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Abstract

AIM: To investigate the relationship of changes in
expression of marker genes in functional categories or
molecular networks comprising one functional category
or multiple categories in progression of hepatic fibrosis in
hepatitis C (HCV) patients.

METHODS: Marker genes were initially identified using
DNA microarray data from a rat liver fibrosis model. The
expression level of each fibrosis associated marker gene
was analyzed using reverse transcription-polymerase
chain reaction (RT-PCR) in clinical biopsy specimens from
HCV-positive patients (7 = 61). Analysis of changes in
expression patterns and interactions of marker genes in
functional categories was used to assess the biological
mechanism of fibrosis.

RESULTS: The profile data showed several biological
changes associated with progression of hepatic
fibrosis. Clustered genes in functional categories
showed sequential changes in expression. Several
sets of clustered genes, including those related to
the extracellular matrix (ECM), inflammation, lipid
metabolism, steroid metabolism, and some transcription
factors important for hepatic biology showed expression
changes in the immediate early phase (F1/F2) of
fibrosis. Genes associated with aromatic amino acid (AA)
metabolism, sulfur-containing AA metabolism and insulin/
Wnt signaling showed expression changes in the middle
phase (F2/F3), and some genes related to glucose
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metabolism showed altered expression in the late phase
of fibrosis (F3/F4). Therefore, molecular networks
showing serial changes in gene expression are present in
liver fibrosis progression in hepatitis C patients.

CONCLUSION: Analysis of gene expression profiles
from a perspective of functional categories or molecular
networks provides an understanding of disease and
suggests new diagnostic methods. Selected marker
genes have potential utility for biological identification of
advanced fibrosis.

© 2008 WJG. Al rights reserved.
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INTRODUCTION

Liver fibrosis is caused by liver disorders such as hepatitis C,
hepatitis B, alcoholic hepatitis and non-alcoholic hepatitis.
Fibrosis progresses gradually and finally disrupts liver
structure and function over several decades, leading to fatal
diseases such as cirrhosis and hepatocellular carcinoma
(HCC). Classification of fibrosis progression is usually
based on histological criteria using the METAVIR scoring
system'”, which includes five stages: FO (no fibrosis), F1,
F2, F3, and F4 (citthosis). Such a classification is essential
in decisions regarding treatment of liver fibrosis. Prominent
subjective symptoms do not occur from F1 to F3, but
patients begin to be aware of symptoms after F4. However,
the F4 stage of cirthosis is almost incurable and diagnosis
of fibrosis at an earlier stage is desirable. The biology after
F4 (cirthosis) has been well studied, due to the interest in
diagnosis and therapy for hepatocellular carcinoma (HCC),
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but progression to HCC may begin in the eatly stage of
fibrosis in hepatitis C*.

Prevention of HCC and inhibition of fibrosis in the
early phase is important, but the detailed hepatic biological
changes corresponding to the F stage are unclear. To
understand the background of the early stage of fibrosis,
we previously identified genes that can be used as markers
of biological changes in progression of hepatic fibrosis
and diagnosis of fibrotic progression; these data were
obtained from DNA microarray data from an experimental
DMN (dimethylnitrosamine)-treated rat model of hepatic
fibrosis®. This work led to marker genes that were
arranged in functional categories related to fibrosis, based
on genes associated with hepatic cell types such as Kupffer
cells, hepatic stellate cells, and hepatocytes.

These marker genes give information on cell-specific
and time-dependent behavior of each hepatic cell in
fibrogenesis. In the current wotrk, the behavior of marker
genes associated with a particular F stage was analyzed
using RT-PCR in clinical biopsy specimens from hepatitis C
patients. This profile data revealed several biological changes
in progression of hepatic fibrosis. Since many functionally
clustered genes showed similar changes in expression, we
propose setial expression changes in molecular networks
associated with liver fibrosis progression in hepatitis C
patients. Many functionally clustered genes showed large
changes in expression in the early stage of fibrosis, suggest-
ing the importance of therapy at this early stage. Alteration
of gene expression also suggested qualitative changes in
biological status in the transition from F3 to F4, which is a
suspected risk factor for development of HCC. We conclude
that analysis of gene expression profiles from a perspective
of molecular networks provides improved understanding of
disease and indicates potential methods of diagnosis.

MATERIALS AND METHODS

Patients in the clinical study

All patients were recruited from the Osaka City University
Hospital (Osaka, Japan). Sixty-one patients with seropositive
results in diagnosis using the third-generation hepatitis C
virus enzyme-linked immunosorbent assay (Lumipulse II
Ortho HCV, Ortho-Clinical Diagnostics, Tokyo, Japan)
and positive serum HCV-RNA were included in the study.
Informed consent was obtained from all patients. Liver
biopsies were performed on all patients enrolled in the
study, and the histological features of the liver specimens
were analyzed and graded using the METAVIR scoring
system'”. The liver fibrotic stage (F stage) and inflammatory
activity (A grade) were determined histologically: at least
four subjects were found to be in each F stage classification.
Determination for chymase 1 exceptionally has been done
with three subjects in F4 stage due to the lack of appropriate
samples.

Part of the biopsy sample from each patient was imme-
diately immersed in RNAlater (QIAGEN, The Nethetlands)
to inhibit RNAase and then kept at 4°C overnight before
being transferred to another tube and frozen at -80°C.

RT-PCR analysis

Total RNA was extracted from liver biopsy samples using

an ISOGEN kit (Nippongene) and reverse transcribed
using a High Capacity cDNA Archive Kit (ABI, Foster
City, CA), in each case according to the manufacturer’s
instructions. The total RNA in the final reaction mixture
was 10 ng/pL. Real-time PCR was performed on an
Applied Biosystems 7500 Real-Time PCR System (ABI)
data collection system, and analyses were performed using
the accompanying software. RT-PCR was performed using
0.8 pL. cDNA in each well, with a final concentration of
1X the probes of the TaqManO Gene Expression Assay
and 1X the Tagman Universal PCR Master Mix (ABI).
The final reaction volume was 20 L. Each sample was
analyzed in duplicate. The thermal cycler conditions were
2 min at 50°C and 10 min at 95°C, followed by 40 cycles
of 155 at 95°C and 1 min at 60°C.

