTD-PCR, real-time detection-PCR; T, tumor. *P<0.01, #P<0.05.

were able to clone the intron-origin ACOX2 RNAs (intronic-ACOX2-1,
2) for the first time and found that intronic-ACOX2-1 was significantly
overexpressed in T compared with NT and NL. The ratio of intronic-
ACOX2-1 and canonical ACOX2 (relative intronic-ACOX2) was progres-
sively up-regulated from NL via the background liver to HCC.
Importantly, the expression of relative intronic-ACOX2 was more up-
regulated in moderately differentiated HCC than in well-differentiated
HCC. The intronic difference in expression might be due to a poly-
morphism, since the 5'SAGE library for NL and T were from different
people. The mechanisms of stepwise increase of intronic-ACOX2 in the
process of hepatocarinogenesis should be clarified in future.

ACOX2 is a rate-limiting enzyme of branched-chain acyl-CoA
oxidase involved in the degradation of long branched fatty acid and
bile acid intermediates in peroxisomes. ACOX2 expression was
associated with the differentiation state of hepatocytes and was
repressed under the undifferentiated phase of human hepatoma cell
lines [24]. A decreased ACOX2 expression was also reported in
prostate cancer [25]. Here, the expression of canonical ACOX2 was
decreased, while that of intronic-ACOX2-1 was increased in HCC. The
deduced amino acid of intronic-ACOX2-1 encodes the C-terminal
(from 386 to 681 amino acids) of canonical ACOX2, lacking the active
sites for FAD binding and a fatty acid as the substrate, suggesting that
the protein may be functionally departed [26}. The biological role of

the increased intronic-ACOX2-1 was not clear, but it might be
reflected by the activation of peroxisome proliferators-activated
receptor alpha (PPARA). It is reported that mice lacking ACOXT1,
another rate-limiting enzyme in peroxisomal straight-chain fatty acid
oxidation, developed steatosis and HCC characterized by increased
mRNA and protein expression of genes regulated by PPARa [27]. The
importance of PPARa activation in HCC development has been
recently reported using HCV core protein transgenic mice [28].
Moreover, the overexpression of alpha-methylacyl-CoA racemase
(AMACR), an enzyme for branched-chain fatty acid beta-oxidation, is
reported to be a reliable diagnostic marker of prostate cancer and is
associated with the decreased expression of ACOX2 [25]. Therefore,
the expression of intronic-ACOX2-1 might open the door for further
investigations of their potential clinical use, e.g., serving as diagnostic
markers of HCC, although the functional relevance of this gene should
be further clarified.

In conclusion, we report the first comprehensive transcriptional
analysis of non-B, non-C HCC, NT background liver, and NL tissue,
based on 5’SAGE. This study offers new insights into the transcrip-
tional changes that occur during HCC development as well as the
molecular mechanism of carcinogenesis in the liver. The results
suggest the presence of unique intron-origin RNAs that are useful as
diagnostic markers and may be used as new therapeutic targets.
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Material and methods
Samples

Samples were obtained from a 56-year-old man who had
undergone surgical hepatic resection for the treatment of solitary
HCC. Serological tests for hepatitis B surface (HBs) antigen and anti-
HCV antibodies were negative. Tumor (T) and non-tumor (NT) tissue
samples were separately obtained from the tumorous parts (diag-
nosed as moderately differentiated HCC) and non-tumorous parts
(diagnosed as mild chronic hepatitis: F1A1) of the resected tissue, We
also obtained five normal liver (NL) tissue samples from five patients
who had undergone surgical hepatic resection because of metastatic
liver cancer. None of the patients was seropositive for both HBs
antigen and anti-HCV antibodies. Neither heavy alcohol consumption
nor the intake of chemical agents was observed before surgical
resection. All laboratory values related to hepatic function were
within the normal range. All procedures and risks were explained
verbally and provided in a written consent form.

We additionally used independent four NL tissue samples, 19 HBV-
HCCs, 20 HCV-HCCs and 4 non-B, non-C HCCs, and their background
liver tissue samples for reverse transcriptase-polymerase chain
reaction (RT-PCR) and real-time detection (RTD)-PCR (Supplemental
Table 1). Four non-B, non-C HCCs were histologically diagnosed as
moderately differentiated HCCs, and the adjacent non-cancerous liver
tissues were diagnosed as a normal liver, a chronic hepatitis, a pre-
cirrhotic liver and a cryptogenic liver cirrhosis, respectively. None of
the patients was seropositive for HBs antigen, anti-HBs antibodies,
anti-hepatitis B core (HBc) antibodies and anti-HCV antibodies.
Neither heavy alcohol consumption nor the intake of chemical agents
was observed. Histological grading of the tumor was evaluated by two
independent pathologists as described previously [16].

Generation of the 5' SAGE library

5'SAGE libraries were generated as previously described [14}. Five to
ten micrograms of poly(A)+RNA was treated with bacterial alkaline
phosphatase (BAP; TaKaRa, Otsuy, Japan). Poly(A)+RNA was extracted
twice with phenol: chloroform (1:1), ethanol precipitated, and then
treated with tobacco acid pyrophosphatase (TAP). Two to four
micrograms of the BAP-TAP-treated poly(A)+RNA was divided into
two aliquots and an RNA linker containing recognition sites for EcoRl/
Mmel was ligated using RNA ligase (TaKaRa): one aliquot was ligated
to a 5’-oligo 1 (5’-GGA UUU GCU GGU GCA GUA CAA CGA AUU CCG AC-
3’) linker, and the other aliquot was ligated to a 5/-oligo 2 (5’-CUG CUC
GAA UGC AAG CUU CUG AAU UCC GAC-3") linker. After removing
unligated 5'-oligo, cDNA was synthesized using RNaseH-free reverse-
transcriptase (Superscript I, Invitrogen, Carlsbad, CA, USA) at 12 °C for
1 h and 42 °C for the next hour, using 10 pmol of dT adapter-primer (5'-
GCG GCT GAA GACGGCCTATGT GGCCITTITTITTITTIT TTT-3'). After
first-strand synthesis, RNA was degraded in 15 mM NaOH at 65 °C for
1 h. cDNA was amplified in a volume of 100 pl by PCR with 16 pmol of 5/
(5' [biotin]-GGA TTT GCT GGT GCA GTA CAA-3’ or 5'[biotin}-CTG CTC
GAATGC AAG CTT CTG-3’) and 3’ {5'-GCG GCT GAA GAC GGC CTATGT-
3') PCR primers. cDNA was amplified using 10 cycles at 94 °Cfor 1 min,
58 °C for 1 min, and 72 °Cfor 2 min. PCR products were digested with the
Mmel type IIS restriction endonuclease (NEB, Pickering, Ontario,
Canada). The digested 5'-terminal ¢cDNA fragments were bound to
streptavidin-coated magnetic beads (Dynal, Oslo, Norway). cDNA
fragments that bound to the beads were directly ligated together in a
reaction mixture containing T4 DNA ligase in a supplied buffer for2.5h
at 16 °C. The ditags were amplified by PCR using the following primers:
5'GGATIT GCT GGTGCAGTACA 3/ and 5/ CTGCTCGAATGCAAGCITCT
3'. The PCR products were analyzed by polyacrylamide gel electropho-
resis (PAGE) and digested with EcoRI. The region of the gel containing
the ditags was excised and the fragments were self-ligated to produce

long concatamers that were then cloned into the EcoRlI site of pZero 1.0
(Invitrogen). Colonies were screened by PCR using the M13 forward and
reverse primers. PCR products containing inserts of more than 600 bp
were sequenced with Big Dye terminator ver.3 and analyzed using a
3730 ABI automated DNA sequencer (Applied Biosystems, Foster City,
CA, USA). All electrophoretograms were reanalyzed by visual inspection
to check for ambiguous bases and to correct misreads. In this study, we
obtained 19-20 bp tag information.