Data were analyzed using the comparative CT method,
in which the expression level of a target gene is normalized
relative to an endogenous reference. GAPDH was used as
the endogenous reference in all expetiments. The target Cr
and endogenous control Cr wete calculated for each sample,
and the target gene expression level was then calculated
using the formula 2°*“?. The average of duplicate
measurements was obtained, and the relative expression
of each gene in a sample was calculated by setting the
expression of GAPDH equal to 1000. PCR fluorogenic
probes for all the target genes and the endogenous teference
wete purchased as TagMan® Gene Expression Assays (ABI).

Statistical analysis

A Kruskal-Wallis test was applied to select marker genes
with statistically significant changes (P < 0.05) in expression
level during the fibrosis progression. This calculation was
performed using SPSS (SPSS Inc., IL, USA). The gene
expression data were subjected to hierarchical clustering
analysis using Genowiz™ software (Ocimum Biosolutions).

Pathway analysis of PCR data

The behavior and relationships of marker genes in
pathways associated with lipid metabolism were analyzed
with bioSpace Exploret, a system for analysis of expression
profile data. This system was produced collaboratively by
Pharmafrontier Co. Ltd. and World Fusion Co. Ltd. to
examine molecular interactions in expression profile data,
using both manual and computational text mining.

RESULTS

Expression behavior of marker genes

All marker genes determined in this study are listed in
Table 1. For each gene, since the quantitative limitation
of biopsy specimens resulted in a difference in sample
number for each probe, the type of samples, indicating
the number of biopsy specimens, is listed in Table 2.
Marker genes were selected as representative members of
functional categories or molecular networks based on their
expression changes in an experimental hepatic fibrosis
model”. Marker genes with statistically significant changes
in expression are listed in Table 1. Genes that showed
statistically insignificant changes in expression are listed
with the gene name only in Table 1. Marker genes that
showed statistically significant changes by 7 test during a
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Table 1 Expression profiles of marker genes with statistically significant changes during fibrosis progression

Functional category Description Gene name Expression at F1 Group  Expression ratio Serial Type
F2/F1 F3/F2 F4/F3

ECM Decorin DCN 2176 2 162 11 1 1

(or other HSC Matrix metalloproteinase 2 MMP2 117 2 09 2 1

marker) Hyaluronan-mediated motility receptor HMMR 12 2 11 3 1
Lysyl oxidase LOX 1.0 2 09 4 1
Lysyl oxidase-like 1 LOXL1 08 2 1.0 5 1
Tropomyosin 1 TPM1 35.0 2 11 6 1
Prion PRNP 194 3 1.0 7 1
Collagen, type I, alpha 1 COL1A1 16.2 2 0.6 8 1
Collagen type II alpha 1 COL3A1 143.9 2 08 9 1
Collagen type alpha 1 COL4A1 16.8 2 06 10 1
Humican LUM 28 2 09 11 1
Sialoprotein SPP1 132 2 14 12 1
Glypican 3 GPC3 235 2 .10 13 1
Proline 4-hydroxylase, alpha polypeptide I P4HA1 340 1 11 0.4 12 14 1
Insignificant change: MGP, BGN, TAGLN, LGALS1, EDG2, EDG5, TNNT2

Inflammation Lysozyme LYZ 185.3 2 08 10 15 2

(or apoptosis) TGF beta TGFB1 519 3 0.8 09 16 1
TGF beta 3 TGFB3 33 3 09 09 17 3
TNF TNF 26 3 0.6 12 18 3
Natural killer cell proteinase 1 GZMB 17 3 05 11 19 1
IL1 beta IL1B 26 8 0.7 11 20 3
Hemopoietic cell kinase HCK 224 3 5 " 06 09 21 4
Interleukin 6 receptor IL6R 1429 1 09 07 10 22 3
BCL2-related ovarian killer BOK 2059 1 09 07 11 23 5
Caspase 2 CASP2 13 1 12 07 08 24 5
Chymase 1, mast cell CMA1 02 2 0.7 18 122 25 6
Insignificant change: LTBP1, LBP, TNFRSF1B, DEFBI, IL1RN, S100A8, BRIC3, CARD12, CASP1, CASP4, CASP8, PAWR, CD19, CD3Z,
MS4A1, CD37, TRA® )

Growth factor Growth hormone receptor GHR 1023 1 08 09 09 26 4
IGF1 IGF1 56.5 1 09 07 11 27 1
Insignificant change: PTN, FST, PRLR

Insulin/ Cyclin D1 CCND1 190.6 2 1.0 10 28 5

Wnt signal Forkhead box M1 FOXM1 0.6 3 0.8 11 29 4
Gap junction protein, alpha 1, 43 kDa (connexin 43) GJA1 4.0 3 4 05 10 30 5
V-akt murine thymoma viral oncogene homolog 1 AKT1 77.6 1 09 10 31 4
V-akt murine thymoma viral oncogene homolog 2 AKT2 59.6 1 0.7 08 32 7
Catenin (cadherin-associated protein), beta 1, 88 kDa CTNNB1 159.0 1 07 10 33 5
Catenin, beta interacting protein 1 CTNNBIP1 240 1 0.7 08 34 5
Glycogen synthase kinase 3 beta GSK3B 41 1 0.8 08 3 5
Dishevelled, dsh homolog 1 (Drosophila) DVL1 122 1 0.7 09 3 7
Membrane-bound transcription factor peptidase, site 1 MBTPS1 724 1 K 0.7 0 37 7
Membrane-bound transcription factor peptidase, site 2 MBTPS2 13.2 1 0.9 07 10 38 7
Tribbles homolog 3 (Drosophila) TRIB3 184 1 1.1 09 04 39 7
Insignificant change: GSK3A, INSIG1, INSIG2, PRKCB1, PRKCD