Association of the 5'SAGE tags with their corresponding genes

We attempted to align our 5'tags with the human genome (NCBI
build 36, available from http://www.genome.ucsc.edu/) using the
alignment program ALPS (http://www.alps.gi.ku-tokyo.acjp/). Only
tags that matched in sense orientation were considered in our analysis.
The RefSeq database was searched for transcripts corresponding to the
regions adjacent to the alignment location of each 5'tag,

RT-PCR

Total RNA was extracted using a ToTally RNA extraction kit
(Ambion, Inc, Austin, TX, USA). Total RNA (500 ng) was reverse-
transcribed in a 100-p reaction solution containing 240 U of Moloney
murine leukemia virus reverse transcriptase (Promega, Madison, WI,
USA), 80 U of RNase inhibitor (Promega), 4.6 mM MgCl,, 6.6 mM DTT,
1 mM dNTPs, and 2 mM random hexamer (Promega), at42 °Cfor 1 h.
PCR was performed in a 20-pl volume containing 0.5 U of AmpliTaq
DNA polymerase (Applied Biosystems), 16.6 mM (NH4),S04, 67 mM
Tris-HCl, 6.7 mM MgCly, 10 mM 2-mercaptoethanol, 1 mM dNTPs,
and 1.5 uM sense and antisense primers, using an ABI 9600 thermal
cycler (Applied Biosystems). The amplification protocol included 28~
30 cycles of 95 °C for 45 s, 58 °C for 1 min, and 72 °C for 1 min, Primer
sequences are shown in Supplemental Table 2. RT-PCR was
performed in triplicate for each sample-primer set. Each sample
was normalized relative to polymerase (RNA) II (DNA directed)
polypeptide L (POLR2L). POLR2L is a housekeeping gene that showed
relatively stable gene expression in various tissues [29]. The PCR
products were semi-quantitatively analyzed with Image] software
(http://rsb.info.nih.gov/ij/).

RTD-PCR

Intron-origin transcript expression was quantified using TagMan
Universal Master Mix (Applied Biosystems). The samples were amplified
using an ABI PRISM 7900HT Sequence Detection System (Applied
Biosystems). Using the standard curve methods, quantitative PCR was
performed in duplicate for each sample-primer set. Each sample was
normalized relative to POLR2L. The assay IDs used were Hs00185873_m1
for ACOX2 and Hs00360764_m1 for POLR2L. The specific primers and
probe sequence of intronic-ACOX2-1 were 5'-TTCATAAAGTTGTGAGCA-
GAGGAAA-3' (forward), 5-TGCACCACTTACTGAGCATCTACTC-3' (re-
verse), and 5’-ACTTCTTACCTCAGAGCTG-3' (probe).

Analysis of pathway network

MetaCore™ software (GeneGo Inc., St. Joseph, MI) was used to
investigate the molecular pathway networks of non-B, non-C HCC,
HBV-HCC and HCV-HCC. All genes up-regulated more than five-fold in
all HCC libraries subjected to Enrichment analysis in GO process
networks by default settings (p<0.05).

Statistical analysis

Kruskal-Wallis tests were used to compare the expression among
normal liver, non-cancerous tissues, and HCC tissues. Mann-Whitney
U tests were also used to evaluate the statistical significance of ACOX2
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gene expression levels between two groups. All statistical analyses
were performed using R (http://www.r-project.org/).
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Altered Hepatic Gene Expression Profiles Associated With
Myocardial Ischemia

Hiroshi Ootsuji, MD; Masao Honda, MD, PhD; Shuichi Kaneko, MD, PhD; Soichiro Usui, MD, PhD;
Masaki Okajima, MD, PhD; Hikari Okada, MS; Yoshio Sakai, MD, PhD;
Toshinari Takamura, MD, PhD; Katsuhisa Horimoto, PhD; Masayuki Takamura, MD, PhD

Background—Acute coronary syndrome is sometimes accompanied by accelerated coagulability, lipid metabolism, and
inflammatory responses, which are not attributable to the cardiac events alone. We hypothesized that the liver plays a
pivotal role in the pathophysiology of acute coronary syndrome. We simultaneously analyzed the gene expression
profiles of the liver and heart during acute myocardial ischemia in mice.

Methods and Results——Mice were divided into 3 treatment groups: sham operation, ischemia/reperfusion, and myocardial
infarction. Mice with liver ischemia/reperfusion were included as additional controls. Marked changes in hepatic gene
expression were observed after 24 hours, despite the lack of histological changes in the liver. Genes related to tissue
remodeling, adhesion molecules, and morphogenesis were significantly upregulated in the livers of mice with myocardial
ischemia/reperfusion or infarction but not in those with liver ischemia/reperfusion. Myocardial ischemia, but not changes in
the hemodynamic state, was postulated to significantly alter hepatic gene expression. Moreover, detailed analysis of the
signaling pathway suggested the presence of humoral factors that intervened between the heart and liver. To address these
points, we used isolated primary hepatocytes and showed that osteopontin released from the heart actually altered the signaling
pathways of primary hepatocytes to those observed in the livers of mice under myocardial ischemia. Moreover, osteopontin
stimulated primary hepatocytes to secrete vascular endothelial growth factor-A, which is important for tissue remodeling.

Conclusions—Hepatic gene expression is potentially regulated by cardiac humoral factors under myocardial ischemia. These
results provide new insights into the pathophysiology of acute coronary syndrome. (Circ Cardiovasc Genet. 2010;3:68-77.)

Key Words: coronary diseasc m genetics m liver m myocardial infarction

In addition to chest pain, acute coronary syndrome (ACS) is
sometimes accompanied by systemic manifestations, such
as proinflammatory responses, activation of the coagulation-
fibrinolytic system, and lipid metabolism.!-> These are con-
sidered to be systemic reactions involving multiple organs,
which exacerbate the cardiac events.

Clinical Perspective on p 77

C-reactive protein, coagulation factors, and protein C, the
levels of which fluctuate in ACS, are liver-specific factors.
Although these reports were based on a limited number of
factors, the observations suggest a close relation between the
liver and myocardial ischemia and imply that the liver plays
a pivotal role in the pathophysiology of ACS.

c¢DNA microarray technology allows simultaneous analy-
sis of the expression levels of thousands of genes. Genome-
based expression profiling provides useful information on the
molecular pathogenesis of various diseases as well as disease

progression and prognosis.*~? Previous microarray studies
have examined the molecular dynamics of the myocardium
induced by myocardial ischemia.®® However, global gene
expression analyses applied to the liver affected by myocar-
dial ischemia have not been reported.

In this study, we examined the responses of hepatic gene
expression to myocardial ischemia. Given the systemic inflam-
mation that characterizes ACSs, we postulated that regulation of
hepatic genes occurs by inflammatory mediators and not by
alterations in hemodynamics or hepatic perfusion. Therefore, we
used whole-genome transcriptional profiling to identify hepatic
genes selectively regulated in myocardial ischemia.

Methods

This study was approved by institutional and governmental animal
research committees and was conducted in accordance with the
Guide for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH publication No. 85-23, revised
1996). C57BL/6J mice (n=46; body weight, 24.1+1.4 g; 8 to 10
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Table 1. Biochemical Assessment
6h 24h

Before Operation Sham /R Infarction Liver I/R Sham VR Infarction Liver /R
No. 5 5 5 5 5 6 5 5 5
CPK, UL 94498 5031646  11597+1272*  19830+1154* 8673+1379  1702+181 1913+184  2939+515f 1595+349
AST, UL 94+4 674=41 899+21* 1858+59* 41443 200+19 277+14 661+28* 163+22
ALT, UL 584 119x9 115+6 1537 14318 46+3 646 107£11* 42+3
LDH, U/L 652+32 2684 +206 343280t 5264+111* 2478+ 446 68172 867+37 2095+ 164* 862+209

Values are presented as mean=SE. CPK indicates creatine kinase; AST, aspartate aminotransferase; ALT, alanine aminotransferase; and LDH, lactate

dehydrogenase.
*P<0.01 compared with sham.
+P<0.05 compared with sham.

weeks of age; Charles River Laboratories, Yokohama, Japan) were
divided into the following treatment groups: sham operation (n=11),
ischemia/reperfusion (I/R; n=10), myocardial infarction (MI;
n=10), liver /R (n=10), and sham operation plus hydralazine
(n=35). Hepatic gene expression was evaluated among these groups,
and the results were further investigated in primary
mouse hepatocytes.