Others signal Regucalcin (senescence marker protein-30) RGN 697.8 1 0.9 08 08 56 4
Insignificant change: DAB2, PMP22, S100A10, LCN2

Transcription CCAAT/enhancer binding protein (C/EBP), alpha CEBPA 3522 1 0.7 12 07 40 4

factors Retinoid X receptor, alpha RXRA 409.6 1 07 10 08 41 4
Hepatocyte nuclear factor 4, alpha HNF4A 708.7 1 0.7 11 0.9 42 4
Transcription factor 1 (HNF1) TCF1 26.7 1 0.8 0.9 0.8 43 4
Nuclear receptor subfamily 0, group B, member 2 NROB2 166.7 1 0.7 0.9 08 44 4
Peroxisome proliferative activated receptor, alpha PPARA 62.9 1 0.7 0.8 09 45 4
Inhibitor of DNA binding 1 (splice variation) ID1 463.4 3 0.5 14 46 1
AE binding protein 1 AEBP1 246 2 12 10 47 4
Nuclear receptor subfamily 1, group H, member 2 NR1H2 (LXRB) 9.0 1 0.7 0 48 7
Nuclear receptor subfamily 1, group H, member 3 NR1H3 (LXRA) 278 1 0.7 08 49 7
Nuclear receptor subfamily 1, group H, member 4 NR1H4 (FXR) 107.0 1 0.7 09 50 7
c/EBPbeta CEBPB 274.3 h { 0.7 09 51 2
Upstream transcription factor 2, c-fos interacting USF2 323.7 1 0.7 0.9 52 4
Estrogen-related receptor alpha ESRRA 79.6 1 0.6 08 53 7
C-met MET 735 1 0.7 11 54 3
Upstream transcription factor 1 USF1 30.8 1 0.9 08 55 4
Insignificant change: ONECUT1, JUNB, NR3C1, PPARG, PPARGC1B, PPARGC1A, SREBF2, FHL2

Transporter Solute carrier family 6, member 6 SLC6A6 37 3 0.6 10 57 5
Solute carrier family 7, member 1 SLC7A1 0.9 3 0.7 13 58 5
Solute carrier family 38, member 2 Alanine-transporter) ~ SLC38A2 68.6 3 0.6 10 59 5
Solute carrier family 25 member 15 SLC25A15 85.7 1 07 0.9 60 5
Solute carrier family 7, member 7 SLC7A7 7.1 1 0.6 10 61 5
Solute carrier family 17 (sodium phosphate), member 1~ SLC17A1 236 1 0.7 10 62 4
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Redox

Blood
coagulation

Lipid
metabolism

Steroid
(or drug)
metabolism

Bile acid
metabolism

Prostanoid

Aromatic
amino acid
metabolism

Sulfur-containing
amino acid
metabolism

Insignificant change: SLC38A3, ABCB1, SLC15A4

Catalase CAT 1977.7
Paraoxonase 1 PON1 1911
Coagulation factor X F10 1875
Angiotensinogen AGT 1958.4
Fibrinogen, A alpha polypeptide FGA 8337.5
Plasminogen PLG 6156.1
Pail SERPINE1 116
Acyl-Coenzyme A oxidase 2, branched chain ACOX2 1222
L-3-hydroxyacyl-Coenzyme A dehydrogenase, short chain HADHSC 139.8
Acyl-CoA synthetase long-chain family member 1 ACSL1 2800.8
Acyl-Coenzyme A oxidase 1, palmitoyl ACOX1 357.7
Carnitine O-octanoyltransferase CROT 10.3
2,4-dienoyl CoA reductase 2, peroxisomal DECR2 135.2
Acetyl-Coenzyme A acyltransferase 2 ACAA2 1167.7
Acetyl-Coenzyme A acetyltransferase 1 ACAT1 7142
Acyl-CoA synthetase long-chain family member 5 ACSL5 57.3
Dodecenoyl-Coenzyme A delta isomerase DCI 3272
Enoyl Coenzyme A hydratase, short chain, 1, mitochondrial ECHS1 3243
Hydroxyacyl-Coenzyme A dehydrogenase, type II HADH2 4225
Hydroxyacyl-Coenzyme A dehydrogenase, beta subunit HADHB 398.8
Lipase, hepatic LIPC 561.5
Hydroxyacyl-Coenzyme A dehydrogenase, alpha subunit HADHA 103.2
Palmitoyl-protein thioesterase 1 PPT1 821
Fatty acid synthase FASN 105.3
Peroxisomal D3, D2-enoyl-CoA isomerase PECI 29238
Acyl-CoA synthetase long-chain family member 4 ACSL4 58
Insignificant change: BHHADH, ACAA1, CPT1A, ACADM, ACACA, CPT2

Aldo-keto reductase family 1, member D1 AKRID1 2483
HMT1 hnRNP methyltransferase-like 2 HRMT1L2 6.6
Hydroxysteroid (11-beta) dehydrogenase 1 HSD11B1 1064.6
Hydroxysteroid (17-beta) dehydrogenase 4 HSD17B4 66.7
Steroid-5-alpha-reductase, alpha polypeptide 1 SRD5A1 74.3
UDP glycosyltransferase 2 family, polypeptide B7 UGT2B7 530.3
Sulfotransferase family 1E, estrogen-preferring, member 1 SULT1E1 528
Aldo-keto reductase family 1, member C4 AKR1C4 137.1
Hydroxysteroid (17-beta) dehydrogenase 2 HSD17B2 496.9
Sulfotransferase family, cytosolic, 2A, member 1 SULT2A1 689.0
Hydroxysteroid (17-beta) dehydrogenase 8 HSD17B8 722
Steroid sulfatase (microsomal), arylsulfatase C, isozyme S STS 109
Emopamil binding protein (sterol isomerase) EBP 197.0
Farnesyl-diphosphate farnesyltransferase 1 FDFT1 252.6
Insignificant change: HSD17B2, HSD3B1, LCMT1, SULT2A1, HMGCR, DHCR?7, CES2
Sterol O-acyltransferase 1 SOAT1 91
Alcohol dehydrogenase 1C (class I), gamma polypeptide = ADH1C 3127
Alcohol dehydrogenase, iron containing, 1 ADHFE1 1127
Cytochrome P450, family 7, subfamily A, polypeptide1 ~ CYP7A1 104.1
Arachidonate 5-lipoxygenase-activating protein ALOX5AP 79
Leukotriene B4 receptor 2 LTB4R2 25
Insignificant change: LTA4H, CYSLTR1, CYSLTR2, LTC4S, PPT1