Additional Methods

An expanded Methods section containing details of animal surgery,
hydralazine group, liver I/R group, blood sampling and analysis,
histopathological analysis, blood pressure and heart rate measure-
ments, microarray experiments, processing of cDNA microarray
data, extraction of significantly upregulated cardiac and hepatic
genes, pathway analysis, ELISA for secreted osteopontin and vas-
cular endothelial growth factor (VEGF), primary hepatocyte exper-
iments, and quantitative real-time detection polymerase chain reac-
tion (RTD-PCR) is available in the online-only Data Supplement.

All microarray data have been deposited in the National Center for
Biotechnology Information Gene Expression Omnibus database with
the series accession number GSE14843.

Data Analysis

The data are presented as the mean*+SEM for each group of mice
and were analyzed by ANOVA with Bonferroni post hoc test for
multiple comparisons. Statistical analyses of blood sampling, blood
pressure, and heart rate were performed with the Steel (heterogeneity
of variance) multicomparison test. Significance was set at P<<0.05.
Statistical analyses were performed with SAS statistical software
(SAS Institute Japan, Tokyo, Japan).

Results

Establishment of Cardiac I/R or MI in Mice
Cardiac I/R or MI was successfully induced in normal
C57BL/6J mice. The levels of cardiac enzymes, such as
creatine kinase, aspartate aminotransferase, and lactate dehy-
drogenase, increased significantly after 6 hours in the IR
group and showed markedly greater increases in the infarc-
tion group compared with the sham group (Table 1). In
addition, the normalization of these enzyme levels was
reduced after 24 hours in the infarction group.

Histologically, azan or hematoxylin/eosin staining showed
wall thinning, coagulation necrosis, and transmural fibrosis in
the risk area in the infarction group but not in the I/R group
(data not shown). As shown in Table 2, no significant
differences were found in heart rate or blood pressure after 24
hours compared with the preoperative values in the sham and
I/R groups, whereas a decrease in blood pressure was found
in the infarction group.

Histological Assessment of the Liver After Cardiac
I/R or MI

The I/R and infarction groups showed a minimal, but tran-
sient, increase in alanine aminotransferase ALT. Although
alanine aminotransferase may be released from the myocar-
dium!© rather than from the liver, to exclude the effect of the
transient change in hepatic venous pressure associated with
cardiogenic shock, we examined histological changes in the
liver after myocardial I/R or infarction. No histological
abnormalities were observed in the shocked liver, as indicated
by the lack of hepatocyte necrosis in acinar zone 3 in the
sham, I/R, and infarction groups (Figure 1a, Ic, le, and 1g;
hematoxylin/eosin staining). In addition, no signs of liver
congestion were observed, as indicated by the lack of dilata-
tion of the terminal hepatic venules and adjacent sinusoids in
the sham, /R, or infarction group (Figure 1b, 1d, 1f, and 1h;
silver staining).

On transmission electron microscopy, no ischemic
changes, such as swelling or loss of cristae in the mitochon-
dria, a mixed irregular pattern or swelling of the rough
endoplasmic reticulum, or dilatation or indistinct appearance
of the sinusoids, were observed in the sham, I/R, or infarction
group (Figure 2A through 2C). Based on these results,
histological analysis did not demonstrate the presence of
shock or congestive liver in the I/R or infarction group.

Changes in the Hepatic Gene Expression Profile
After Cardiac I/R or MI

Although no histological changes were observed in the liver
after cardiac /R or MI, significant changes in gene expres-
sion were noted. Hierarchical clustering analysis, which is a
nonsupervised learning method that includes 23 281 nonfil-

Table 2. HR, sBP, and mBP

24 h
Before Operation Sham /R Infarction
HR, bpm 57527 55330 55327 568+16
sBP, mm Hg 105x2 102+2 95+1 804
mBP, mm Hg 783 742 63:+2 564t

Vaiues are presented as mean=SE. HR indicates heart rate; sBP, systolic
blood pressure; and mBP, mean blood pressure.

*P<0.01 compared with sham.

1P<0.05 compared with sham.
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a H-E staining b Silver staining

C, IR B, sham A, pre-operation

D, infarction

e <

Figure 1. Histological comparison of hematoxylin/eosin staining
and silver staining of the liver after 24 hours. Preoperation (A),
sham (B}, I/R (C), and infarction (D). Scale bars represent

100 uwm. Hematoxylin/eosin staining (a, c, e, and g); silver stain-
ing (b, d, f, and h). No indication of shock or congestive liver
was observed in any group (magnification, X200).

tered genes, produced clusters for the I/R or infarction group
and the sham-operated group (data not shown). Because
nonfiltered genes may include those that are unchanged in all
samples, which generated “noise” that prevented efficient
gene clustering, we filtered out these genes with different
stringency and performed hierarchical clustering. Hierarchi-
cal clustering with 9165 (log-ratio variations >40th percen-
tile) or 5156 (log-ratio variations >50th percentile) filtered
genes clearly demonstrated clusters for the /R or infarction
group after 24 hours, for the /R or infarction group after 6
hours, and for the sham group after 6 and 24 hours (supple-
mental Figure I). Hierarchical clustering with 773 (log-ratio
variations >80th percentile) or 96 (log-ratio variations >90th
percentile) filtered genes showed more detailed and clearer
clusters for the I/R group after 24 hours, for the infarction
group after 24 hours, for the I/R or infarction group after 6
hours, and for the sham group after 6 and 24 hours (Figure 3).
Thus, by filtering out “noise” genes, more detailed and
clearer clustering could be obtained, thus addressing the
reliability of the analysis.!! The increased robustness (R-

>

Sham

/R

O

infarction

ve - L Ly

Figure 2. Representative electron microphotographs of the liver
after 24 hours. Sham (A), I/R (B), and infarction (C). Scale bars
represent 2 um on the left (magnification, X3000) and 500 nm
on the right (magpnification, X 10 000). No indication of shocked
liver was observed in any group. M indicates mitochondria; rER,
rough endoplasmic reticulum; B, bile canaliculi; N, nucleus.

index) and decreased discrepancy (D-index) of clustering
with filtering conditions supported this finding (supplemental
Figure I; expanded Methods and Resulits).

Class prediction analysis, a supervised learning method
based on the compound covariate predictor, was performed
with various clinical parameters, including provocation (I/R
or infarction), 6 hours (/R or infarction after 6 hours), 24
hours (I/R or infarction after 24 hours), and time (sham or 6
hours, sham or 24 hours, and 6 or 24 hours). The results

1 08 06 04 02 O
1 L ) 1 1 ]

PNeTTReYIICINTeLT
= © =5 0O T W0 O W0 000
SEEEEETEEEEEEEEEEE
L LT[ Lo LCMOUL T E -
K =7 BT I =gl 7 7 I el il 77 I il
[ 3 w w v
sham INF24 UR24

Figure 3. Hierarchical clustering analysis with 96 filtered genes
{genes with log-ratio variation in the 90th percentile and data
missing >5% were excluded). The resulting dendrogram shows
clear clusters for the I/R group after 24 hours, the infarction
group after 24 hours, and the sham group after 6 and 24 hours.
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Table 3. Class Prediction Analysis (Supervised Learning Methods)

Classifier Clinical Total No. of No. of Cases Mean Percent of No. of Genes in the
Category Group Classes Misclassified Classifier P Correct Classification Classifiers (P<0.002)
Provocation IR 10 2 0.02 80 85
INF 10 2
6h IR 5 2 0.48 50 23
INF 5 3
24 h IR 5 0 0.015 100 218
INF 5 0
Time Sham 11 0 0.001 90 644
6h 10 2
Sham 11 0 <0.0005 95 3380
24 h 10 1
6h 10 1 0.004 85 747
24 h 10 2

INF indicates infarction.

indicated that provocation, 24 hours, and time significantly
classified these models (Table 3).

Both nonsupervised and supervised learning methods indi-
cated differences in hepatic gene expression profiling among
sham, 6 hours, and 24 hours after heart provocation, and
different heart provocation (/R or infarction) may generate
differences in hepatic gene expression, especially 24 hours
after provocation.

Identification of Genes Differentially Expressed
Between I/R and Infarction

Because the filtering process may result in loss of important
genes, for identification of differentially expressed genes
among different groups, we used a class comparison analysis
tool (http://linus.nci.nih.gov/BRB-ArrayTools.html). Class
comparison analysis (P<<0.0005) among the 5 groups (ie,
sham, I/R-6, I/R-24, infarction-6, and infarction-24) was
performed, and genes that were differentially expressed
among the 5 groups were extracted. On 1-way hierarchical
clustering analysis of the extracted genes and heat map, 6
gene clusters were assigned on the basis of the gene expres-
sion patterns (Figure 4). Of the 6 groups, group 2 showed
significant upregulation for I/R and infarction after 24 hours
compared with the other groups. Group 3 showed upregula-
tion for I/R, but not for infarction, after 24 hours. Group 4
showed downregulation for I/R and infarction after 24 hours
compared with the other groups. Group 5 showed downregu-
lation for infarction after 24 hours compared with the other
groups. Representative genes (>3-fold difference in t value)
and frequent pathways observed in each group (based on the
MetaCore database) are listed in supplemental Tables I
through IV.

Interestingly, in group 2, genes related to tissue remodel-
ing, adhesion molecules, and morphogenesis were signifi-
cantly upregulated. This may be related to the induction of
tissue repair factors, such as antigenic factor and myocardio-
genic factors, associated with I/R or infarction. In addition,
genes involved in the cell cycle and apoptosis and neuron-
related genes, such as retinoblastoma 1, angiopoietin-like 4,
apoptotic peptidase-activating factor 1, transformation-

related protein 53 (p53), and Eph receptor B1, were prefer-
entially expressed. The expression of group 2 genes was
significantly correlated with serum creatine kinase levels,
suggesting that these genes reflect the severity of cardiac
damage. Especially, (R=0.856, P<<e™ ") and apoptotic
peptidase-activating factor 1 (R=0.856, P<e¢~%") were highly
correlated with creatine kinase (supplemental Table I).

In group 3, in addition to the genes described earlier,
chemokine and hormone gene pathways involved in interleu-
kin (IL)-8 and androgen or estrogen receptor signaling were
upregulated, suggesting that more tissue repair and bioreac-
tive signaling pathways were activated. This may reflect the
presence of a living myocyte I/R condition. In group 4, genes
involved in lipid catabolism, immune response, proteolysis,
and oxidative stress, such as apolipoprotein A-II, CD7 anti-
gen, and reduced nicotinamide-adenine dinucleotide phos-
phate oxidase 1, were downregulated in the infarction and
I/R groups after 24 hours. In group 5, genes involved in
muscle and neurite morphogenesis, such as myosin (heavy
polypeptide 11, smooth muscle) and ephrin A5, were
significantly downregulated in the infarction group after
24 hours.

Effects of Hemodynamic State on Hepatic Gene
Expression Profile

To exclude the possibility that changes in hemodynamic
state induced alterations in hepatic gene expression, we
examined the livers of mice subjected to liver I/R. For liver
I/R, gentle occlusion of the hepatic artery and portal vein
was applied so that the extent of liver injury was compa-
rable with those in the myocardial I/R and infarction
models (Table 1).

We analyzed the gene expression profile of the liver /R
group by using the same extracted genes as shown in Figure
4. The gene expression patterns induced in the myocardial /R
and infarction groups are clearly different from those in the
liver I/R group (Figure 5), except for the group 3 gene cluster
in myocardial I/R. It should be noted that the group 3 gene
cluster was upregulated in the myocardial I/R group at 24
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group 1

group 2 i

group 3
group 4

group 5§
group.6 ®

Figure 4. One-way hierarchical clustering and a heat map of 1166 genes that were extracted by class comparison analysis (P<0.0005).
Each column corresponds to a sample, and each row represents a gene. The gene cluster data are graphically presented as colored
images: red indicates upregulated genes, and green indicates downregulated genes. The genes with the most similar patterns of
expression are adjacent to one another. Detailed definitions of each group are given in the text. Representative genes and frequently
observed pathways are listed in supplemental Tables | through IV.

hours after provocation, whereas it was upregulated from 6

hours after provocation in the liver I/R group. Therefore, the
delayed changes in hepatic gene expression in the myocardial
I/R and infarction models may be due to different mecha-

nisms resulting from liver I/R.

The assessment of liver weight revealed no differences
between the myocardial I/R and infarction groups (supple-
mental Table V). This result supports our histological find-
ings and indicates an absence of liver congestion in the

myocardial I/R and infarction groups.
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Figure 5. One-way hierarchical cluster-
ing and a heat map of the liver I/R group
and others with the same extracted
genes as shown in Figure 4. Each col-
umn corresponds to a sample, and each
row represents a gene. The gene cluster
data are graphically presented as col-
ored images: red indicates upregulated
genes, and green indicates downregu-
lated genes. The genes with the most
similar patterns of expression are adja-
cent to one another. Gene expression
patterns induced in the liver I/R group
clearly differed from those in the myocar-
dial I/R and infarction groups.
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Figure 6. A, Postulated gene network of differentially expressed genes in infarction. B, Postulated gene network of differentially

73

expressed genes in I/R. Detailed definitions of heart-extracellular, liver-intracellular, and liver-extracellular are given in the Methods. Yel-

low ovals indicate genes related to angiogenesis; green ovals, genes related to coagulation-fibrinolysis; blue ovals, genes related to

inflammation; and red characters, genes upregulated in microarray analysis of primary hepatocytes treated with osteopontin. The net-

work diagrams consist of representative genes. All abbreviations are defined in supplemental Tables VI through XI.
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Detailed Gene Network Analysis Between the
Liver and Heart in Myocardial Ischemia

Several factors can affect the liver, including humoral factors
released from the ischemic myocardium, the hemodynamic
state, or the autonomic nervous system. We focused on the
possibility that humoral factors released from the heart may
affect the liver. Cardiac gene expression profiles induced by
myocardial ischemia were investigated to identify cardiac
genes affecting the liver. To obtain a detailed and compre-
hensive gene network for the liver and heart, individual data
from the liver after 24 hours were integrated with pooled data
from the risk area and nonrisk area of the heart. Initially, we
divided the heart and liver genes into 3 groups: heart-
extracellular, liver-intracellular, and liver-extracellular. To
find the network among these induced genes, published
results for the interactions of individual genes were integrated
with these results by using MetaCore software (GeneGo, St.
Joseph, Mich). Direct interactions between individual genes
were sought. Genes were excluded according to the following
criteria: (1) heart-extracellular, no output signal into liver-
intracellular; (2) liver-intracellular, no bidirectional signals;
and (3) liver-extracellular, no input signal from liver-
intracellular. As expected, the network of these differentially
expressed genes involved complex interactions of individual
genes; however, representative signaling pathways for MI or
I/R injury were identified (Figure 6).

During MI, fibroblast growth factor, osteopontin, and
heparin-binding epidermal growth factor-like growth factor
(HB-EGF) were upregulated in the heart and may have been
systemically secreted. Endothelial growth factor receptor and
fibroblast growth factor receptor-1 may play important roles
in receiving these signals in the liver. Transcription factors
such as p53, myelocytomatosis oncogene, trans-acting tran-
scription factor 1, and octamer-binding transcription factor 1
are important molecules in the regulation of these signaling
pathways. Protein C, VEGF-A, and urokinase were expected
to be systemically secreted from the liver (supplemental
Tables VI through VIII). After infarction, genes involved in
inflammation, the coagulation-fibrinolytic system, and angio-
genesis showed preferential expression. After I/R, heparin-
binding epidermal growth factor was upregulated in the heart
and was expected to be systemically secreted. V-erb-a eryth-
roblastic leukemia viral oncogene homolog 4 (avian) may
play an important role in receiving these signals in the liver.
Transcription factors such as trans-acting transcription factor
1, p53, estrogen receptor-le, and signal transducer and
activator of transcription 5A are potentially important mole-
cules for regulation of these signaling pathways. Protein C,
coagulation factor X, ciliary neurotrophic factor, and colony-
stimulating factor-1 (macrophage) (CSF-1) were expected to
be systemically secreted from the liver. In I/R, angiogenesis-
related genes were preferentially upregulated (supplemental
Tables IX through XI). On comparison of the expression
profiles of the heart and liver, genes expressed at significantly
higher levels in the heart than in the liver were designated as
He, and those expressed at significantly higher levels in the
liver than in the heart were designated as Li. Genes expressed
in both the heart and liver were described as He/Li (supple-
mental Tables VIII and XI). In this analysis, most of the
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Figure 7. A, The time course of the serum osteopontin concen-
trations in sham, I/R, and infarction groups. The assessment of
serum osteopontin by ELISA in the sham, I/R, and infarction
groups after 6 and 24 hours. The serum concentrations of
osteopontin after 24 hours were 365.7+14.6 ng/mL, 273.0+30.6
ng/mL, and 249.2+23.4 ng/mL in infarction, I/R, and sham
groups, respectively. Error bars represent the SEM. **P<0.01
compared with sham. B, The changes in osteopontin gene
expression in the infarcted and reperfused heart. INF indicates
infarction; NRA, nonrisk area; RA, risk area.

factors that were expected to be secreted from the liver
induced by /R and infarction were liver-specific. Most of
these genes were not significantly upregulated in the liver /R
groups.