Dopa decarboxylase DDC 514
Monoamine oxidase B MAOB 426.6
Kynurenine 3-monooxygenase KMO 51.7
Kynureninase KYNU 63.3
Tyrosine aminotransferase TAT 658.2
GTP cyclohydrolase 1 GCH1 49.6
Insignificant change: HPD

MAT2 MAT2B 1117
Cystathionase (cystathionine gamma-lyase) CTH 112.0
Cystathionine-beta-synthase CBS 3504
Betaine-homocysteine methyltransferase BHMT 1032.1
Methionine adenosyltransferase I, alpha MAT1A 547.6
Cysteine dioxygenase, type I CDO1 844
Glutamate-cysteine ligase, catalytic subunit GCLC 1759
Glutathione S-transferase Al GSTA1 28123
Alanyl (membrane) aminopeptidase ANPEP 501.9
Bile acid Coenzyme A: amino acid N-acyltransferase BAAT 2844
Glutathione synthetase GSs 70.1
Lactate dehydrogenase A LDHA 716.3
Mercaptopyruvate sulfurtransferase MPST 684.3
Serine dehydratase SDS 440.4
Methionine adenosyltransferase II, alpha MAT2A 1229

Insignificant change: GGT1, GSR, MTR, DNMMT1, CSAD, GCLM, LDHB
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Energy source Phosphoenolpyruvate carboxykinase 2 (mitochondrial) ~ PCK2 791.8 1 0.9 10 131 4
amino acid Alanine-glyoxylate aminotransferase AGXT 33523 1 0.9 10 132 4
metabolism Alanine-glyoxylate aminotransferase 2 AGXT2 1228 1 0.8 10 133 4
Aldehyde dehydrogenase 2 family (mitochondrial) ALDH2 2027.7 1 0.9 09 134 4
Aldehyde dehydrogenase 9 family, member Al ALDH9A1 160.9 1 09 135 4
Pyruvate kinase, liver and RBC PKLR 2113 1 4
Aldehyde dehydrogenase 3 family, member A2 ALDH3A2 2374 1 4
Phosphoenolpyruvate carboxykinase 1 (soluble) PCK1 3166.8 1 4
Dihydrolipoamide dehydrogenase DLD 723 1 4
Glutaminase 2 (liver, mitochondrial) GLS2 133.8 1 4
Glutamate-ammonia ligase GLUL 6.2 1 4
Glutamic-oxaloacetic transaminase 1, soluble GOT1 388.2 1 4
Glutamic-pyruvate transaminase GPT 298.8 1 4
Pyruvate carboxylase PC 278 1 4
Phosphoglucomutase 1 PGM1 2188 1 4
Pyruvate dehydrogenase kinase, isoenzyme 2 PDK2 24.0 1 7
Pyruvate dehydrogenase kinase, isoenzyme 4 PDK4 85.6 1 7
Fumarylacetoacetate hydrolase FAH 85.8 1 4
Malic enzyme 1, NADP (+) -dependent, cytosolic ME1 49 2 4
Insignificant change: ALDOA, ASNS, GOT2, MGC33309, PDHB, PDK1

Glucose Phosphorylase, glycogen; liver PYGL 372 1 4

metabolism Aldolase B, fructose-bisphosphate ALDOB 13141.8 1 4
Hexokinase 3 (white cell) HK3 33 1 4
Glycogen synthase 2 (liver) GYS2 276.6 1 7
Sterol regulatory element binding transcription factor1 ~ SREBF1 10.6 2 4
Glycerol-3-phosphate dehydrogenase 1 (soluble) GPD1 130.8 1 4
Ketohexokinase (fructokinase) KHK 4118 1 4
Glucokinase (hexokinase 4) regulator GCKR 204.8 1 4
Aldolase C, fructose-bisphosphate ALDOC 36.8 1 4
Insignificant change: GCK, PFKFB1, G6PC, HK2

Urea cycle Carbamoyl-phosphate synthetase 1, mitochondrial CPS1 1230.8 1 0.9 09 159 7
Ornithine aminotransferase (gyrate atrophy) OAT 94.8 1 0.6 16 160 7

Insignificant change: OTC

Liver biopsy samples were analyzed by RT-PCR using a TagMan” Gene Expression Assay probe, as described in the Materials and Methods. The genes were
selected from DNA microarray data from a rat fibrosis model presented in a previous paper 3. Genes in the ECM category (or other HSC markers) were selected
as marker genes for HSC. Genes in the inflammation category were selected as markers of inflammatory cells in liver. Other genes were selected as markers
of hepatocytes. Expression profiles of marker genes that showed statistically significant changes during fibrosis by a Kruskal-Wallis test are listed. Genes that
showed statistically insignificant changes in expression are listed with the gene name only in Table 1. Columns from left to right indicate functional category,
gene description, gene name, expression intensity at F1 stage, group classification (expression of marker genes in group 1 decreased almost linearly along with
the F stages, expression of marker genes in group 2 increased almost linearly along with the F stages, and expression of marker genes in group 3 had a peak in
the middle of the F stages), expression ratio between neighbouring F stages (a decreased ratio is shown in light gray and an increased ratio in deep gray), serial
gene number and types of samples, which indicates the number of biopsy specimens, as shown in the Table 2. Actual alteration behavior of some characteristic

genes are shown in Figure 1.