Serum Osteopontin Concentrations in Mice

Of the infarction-induced, cardiac-secreted factors that were
expected to stimulate multiple liver genes, we quantified the
serum levels of osteopontin by ELISA. Serum osteopontin
concentration was significantly increased in the infarction
group compared with the sham group (P=0.0012) after 24
hours (Figure 7A). In addition, the changes in osteopontin
gene expression in the infarcted and reperfused heart are
shown in Figure 7B.

Signaling Pathway in Primary Hepatocytes
Treated With Osteopontin

To determine whether ischemia-induced, cardiac-secreted
factors affected hepatic gene expression, we investigated the
effects of osteopontin on primary mouse hepatocytes (sup-
plemental Materials and Methods); 979 genes were upregu-
lated and 734 genes were downregulated (P<<0.05 and fold
change >2.0 determined by class comparison analysis) by
osteopontin in primary hepatocytes (GSE14843). The most
frequent pathway processes observed among upregulated
genes as determined with the use of MetaCore software are
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shown in supplemental Table XII. Osteopontin upregulated
signaling pathways of protein C, angiogenesis, cell adhesion,
etc, which were observed in groups 2 and 3 gene clusters in
the mouse liver under conditions of myocardial ischemia
(Figure 4; supplemental Tables I and II). The role of os-
teopontin in the postulated gene network connecting the liver
and heart in myocardial ischemia is shown in Figure 6.
Interestingly, many of the genes included in the postulated
gene network were actually activated by osteopontin (P<<0.05
or fold change >2.0 by class comparison analysis) in primary
hepatocytes. Unexpectedly, osteopontin activated HB-EGF,
thrombospondin 1, and fibroblast growth factor, which were
released from the ischemic heart (Figure 6; supplemental
Table VI) in primary hepatocytes. These results indicated that
these proteins were released from the liver and from the heart
under conditions of myocardial ischemia through osteopon-
tin, and an autocrine signaling pathway may exist in the liver.

Among the candidate hepatic-secreted factors under con-
ditions of myocardial ischemia (Figure 6A; supplemental
Table VIII), we quantified the levels of VEGF-A in the
supernatants of primary hepatocytes treated with osteopontin.
The concentration of VEGF-A measured by ELISA was
significantly increased in the supernatants of primary hepa-
tocytes treated with osteopontin (n=6) compared with the
mock group (n=7; P=0.0042; supplemental Figure II). Thus,
important factors for tissue remodeling could be released
from the liver through humoral factors, such as osteopontin,
that are released from the heart under conditions of myocar-
dial ischemia.

Quantitative RTD-PCR

We performed a quantitative RTD-PCR with TagMan probes.
In the /R group, protein C, coagulation factor X, CNTF, and
CSF-1 were upregulated in the liver. In the infarction group,
protein C, urokinase, and VEGF-A were upregulated in the
liver (supplemental Figure IIIA). In the hepatocytes treated
with osteopontin, protein C, coagulation factor X, ciliary
neurotrophic factor, CSF-I, urokinase, and VEGF-A were
upregulated compared with the mock group (supplemental
Figure IIIB). These results were consistent with those of
c¢DNA microarray analyses performed in this study.

Discussion

The liver is an essential organ that synthesizes many bioac-
tive proteins, including acute-phase inflammatory proteins
(eg, C-reactive protein and IL-6) and coagulation factors.
Therefore, it has been speculated that the liver may be
involved in systemic reactions that modify the pathophysiol-
ogy of ACS, although this possibility has not been addressed
in detail.

In this study, we examined the gene expression profiles of
the livers of mice affected by myocardial I/R or infarction.
Marked changes in hepatic gene expression were observed
after 24 hours, despite the lack of histological changes in the
liver. These changes were essentially restored to normal after
3 to 7 days (data not shown). These findings may not be due
to hemodynamic changes during myocardial /R or infarction.
Instead, inflammatory mediators or humoral factors released
from the affected heart may be responsible for the observed
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alterations in hepatic gene expression. This was further
confirmed by investigation of signaling pathways in primary
hepatocytes induced by osteopontin, a candidate humoral
factor released from the ischemic myocardium in vitro.

To exclude the possibility that these changes in gene
expression were due to systemic hypotension during I/R or
infarction, we performed an additional experiment involving
liver I/R to examine whether a pattern of gene expression
similar to that in the myocardial I/R and infarction groups
could be observed in the liver. Hepatic gene expression in the
liver I/R group was completely different from those in the
myocardial I/R and infarction groups, with the exception of a
small gene cluster (group 3). Although the group 3 gene
cluster was upregulated in both the liver I/R and myocardial
I/R groups at 24 hours after provocation, peak expression was
delayed in the myocardial I/R group compared with the liver
I/R group. A recent report of extended observations of
cytokine expression in murine hepatic I/R injury indicated
that the levels of expression of tumor necrosis factor-c,
IL-1B, and IL-6 peaked within 4 hours and returned to
baseline at 24 hours.!2 In contrast, in the myocardial I/R and
infarction models, these cytokines peaked ~24 to 48 hours
and decreased at 7 days.!* These findings were consistent
with those of this study (data not shown). Therefore, the
delayed peak of hepatic gene expression observed in this
study may be correlated with the extent of inflammation in
the myocardium after destruction of myocytes, rather than
changes in the hemodynamic state of the liver. The lack of
histological changes in the liver in the myocardial I/R and
infarction models supported these suggestions, although the
influence of hemodynamic state on hepatic gene expression
should be carefully considered.

Interestingly, genes related to tissue remodeling, adhesion
molecules, and morphogenesis were significantly upregulated
in the livers of mice that were subjected to I/R or infarction.
This may be related to the induction of tissue repair factors
such as angiogenic or myocardiogenic factors in the heart
undergoing I/R or infarction. In support of this notion, in
addition to the genes upregulated during infarction, chemo-
kines and hormonal factors, including IL-8, androgen, and
estrogen receptor genes, were upregulated during I/R. These
findings may reflect the presence of living myocytes and the
greater release of tissue repair and bioreactive factors during
I/R than during infarction.

A recent study that included a sequential analysis of
ischemic mouse heart with quantitative RT-PCR demon-
strated expression of IL-1f3, IL-6, monocyte chemoattrac-
tant protein-1, macrophage inflammatory protein-1, and
granulocyte-CSF at 6 and 24 hours.!? These results were
essentially consistent with those of our microarray analysis
of pooled RNA extracted from heart specimens (data not
shown).

In this study, the hepatic RNA samples were not pooled but
were used to analyze the hepatic gene expression profiles
individually. This strategy was successful, in that our mi-
croarray results were consistent with those produced from
pooled or nonpooled liver specimens. Moreover, it facilitated
the statistical evaluation of differentially expressed genes
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among the various groups and revealed dynamic changes in
hepatic gene expression through clustering analysis.

We analyzed the network connecting the heart-
extracellular genes and liver-intracellular genes induced after
I/R injury or infarction by using expression data from pooled

heart samples and averaged the expression data for individual

liver samples. The results suggested that factors secreted from
the heart altered gene expression in the liver. By detailed
analysis of signaling pathways, we identified 9 candidate
genes (eg, Osteopontin, HB-EGF, Reticulon 4) that were
upregulated in the heart and were expected to be systemically
secreted and to regulate gene expression in the liver (Figure
6). Moreover, we identified the factors that were expected to
be secreted from the liver induced by these signaling path-
ways, such as protein C, coagulation factor X, CNTF, CSF-1,
and angiogenesis-related genes. These factors were expected
to be systemically secreted from the liver and to modulate the
pathophysiology and outcome of ACS. It has been reported
that protein C prevents myocardial /R injury,* VEGF
enhances capillary density and improves cardiac function,!’
and urokinase is essential for cardiac functional recovery
after acute myocardial infarction.'¢

Of the factors that were expected to be secreted from the
heart, we confirmed that infarction increased the serum
osteopontin concentration after 24 hours. Osteopontin is
essential for the development of myocytes, tissue repair, and
angiogenesis, and its downstream products, eg, polo-like
kinase, were upregulated in the liver. To confirm these
findings, we examined the signaling pathways in primary
hepatocytes treated with osteopontin. Osteopontin activated
signaling pathways of protein C, angiogenesis, and cell
adhesion (supplemental Table XII) by inducing the expres-
sion of protein C, urokinase, VEGF-A, CSF-1, factor X, and
ciliary neurotrophic factor (CNTF) in primary hepatocytes,
which was confirmed by RTD-PCR or ELISA (supplemental
Figures II and I1IB). Moreover, many other genes involved in
the postulated gene network associating the liver and heart
(Figure 6A and 6B) were actually activated in primary
hepatocytes treated with osteopontin, confirming this signal-
ing pathway. These results suggest that humoral factors play
important roles in signal transduction from the ischemic
myocardium to the liver.

Although our results addressed humoral factors from the
heart that may affect hepatic gene expression, the effects of
other factors, such as autonomic nerves, should also be
considered. Because the liver has rich sympathetic and
parasympathetic innervation,!”-1° it is possible that sympa-
thetic hyperactivity affects hepatic gene expression. Although
hydralazine has been reported to activate sympathetic
nerves,22! we observed no differences in gene expression in
the hydralazine-treated group compared with the sham-
operated group (data not shown). Therefore, autonomic
nerves seemed to have little effect on hepatic gene expression
determined in this study.

In conclusion, we reported new .insights into the patho-
physiology of ACS, which may facilitate identification of the
mechanisms by which an acute coronary event causes sys-
temic reactions. Further studies are needed to determine
whether early therapeutic targeting of the liver during an

acute coronary event has any beneficial effect on the clinical
outcome in these patients.

Study Limitations

Although we confirmed that the serum osteopontin concen-
tration was increased during myocardial ischemia, other
proteins that could potentially be secreted from the heart and
liver were not assayed. Further studies are needed to deter-
mine whether these proteins, including osteopontin, actuaily
affect hepatic gene expression as observed in this study.
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CLINICAL PERSPECTIVE

Acute coronary syndrome (ACS) is accompanied by systemic changes in inflammation, coagulation, and metabolism,
which may affect the outcome and prognosis of ACS. These systemic reactions are not explained by cardiac events alone.
Several lines of evidence suggest that patients with fatty liver disease have a high risk of developing cardiovascular
diseases, and it is possible to speculate that the liver is involved in a systemic reaction that modifies the pathogenesis of
ACS. However, the relation between liver and myocardial ischemia in the acute ischemic phase has not been elucidated
so far. In this investigation, we simultaneously analyzed the gene expression profiles of the liver and heart during acute
myocardial ischemia in mice and observed the presence of humoral factors that intervened between the heart and liver.
These humoral factors were released from the heart and influenced the liver to secrete important tissue remodeling factors.
One of these humoral factors, osteopontin, a widely expressed glycoprotein, was increased in the ischemic heart and altered
the gene expression of hepatocytes to produce important tissue remodeling factors (such as vascular endothelial growth
factor-A). Our observations suggest that hepatic gene expression is potentially regulated by humoral factors of cardiac
origin provoked by myocardial ischemia, and we provide direct evidence that the liver is involved in a systemic reaction
that accompanies ACS. Our findings provide potential new insights into the pathophysiology of ACS.
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Genome-wide association of IL28B with response
to pegylated interferon-o. and ribavirin therapy for

chronic hepatitis C

Yasuhito Tanakal!8, Nao Nishida2!8, Masaya Sugiyama!, Masayuki Kurosaki®, Kentaro Matsuura’,

Naoya Sakamoto?, Mina Nakagawa®, Masaaki Korenaga®, Keisuke Hino®, Shuhei Hige®, Yoshito Ito?, Eiji Mita®,
Eiji Tanaka®, Satoshi Mochida'?, Yoshikazu Murawaki!!, Masao Honda'?, Akito Sakai!?, Yoichi Hiasal?,

Shuhei Nishiguchi'4, Asako Koike!, Isao Sakaida!®, Masatoshi Imamura!7, Kiyoaki Ito'?, Koji Yano',
Naohiko Masaki!”, Fuminaka Sugauchi!, Namiki Izumi?, Katsushi Tokunaga? & Masashi Mizokami®!”

The recommended treatment for patients with chronic
hepatitis C, pegylated interferon-a (PEG-IFN-a) plus ribavirin
(RBV), does not provide sustained virologic response (SVR)

in all patients. We report a genome-wide association study
(GWAS) to null virological response (NVR) in the treatment
of patients with hepatitis C virus (HCV) genotype 1 within a
Japanese population. We found two SNPs near the gene
1L28B on chromosome 19 to be strongly associated with

NVR (rs12980275, P = 1.93 x 10713, and rs8099917,

3.11 x 10715), We replicated these associations in an
independent cohort (combined P values, 2.84 x 10~

(OR =17.7;95% Cl = 10.0-31.3) and 2.68 x 10732

(OR =27.1; 95% Cl = 14.6-50.3), respectively). Compared to
NVR, these SNPs were also associated with SVR (rs12980275,
P =3.99 x 1024, and rs8099917, P=1.11 x 10-%). In
further fine mapping of the region, seven SNPs (rs8105790,
rs11881222, rs8103142, rs28416813, rs4803219, rs8099917
and rs7248668) located in the /L28B region showed the most
significant associations (P = 5.52 x 10728-2,68 x 10-3%; OR

= 22.3-27.1). Real-time quantitative PCR assays in peripheral
blood mononuclear cells showed lower /L.28B expression levels in
individuals carrying the minor alleles (P = 0.015).

Hepatitis C is a global health problem that affects a significant pro-
portion of the world’s population. The World Health Organization

estimated that in 1999, there were 170 million HCV carriers world-
wide, with 3-4 million new cases appearing each year. HCV infection
affects more than 4 million people in the United States, where it rep-
resents the leading cause of cirrhosis and hepatocellular carcinoma
as well as the leading cause of liver transplantation!. The American
Gastroenterological Association estimated that drugs are the largest
direct costs of hepatitis C!.

The most effective current standard of care in patients with
chronic hepatitis C, a combination of PEG-IFN-o with ribavirin,
does not produce SVR in all patients treated. Large-scale studies
on 48-week-long PEG-IFN-0/RBV treatment in the United States
and Europe showed that 42-52% of patients with HCV genotype 1
achieved SVR?-4, and similar results were found in Japan. However,
older patients (greater than 50 years of age) had a significantly lower
rate of SVR due to poor adherence resulting from adverse events
and laboratory-detectable abnormalities such as neutropenia and
thrombocytopenia®®. Specifically, various well-described side
effects (such as a flu-like syndrome, hematologic abnormalities and
adverse neuropsychiatric events) often necessitate dose reduction,
and 10-14% of patients require premature withdrawal from inter-
feron-based therapy’. To avoid these side effects in patients who
will not be helped by the treatment, as well as to reduce the sub-
stantial cost of PEG-IFN-/RBV treatment, it would be useful to be
able to predict an individual’s response before or early in treatment.
Several viral factors, such as genotype 1, high baseline viral load, viral
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Figure 1 Genome-wide association results with PEG-IFN-o/RBV treatment
in 142 Japanese patients with HCV (78 NVR and 64 VR samples).