Table 2 Types of samples indicating the number of biopsy specimens

Type of sample Number of samples
Fi F2 F3 F4

1 25 13 14 9
2 23 13 14 8
3 22 12 14 8
4 12 6 9 4
5 7 4 5 4
6 6 4 4 3
7 5 4 5 5

Quantitative limitation of biopsy specimens resulted in a difference in sample
number for each probe, according to the interest in the particular gene.

transition to an adjacent F stage are similar to the selected
genes in Table 1. An additional four marker genes selected
in the # test analysis were added to the genes in Table 1.
Over half of the selected marker genes from the DNA
microarray data from the animal model showed statistically
significant changes in the human samples, showing the
effectiveness of the animal model for selection of genes
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of significance in humans.

Genes showing changes in expression were roughly
divided into three groups: genes in group 1 showed an
almost linear decrease in expression along with an increase
in F stage; genes in group 2 showed an almost linear
increase with an increase in F stage; and genes in group 3
showed a peak in the middle of the F stage scale. Almost
all genes in one category belonged to one or two groups,
suggesting that genes in one category showed similar
changes in expression duting progtession of fibrosis. The
expression ratio between F stages is also shown in Table 1,
with the peak ratio shown in bold. The peak for almost all
genes in a given categoty occurred at the transition to the
same F stage, again suggesting that genes in one category
underwent changes in expression under similar mechanistic
control.

Expression changes in gene clusters in the early phase (F1
to F2) of fibrosis

The functional categoties showing a peak change in express-
ion ratio in the eatly phase of fibrosis were inflammation,
ECM, blood coagulation, lipid metabolism, half of the
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Figure 1 Clusters of genes in functional
categories. The characteristic behavior
of gene clusters for each functional
category is shown separately in
Figure 1A-l. The numbers in each figure
refer to the serial number of genes in
Table 1. The expression ratio relative to
the F1 stage is plotted in each graph. A:
Inflammation gene cluster with a peak
at F2; B: ECM gene cluster showing
increased expression along with fibrosis
progression; C: Insulin/Wnt signaling
gene cluster with increased expression
in the early phase of fibrosis; D: Blood
coagulation factor gene cluster showing
decreased expression along with fibrosis
progression; E: Lipid metabolism gene
cluster showing decreased expression
along with fibrosis progression; F: Sulfur-
containing amino acid metabolism gene
cluster showing a synchronous decrease
in expression from F2 to F3; G: Two
transcription factor gene clusters showing
sequential decreases in expression;
H: Insulin/Wnt signaling gene cluster
showing decreased expression from F2
to F3; I: A gene cluster showing a peak
or bottom at F3.

Expression of marker genes in the inflammation and ECM
categories started to increase in the eatly phase. Expression
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Table 3 Classification of gene clusters based on serial alteration
of gene expression along with the fibrosis progression

F1-F2 F2-F3 F3-F4
Inflammation
Wound-healing (ECM)
Blood coagulation
Transcription factors  Transcription factors
(cluster 1) (cluster 2)
Insulin/Wnt signal
Lipid metabolism
Steroid metabolism Steroid metabolism
(cluster 1) (cluster 1)
Bile acid metabolism
Energy source AA Energy source AA
metabolism (cluster 1)  metabolism (cluster 1)
Aromatic AA metabolism
Sulfur-containing AA
metabolism
Glucose metabolism Glucose metabolism
(cluster 1) (cluster 2)

Gene clusters are indicated under the name of gene category. The pattern
of serial alteration for gene cluster was determined based on the maximum
changing point of the expression ratio shown in Table 1.

of marker genes related to inflammation, such as LYZ,
GZMB, IL1B, TNF and TGFB1, occurred in clusters and
reached a peak at fibrotic stage F2, as shown in Figure 1A,
suggesting that inflammatory events are particulatly active
at the F2 stage. However, histological classification of
inflammatory activity shows a tendency for an inctease in
inflammation that is correlated with an increase in F stage;
therefore, the conclusion regarding inflammatory events
based on expression of marker genes appeats to differ from
that based on histological classification. Gene expression in
the ECM category also increased until F3 or F4, as shown
in Figure 1B; expression of such genes might indicate
an inflammatory response for wound healing. Increased
expression of some clustered genes related to the cell cycle,
CCND1, FOXM1 and GJA1 (Connexin 43), was also found
at an early stage, as shown in Figure 1C, and might reflect 2
tesponse to hepatic cell injury.

Almost all other genes were lineatly down-regulated.
Several genes related to blood coagulation, ie. F10, AGT,
FGA and PLG, were down-regulated as a cluster in the
early phase, as shown in Figure 1D; this down-regulation
may be linked to prolongation of the blood coagulation
time in cirthosis. An eatly response of many clustered
genes associated with lipid metabolism was also found, as
shown in Figure 1E. Expression of these genes decreased
consecutively during fibrosis and the early response of
genes affecting lipid metabolism is of interest.

Expression changes in gene clusters in the middle phase
(F2 to F3) of fibrosis

The peak change in the expression ratio of marker genes
in metabolism of sulfur-containing AA and aromatic AA
was delayed, compared to genes associated with other
kinds of metabolism. Marker genes for sulfur-containing
AA metabolism decreased remarkably as a cluster in the
phase from F2 to F3, as shown in Figure 1F. Decreased
expression of marker genes for steroid metabolism, energy
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source AA, and transcription factors were separable into
two groups: eatly-response and middle-response genes.