P values were calculated by using a %2 test for allele frequencies. The
dots with arrows for chromosome 19 denote SNPs that showed significant
genome-wide associations (P < 8.05 x 10-8) with response to PEG-IFN-
o/RBV treatment.

kinetics during treatment, and amino acid pattern in the interferon
sensitivity—determining region, have been reported to be significantly
associated with the treatment outcome in a number of independent
studies®-10, Studies have also provided strong evidence that ~20% of
patients with HCV genotype 1 and 5% of patients with genotype 2
or 3 have a null response to PEG-IFN-0/RBV. No definite predictor
of this resistance is currently available that make it possible to bypass
the initial 12-24 weeks’ treatment before deciding whether treatment
should be continued. If a reliable predictor of non-response were
identified for use in patients before treatment initiation, then an esti-
mated 20%, including those who have little or no chance to achieve
SVR, could be spared the side effects and cost of treatment.

Host factors, including age, sex, race, liver fibrosis and obesity, have
also been reported to be associated with PEG-IEN-0/RBV therapy
outcome! 12, However, little is known about the host genetic factors
that might be associated with the response to therapy: thus far only

a few candidate genes, including those encoding type I interferon
receptor-1 (IENARI) and mitogen-activated protein kinase—activated
protein kinase 3 (MAPKAPK3), have been reported to be associated
with treatment response!314, We describe here a GWAS for response
to PEG-IFN-0//RBV treatment.

We conducted this GWAS to identify host genes associated with
response to PEG-IFN-0/RBV treatment in 154 Japanese patients with
HCV genotype 1 (82 with NVR and 72 with virologic response (VR),
based on the selection criteria as described in Online Methods). We
used the Affymetrix SNP 6.0 genome-wide SNP typing array for
900,000 SNPs. A total of 621,220 SNPs met the following criteria: (i)
SNP call rate 295%, (ii) minor allele frequency (MAF) 21% and (iii)
deviation from Hardy-Weinberg equilibrium (HWE) P 20.001 in VR
samples. After excluding 4 NVR and 8 VR samples that showed qual-
ity control (QC) call rates of <95%, 78 NVR and 64 VR samples were
included in the association analysis. Figure 1 shows a genome-wide
view of the single-point association data based on allele frequencies.
Two SNPs located close to IL28B on chromosome 19 showed strong
associations, with a minor allele dominant model (rs12980275,
P=1.93% 10713, and rs8099917, P = 3.11 x 10715, respectively), with
NVR to PEG-IFN-0/RBV treatment (Table 1). The rs8099917 lies
between IL28B and IL28A, ~8 kb downstream from IL28Band ~16 kb
upstream from IL28A. These associations reached genome-wide levels
of significance for both SNPs in this initial GWAS cohort (Bonferroni
criterion P < 8.05 x 1078 (0.05/621,220)). The frequencies of minor
allele-positive patients were much higher in the NVR group than
in the VR group for both SNPs (74.3% in NVR, 12.5% in VR for
rs12980275; 75.6% in NVR, 9.4% in VR for rs8099917). Notably,
individuals homozygous for the minor allele were observed only
in the NVR group. The VR group, as compared to the NVR group,
showed genotype frequencies closer to those in the healthy Japanese
population!3, yet the minor allele frequencies were slightly higher in
the transient virologic response (TVR) group (23.1%, 15.4%) than
in the SVR group (9.8%, 7.8%) (Table 1). We applied the Cochrane-
Armitage test on all the SNPs and found a genetic inflation factor,
A, of 1.029 for the GWAS stage (Supplementary Fig. 1).We also car-
ried out principal component analysis in 142 samples for the GWAS
stage together with the HapMap samples (CEU, YRI, CHB and JPT)
(Supplementary Fig. 2); this suggested that the effect of population
stratification was negligible.

Table 1 Significant association of two SNPs (rs12980275 and rs8099917) with response to PEG-IFN-o/RBV treatment

Null responder Responder Responder
(NVR?, n=128) (VR3, n = 186) (SVR?, n = 140) NVR vs. VR NVR vs. SVR
Nearest MAF®  Allele OR OR
dbSNP rsID gene (allele)  {(1/2) Stage 11 12 22 11 12 22 11 12 22 (95% Cl)¢ Pvalued  (95% Cl) P valued
1s12980275 /L28B 0.15(G) A/G GWAS 20 54 4 56 8 0 46 5 0 20.3 1.93 x 10713 26.7 7.41 x 10713
(25.6) (69.2) (5.1) (87.5 (125} (0.0) (90.2) (9.8} (0.0} (8.3-49.9) (9.3-76.5)
Replication 10 37 3 101 21 0 73 16 4] 19.2 5.46 x 10-15 183 8.37 x 10713
(20.0) (74.0) (6.0} (82.8) (17.2) (0.0) (82.0) (18.0) (0.0) (8.3-44.4) (7.6-44.0)
Combined 30 91 7 157 29 0 119 21 0 17.7 2.84 x 107 185 3.99 x 10724
(23.4) (71.1) (6.5) (84.4) (15.6) (0.0) (85.0) (15.0) (0.0) (10.0-31.3) (10.0-34.49)
1s8099917 /1288 0.12(G) T/G GWAS 19 56 3 58 6 o 47 4 0 30.0 3.11x 1035 36.5 5,00 x 10-14
(24.4) (71.8) (3.8) (90.6) (9.4) (0.0) (92.2) (7.8) (0.0) (11.2-80.5) (11.6-114.6)
Replication 11 37 2 108 14 ¢ 78 11 4] 27.4 9.47 x 10-18 25.1 1.00 x 10734
(22.0) (74.0) (4.0) (88.5) (11.5) (0.0} (87.6) (i24) (0.0 (11.5-65.3) (10.0-63.1}
Combined 30 93 5 166 20 o] 125 15 [¢] 27.1 2.68 x 10-32 27.2 1.11 x10°%
(23.4) (72.7) (3.9) (89.2) (10.8) (0.0) (89.3) (10.7) (0.0) (14.6-50.3) (13.9-53.4)

aNVR, nuli virologic response; VR, virslogic response; SVR, sustained virclogic response, The 186 VRs consisted of 46 transient virologic response (TVRs) and 140 SVRs, ®Minor allele frequency
and minor allele in 184 heaithy Japanese individuals!5, The MAF of the SNPs in SVR is similar to that of TVR group, whereas that of NVR is much higher (76.6%). <Odds ratio for the minor
allele in a dominant model. 9P vaiue by %2 test for the minor allele dominant model.
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We analyzed the region of ~40 kb (chr. 19, nucleotide positions
44421319-44461718; build 35) containing the significantly associ-
ated SNPs (rs12980275 and rs8099917) using Haploview software for
linkage disequilibrium (LD) and haplotype structure based on the
HapMap data for individuals of Japanese ancestry. The LD blocks were
analyzed using the four-gamete rule, and four blocks were observed
(Supplementary Fig. 3). We selected 16 SNPs for both replication
study and high-density association mapping, including tagging SNPs
estimated on the basis of the haplotype blocks, one SNP located within
IL28B (rs11881222) and the significantly associated SNPs from the
GWAS stage (rs12980275 and rs8099917) (Supplementary Table 1).

To validate the results of the GWAS stage, 16 SNPs selected for the
replication stage, including the original SNPs, were genotyped using
the DigiTag2 assay in an independent set of 172 Japanese patients with
HCV treated with PEG-IFEN-0//RBV treatment (50 NVR and 122 VR
samples), together with the first panel of 142 samples analyzed in the
GWAS stage (Supplementary Table 1). The associations of the origi-
nal SNPs were replicated in the replication cohort of 172 patients
(P = 5.46 x 10715, OR = 19.2 for rs12980275; P = 9.47 X 10718,

LETTERS

Figure 2 Genomic structure, Pvalue and OR plots in association analysis
and LD map around /L28B and IL28A (chr.19, nucleotide positions
44421319-44461718; build 35). P values by the %2 test for minor allele
dominant effect mode! are shown for the first panel of 142 samples in
the GWAS stage, the second panel of 172 samples in the replication
stage, and the combined analysis. Below are estimates of pairwise r2 for
16 SNPs selected in the replication study using a total of 314 Japanese
patients with HCV treated with PEG-IFN-o/RBV. Boxes indicate the
significantly associated SNPs with response to PEG-IFN-a/RBV treatment
both in the GWAS stage and in the replication stage. Dotted lines
indicate the region with the strongest associations from the positions of
1s8105790 to rs7248668.