All the down-regulated transcription factors, including
TCF1 (HNF-1), HNF4A (HNF-4), CEBPA (C/EBP
alpha), CEBPB (C/EBP beta), PPARA (PPAR alpha),
RXRA (RXR alpha), NR1H3 (LXRA), NR1H2 (LXRB),
NR1H4 (FXR), USF-1, USF-2, and NROB2 are important
in hepatic metabolism and other regulatory mechanisms.
Alteration of expression of these genes might be related to
abnormal expression of metabolic enzymes. Two clusters
of transcription factors were clearly distinguishable based
on their expression pattern, as shown in Figure 1G: the
first cluster, including HNF-4, C/EBPA, RXR, TCF1
(HNF1), PPARA, and NROB2, which showed altered
expression in the early phase, might influence expression
of the second cluster, including CEBPB, NR1H2(LXRB),
NR1H3(LXRA), NR1H4(FXR), ESRRA and USF2, which
showed altered expression in the middle phase of fibrosis.

A cluster of genes associated with insulin/Wnt
signaling were down-regulated, as shown in Figure 1H,
suggesting a common tregulatory mechanism. These
expression changes are likely to be related to changes in
expression of transctiption factors and genes in metabolic
networks. The down-regulated genes included GSK3B
and CTNNB1 (catenin beta 1), which participates in
Wg/Wnt signaling for tegulation of cell proliferation and
differentiation'; GJA1 (connexin 43), which forms gap
junctions and is regulated by Wg/Wat signaling®; and
FOXMT1, which is associated with cell proliferation® and
liver regeneration”. All of these genes had peak expression
at F2 in a clustered manner, as shown in Figure 1C and G.
Enhancement of cell proliferation for wound healing
might be linked with a peak of inflammation at F2, and
expression of genes such as CCND1, GJA1 and FOXM1
in the downstream part of the insulin/Wnt pathway were
altered ahead of genes involved in insulin/Wnt signaling
The relationship between these genes requires further
study.

Expression changes in gene clusters in the late phase (F3
to F4) of fibrosis

Few genes showed altered expression in the late phase of
fibrosis, but a cluster of genes in the glucose metabolism
category showed decreased expression. It was also of interest
that expression of several genes reversed direction ot abruptly
altered in the late phase, as shown in Figure 1I. These results
suggest different biological changes from the start of the late
stage in the transition from F3 to F4.

Serial expression changes for the functional categories are
summarized in Table 3 and these data indicate associations
between clustered genes in one category and inter-category
relationships.

Down-regulated individual marker genes (group 1)

Regeneration of hepatic cells is suppressed during fibrosis
and such suppression is thought to then cause further
fibrosis. IGF1, GHR and ILGR (inflammation) support
the regeneration of hepatocytes and down-regulation
of the expression of these genes may be linked directly
to formation of fibrosis. Down-regulation of PONI,
which associates with HDL (high-density lipoprotein)
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and regulates the cellular redox state, and PPT, which is
known as a lysosomal hydrolase of long chain fatty acyl
CoA and has a role in maintenance of synaptic function,
may be related to mitochondrial damage, as we and othets
have suggested®*”. RGN, a calcium-binding protein that
plays a pivotal role in maintaining cell homeostasis and
function, was also down-regulated. Down-regulation of
these genes may impair liver function. TRIB3 inhibits Akt/
PKB activation by insulin”, and this gene was suddenly
down-regulated from the F3 to F4 phase, suggesting new
conditions in the insulin signaling pathway in the transition
from F3 to F4.

Up-regulated individual marker genes (group 2)

Most inflammatory marker genes showed peak expression
in the middle phase of fibrosis, as shown in Figure 14,
but CMA1 (chymase 1), which is produced by mast cells,
underwent a linear increase in expression with progression
of fibrosis. This is of note, since chymase has been reported
to be involved in chronic hepatic fibrosis in autoimmune
hepatitis and primary biliary cirthosis"”, and mast cells may
have a special role in fibrogenesis. The role of mast cells
in chronic inflammation, however, desetves further study,
because of the shortage of determined sample and low
expression of CMA1.

Individual marker genes with peak expression in the
middle phase of fibrosis (group 3)

The only hepatic stellate cell (HSC)-specific marker gene
to show peak expression at the F2 stage was PRNP, which
is reported to be a marker for the early phase of HSC
activation. The amino acid transporters SLC38A2 (ATA2),
SLC6A6 (TAUT) and SLC7A1 (CAT-1) showed peak
expression at F2, which may also suggest enhancement
of cell proliferation at this stage of fibrosis. Increased
expression of SLC38A2, which preferentially transports
alanine, has been reported in regeneration of hepatocytes"”,
since hepatocytes require alanine as an energy source!”
Based on our tesults, down-regulation of SLC38A2 in the
late phase of fibrosis suggests that utilization of alanine
as an enetgy soutce decteases at this stage of fibrosis. Up-
regulation of SLCGAG, a taurine transpottet, in the early
phase of fibrosis can be understood as protective behavior
against injury of hepatocytes""”. FASN, a marker gene
for fatty acid metabolism, showed peak expression at the
F3 stage of fibrosis. We have observed suppression of
biosynthesis and degradation of fatty acids in the lver in a
CCl4-induced cirrhotic rat model, and clinical results show
temporal enhancement of fatty acid biosynthesis before
subsequent suppression in an advanced phase of fibrosis;
this may be a compensative action related to suppression of
other forms of cner§y metabolism in fibrosis, as we have
previously suggested[ .