OR = 27.4 for rs8099917; Table 1), The combined P values for
both stages reached 2.84 X 10727 (OR = 17.7; 95% CI = 10.0-31.3)
and 2.68 x 10732 (OR = 27.1; 95% CI = 14.6-50.3), respectively
(Table 1). Notably, when we compared the SVR (n = 140) with
the NVR group (n = 128), the original two SNPs (rs12980275 and
rs8099917) again showed strong associations: both P values and ORs
were similar to those observed in the comparison between VR and
NVR, and the combined P values for both stages reached 3.99 x 1024
(OR = 18.5;95% CI = 10.0-34.4) and 1.11 x 10727 (OR = 27.2; 95%
CI = 13.9-53.4), respectively (Table 1). Comparing SVR (n = 140)
versus NVR plus TVR (n = 174), we again found that these SNPs
were significantly associated (P = 1.71 x 1076, OR = 8.8; 95% CI
5.1~15.4 for rs12980275; P=1.18 X 10718, OR = 12.1;95% CI 6.5-22.4
for rs8099917, Supplementary Table 2}, suggesting that these SNPs
would predict NVR as well as SVR before PEG-IFN-0//RBV therapy.

Among the newly analyzed SNPs in the replication study, six
{(rs12980275, rs8105790, rs11881222, rs8099917, rs7248668 and
rs10853728) showed significant associations both in the GWAS stage
(P < 8.05 x 1078) and in the replication stage (P < 0.0031 (0.05/16))
after Bonferroni correction. These SNPs are located within a 15.7-kb
region that includes IL28B (Fig. 2 and Supplementary Table 1).
In particular, the strongest associations with NVR were observed
for four SNPs, rs8105790, rs11881222, rs8099917 and rs7248668,
that are located in the downstream flanking region, the third
intron and the upstream flanking region of IL28B. The combined
Pvalues for these polymorphisms were 1.98 x 103! (OR = 25.7; 95%
CI = 13.9-47.6), 2.84 x 103! (OR = 25.6; 95% CI = 13.8-47.3),
2.68 X 10732 (OR = 27.1; 95% CI = 14.6-50.3) and 1.84 x 10730
(OR =24.7;95% CI = 13.3-45.8), respectively (Supplementary Table 1).
We then sequenced this region to identify further variants and
found three SNPs (rs8103142, rs28416813 and rs4803219) located
in the third exon, the first intron and the upstream flanking region
of IL28B, and a few infrequent variations. These SNPs also showed
strong associations in the combined dataset of 128 NVR and 186 VR
samples (P = 1.40 X 107%%, OR = 26.6 for rs8103142; P=5.52 x 10728,
OR =22.3 for s28416813; P = 2.45 X 1072%, OR = 23.3 for rs4803219;
Supplementary Table 3). We also performed LD and haplotype analy-
ses with seven SNPs. These SNPs were in strong LD, and the risk
haplotype showed a level of association similar to those of individual
SNPs (P = 1.35 X 10725, OR = 11.1; 95% CI = 6.6-18.6) (Table 2).
These results suggest that the association with NVR was primarily
driven by one of these SNPs.

Table 2 Association analysis of response to treatment by /L28B haplotype

SNP Frequencies
rs8105790 1s11881222 1s8103142 1s28416813 rs4803219 rs8099917 157248668 NVR group VR group Pvalue OR (95% Ci)
T A T [ c T G 0.543 0.942 1.81 x 10732 0.1 (0.04-0.12)
C G Cc G T G A 0.387 0.054 1.35x 10725 11.1{6.6-18.6)

Association analysis of haplotypes consisting of seven SNPs with response to PEG-IFN-o/RBV treatment in 314 Japanese patients with HCV. Boldface letters: rs11881222 (third intron);

rs8103142 (third exon).
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Table 3 Factors associated with NVR by logistic regression model

Factors Odds ratio 95% Cl Pvalue
18099917 (G alleie) 37.68 16.71-83.85 <0.0001
Age 1.02 0.98-1.07 0.292
Gender (Female) 3.32 1.49-7.39 0.003
Re-treatment? 1.12 0.55-2.33 0.750
Platelet count 0.93 0.87-1.01 0.080
Aminotransferase level 1.00 0.99-1.00 0.735
Fibrosis stage?® 1.10 0.73-1.66 0.658
HCV-RNA tevel 1.01 0.99-1.02 0.139

2Re-treatment, non-response to previous treatment with interferon-a (plus RBV).

To examine the relative contribution of factors associated with
NVR, we used a logistic regression model. One tagging SNP located
within IL28B (minor allele of rs8099917) was the most significant fac-
tor for predicting NVR, followed by gender (Table 3). Clinically, viral
factors such as HCV genotype and HCV RNA level are important for
the outcome of PEG-IFN-0a/RBV therapy. Indeed, mean HCV-RNA
level was significantly lower in SVR (SVR versus TVR, P =0.002; SVR
versus NVR, P = 0.016; Supplementary Table 4). Mean platelet count
and the proportion of mild fibrosis (F1-F2) were significantly higher
in SVR than in NVR.

Real-time quantitative PCR assays in peripheral blood mononuclear
cells revealed a significantly lower level of IL28 mRNA expression in
individuals with the minor alleles (Fig. 3), suggesting that variant(s)
regulating I1.28 expression is associated with a response to PEG-IFN-
0/RBYV treatment. IL28B encodes a cytokine distantly related to type
I (« and B) interferons and the interleukin (IL)-10 family. This gene
and IL28A and IL29 (encoding IL-28A and IL-29, respectively) are
three closely related cytokine genes that encode proteins known as
type 111 IFNs (IFN-As) and that form a cytokine gene cluster at chro-
mosomal region 19q13 (ref. 16). The three cytokines are induced
by viral infection and have antiviral activity!®!7. All three interact
with a heterodimeric class II cytokine receptor that consists of IL-10
receptor beta (IL10RB) and IL-28 receptor alpha (IL28Ra, encoded
by IL28RA)'%17, and they may serve as an alternative to type I IFNs
in providing immunity to viral infection.

Notably, a recent report showed that the strong antiviral activity
evoked by treating mice with TLR3 or TLR9 agonists was significantly

S¥&) reduced in both IL28RA™~ and IFNAR™'~ mice, indicating that IFN-A

’ is important in mediating antiviral protection by ligands for TLR3

and TRLY (ref. 18). IFN-A induced a steady increase in the expression
of a subset of IFN-stimulated genes, whereas IFN-o. induced the same
genes with more rapid and transient kinetics!®, Therefore, it is pos-
sible that IFN-A induces a slower but more sustained response thatis
important for TLR-mediated antiviral protection. This might be one
of the ways that a genetic variant regulating IL28 expression influ-
ences the response to PEG-IEN-0/RBV treatment. Further research
will be required to fully understand the specific mechanism by which
a genotype might affect the response to treatment.

In conclusion, the strongest associations with NVR were observed
for seven SNPs, rs8105790, rs11881222, rs8103142, rs28416813,
rs4803219, 1s8099917 and rs7248668, that are located in the down-
stream flanking region, the third intron, the third exon, the first intron
and the upstream flanking region of IL28B. Further studies following
our report of this robust genetic association to NVR may make it pos-
sible to develop a pre-treatment predictor of which individuals are
likely to respond to PEG-IFN-0//RBV treatment. This would remove
the need for the initial 12-24 weeks of treatment that is currently used
as a basis for a clinical decision about whether treatment should be
continued. That would allow better targeting of PEG-IFN-o/RBV

P=0.015

1L.28 mRNA relative expression

Major homozygotes  Minor heterozygotes
and homozygotes
SNPs

Figure 3 Quantification of /L28 mRNA expression. The expression level of
/L28 genes was determined by real-time quantitative RT-PCR using RNA
purified from peripheral blood mononuclear celis. Distribution of relative
gene expression levels was compared between the individuals homozygous
for major alleles (n = 10) and the heterozygous or homozygous individuals
carrying minor alleles (n = 10) of rs8099917 by using the Mann-Whitney
U-test. The bars indicate the median. All samples were obtained from
HCV-infected patients before PEG-IFN-o/RBV therapy.

treatment, avoiding the unpleasant side effects that commonly accom-
pany the treatment where it is unlikely to be beneficial, and reduce
overall treatment costs. Because of the small number of samples in
this study, we plan to conduct a further prospective multicenter study
to establish these SNPs as a clinically useful marker.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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