Candidate marker genes for diagnosis of fibrosis and
discrimination of fibrotic stages

Diagnosis in the eatly stage of fibrosis may be important
for monitoring progression of fibrosis and hepatic
biological changes. Candidate matker genes at each step
of fibrosis wete selected based on an expression change
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ratio > 1.5 and an intensity > 10. Up-regulation of LYZ
and down-regulation of FGA, OAT and AGXT2 were
noteworthy in the transition from F1 to F2, and up-
regulation of genes in the ECM category and down-
regulation of genes in metabolism of energy source
AA, aromatic AA, steroids and sulfur-containing AA
occurred in the transition from F2 to F3. Diagnosis of
the late stage of fibrosis (the transition from F3 to F4)
is important because of the risk of tumorigenesis. Some
genes showed a reversal of expression in the F3 to F4
transition, suggesting that biological changes in the stage
from F3 to F4 are qualitatively different from those at
earlier stages. Remarkable down-regulation of TRIB3,
which inhibits insulin signaling and NFxB signaling, was
noteworthy in the F3 to F4 transition. The reversal in
expression of FASN in this phase may indicate changes
in lipid metabolism and that of OAT indicates changes
in ornithine metabolism or the urea cycle. The early
increase in collagen expression began to decline in the F3
to F4 stage and the similar decline of SERPINE1 (Pail)
expression may reflect increased fibrolysis. Consecutive
analysis of marker molecules in plasma will be important
for monitoring progression of fibrosis at each step, and
the data in this paper provides useful information for the
selection of serum markers and interpretation of changes
in the levels of these markets.

Coordinated regulation of functional categories

All genes in Figure 1 were subjected to hierarchical cluster-
ing analysis. Statistical clustering of the expression ratio
between neighboring F stages for the genes in Table 1 was
combined with functional categoties, as shown in Figure 2.
Functional categories cleatly corresponded to the statistical
clusters, suggesting coordinated regulation of genes in one
functional category. Ovetrlap of functional categoties in
statistical clusters suggested that these categories might be
regulated by correlated mechanisms. In contrast, separation
of members of a category into multiple positions of a
statistical cluster suggests that the functional category may
be divided into subgroups with respect to regulation.

DISCUSSION

Biological interpretation of changes in gene expression
Changes in expression of hepatic cell-specific marker
genes reflects biological changes in the progression of
hepatic fibrosis. Shimizu e /™ reported co-localization
of chymase with fibrotic tissue, and we have reported
increased expression of marker genes for mast cells,
including chymase, in progression of fibrosis in a DNM-
induced rat fibrosis model. The results reported here
also show cotrelation of the expression of chymase with
the stage of fibrosis. Therefore, these results suggest
that a certain cell population producing chymase has an
important role in the pathogenesis of fibrosis.

Many marker genes related to inflammation showed
peak expression at F2. Inflammation has been reported
to induce activation of HSCs"", and we have shown a
peak in activated inflammatory cells in a DMN-induced
fibrosis model. These results suggest that a temporal
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Figure 2 Comparison between statistical clustering analysis and functional cluster. All genes in Figure 1 were subjected to hierarchical clustering analysis using
Genowiz™. Statistical clustering of the expression ratio between neighboring F stages for the genes in Table 1 was combined with functional categories. The color coding
in the center column shows the expression ratio between neighboring F stages for the genes in Table 1: Ratio increases from green to red. The left dendrogram shows
the result of hierarchical clustering by Genowiz™ software. The numbers on the right of gene names indicate the subgraph numer in Figure 1, which represents functional

categories, and the same numbers are tied with color bars.

strong inflammatoty reaction is required for initiation
of auto-stimulatory activation of HSCs. In the DMN-
induced fibrosis model, inflammation was suppressed after
it reached a peak, but weaker inflammation might still be
sufficient to maintain activation of HSCs.

Expression of HSC-specific marker genes such as
COL1A1, LUM, TAGLN, MGP, SERPINE1 (PAI-1) and
LOX did not inctrease or decrease continuously from F3 to
F4, as shown in Figure 1B and 11, whereas exptession of
DCN, BGN and GPC3 increased comparatively from F3
to F4, as shown in Figure 1B. This suggests some changes
in the behavior of HSCs between F3 and F4, and it has
been hypothesized that the perpetuation phase!” may
change to a new phase in fibrosis of stage F4. Thetefore,
profiles of HSC-specific marker genes may be useful for

www.wjgnet.com

indication of the phase of fibrosis.

A cluster of down-regulated genes associated with
sulfur-containing AA metabolism is shown in Figure 1F.
Changes in exptression of the clustered genes occurred
simultaneously between the F2 and F3 stages; this transition
may reflect a biological change causing fibrotic progtession,
and the change in exptession of the clustered genes
seems to suggest an increased demand for glutathione!”
Abnormalities in metabolism of sulfur-containing AA in
thioacetamide-induced cirrhosis in rat liver have been found
in a proteomics analysis"”, and similar abnormalities were
also reported based on hepatic §cnc expression changes in
patients with alcoholic hepatitis®.

There is only limited information on altered expression
of transcription factors in fibrotic liver, but down-regulation
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of HNF-4 in human cirrhosis™ and of PPARs in hepatitis
C virus genotype 3™ have been reported. C/EBP alpha and
C/EBP beta regulate proliferation of hepatocytes™ and
glucose and lipid homeostasis**", and HNF-1 and HNF-4
broadly regulate hepatic functions such as catbohydrate
metabolism®™, lipid metabolism™, bile acid metabolism
and HDL-cholesterol metabolism™, expression of HNF-1
is also regulated by HNF-4"". USF1 and USF2 have been
reported as glucose signals®”, and the USF1 and USF2
homodimers and the USF1-USF2 heterodimer regulate
expression of liver-specific genes such as apolipoprotein
A2 and pyruvate kinase. HNF-4 and USF2a bind to the
enhancer sequence cooperatively”™”. HNF-4 also regulates
PPAR alpha™, which in turn regulates glucose™, lipid®”
and cholesterol metabolism™. RXR alpha regulates lipid,
bile acid and cholesterol homeostasis™, and LXR alpha,
LXR beta and FXR are associated with lipid***, bile acid
and cholesterol homeostasis'***”. RXR and FXR form
heterodimers with other transcription factors, including other
members of the same family or with PPAR alpha"****,
NROB2 (SHP) regulates cholesterol metabolism!*, glucose
metabolism™ and bile acid synthesis™, and interacts with
LXR". AKT1 and AKT2 are important kinases in the
pathway of insulin regulation of glucose homeostasis™ and
in fatty acid sy'nthcsism]. Hence, the altered expression of
these transctiption factors may relate to altered expression
of metabolic enzymes in glucose and lipid metabolism in
the fibrotic liver of hepatitis C patients.

The continuous increase in expression of cyclin D1
(CCND1) correlated with F stage, as shown in Figure 1C,
and appears to be important for hepatic tumorigenesis.
The association of Wnt signaling®™" and cyclin D with
tumorigenesis is well known. Catenin beta 1 (CTNNB1)
regulates cyclin D expression® and is itself regulated
through phosphorylation by GSK3B® or other kinases®™.
Down-regulation of expression of CTNNB1 occurred in
advanced fibrotic stages, as shown in Figure 1H, and beta
interacting protein 1 (CTNNBIP1), which is a negative
regulator of CTNNBI1, was also down-regulated, as
also shown in Figure 1H. From this perspective, it was
interesting that alterations in expression of genes associated
with insulin signaling, including GSK3B, CTNNBI1,
CTNNBIP1 and downstream genes such as CCND1 and
GJA1 (connexin 43), were clustered, as shown in Figures 1C
and H. Suppression of insulin signaling has been reported
in cirthosis™®; however, the response of downstream genes
in this pathway was inconsistent with suppression of the
insulin signal. Therefore, further studies will be necessary
to clarify whether this inconsistency arises from differences
between expression levels and the activity of the protein
products of these genes, or if another signal® is involved in
the Wnt and insulin signaling pathways.

The bioSpace Explorer is a system for analysis of DNA
microarray data that may allow an understanding of the
molecular relationships underlying the above results. The
netwotk of genes from previous reports revealed integral
relationships among insulin/Wnt signal, CEBPA, PPARA,
RXRA, glucose metabolism, lipid synthesis and lipid
metabolism. An initial version of bioSpace Explorer was
constructed based on molecular networks related to lipid
metabolism, with entries showing relationships between

molecules za a line between the molecules. This bird’s eye
view of the pathway including lipid metabolism with the
input PCR data is illustrated in Figure 3; molecules related
to inflammation were up-regulated and many genes related
to lipid metabolism were down-regulated.

Hypothetical causes of biological changes in progression
of fibrosis

Biological changes in fibrosis can be summarized as
follows. Initially, Kupffer cells or other inflammatory
cells are activated in the transition from F1 to F2. This
event immediately influences production of ECM and
cell cycle genes for wound-healing™. Blood coagulation
is quickly suppressed in moving from F1 to F2, as shown
by down-regulation of coagulation factor genes and up-
regulation of the inhibitor, PAI-1. Several transcription
factor genes are also immediately influenced, probably
due to inflammation, as shown by the down-regulation
of CEBPA, HNF4A, TCF1 and NROB2. Expression of
many genes associated with lipid metabolism also changed
quickly in the transition from F1 to F2. Down-regulation
of these genes may be controlled by down-regulation of
the transcription factors, especially RXRA, PPARA, LXRs
and FXR. Some genes telated to steroid metabolism also
responded quickly for control of inflammation.

Expression of genes associated with sulfur-containing
AA metabolism and aromatic AA metabolism changed
simultaneously in the transition from F2 to F3. The first
type of metabolism relates to the redox state”™ and the
second is associated with production of active metabolites
such as catecholamines and serotonin. Such important
biological states are controlled to maintain homeostasis
through several mechanisms® and this may explain the
delayed change in expression of these genes. The expression
of many genes related to intracellular signaling, including
insulin/Wnt signaling, also changed simultaneously in the
transition from F2 to F3. This delayed change may also
reflect compensative action for hepatic cellular defects
on metabolism for energy supply and/or hepatic cellular
proliferation. The main molecules in fibrosis, such as
collagens, increase in expression from F2 to F3 and cause
development of fibrosis through activation of HSCs
through a stimulatory cycle involving inflammatory cells,
HSCs and hepatocytes, as described previously™.

Some quantitative biological changes started in the
transition from F3 to F4. Down-regulation of genes
associated with sugar metabolism and fatty acid synthesis at
this stage might induce persistent defects in energy storage
and supply to the liver. The liver transits into an inescapable
negative cycle between this defect in the hepatic energy
state and mitochondrial damage in cirrhosis. This negative
cycle will be discussed in a future paper describing DNA
microarray analysis of an animal model of cirrhosis.

Coordinated regulation of functional categories

Statistical cluster analysis showed coordinated regulation
of functional categories in liver fibrosis. These regulatory
mechanisms can be examined prospectively using
bioSpace Explorer, and these results will be discussed
in a future paper. In the current work, the clinical gene
expression profiles assembled using RT-PCR, using genes
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Fatty acid and
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Figure 3 Molecular netwark associated with lipid metabolism. Gene expression changes in pathways related to lipid metabolism, illustrated with bioSpace Explorer (a
system for analysis of DNA microarray data for lipid metabolism; Pharma Frontier Co. Ltd / World Fusion Co. Ltd.; see texts for details). The bird's-eye view of the lipid
metabolism is displayed. The up-regulated and down-regulated gene expression ratios at F3 vs F1 in Table 1 are displayed in red and green, respectively, with the color
gradation proportional to the ratio. Genes in Table 1 that did not show a statistically significant change in expression are indicated with a blue circle with gray background.
An entry with a gray background only indicates no input data. Most of the entity names in Figure 2 are the same as the gene name in Table 1, but the names “C200rfa7",
“SCEH’", “Acaa2’, and “ACS5” in Figure 2 refer to “TRIB3", “ECHS1", “ACAA2”", and “ACSL5”, respectively, in Table 1. These differences are due to the software used in

bioSpace Explorer.

originally selected based on DNA microarray data from
an experimental animal model, provided an improved
understanding of disease and suggested new methods of
diagnosis. Therefore, statistical analysis and functional
clustering or network analysis of the transcriptome, alone
or in combination, can provide an ovetview of a dynamic
biological system.
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COMMENTS

Background

Information from clinical specimens is very important, but there is a limitation
in sample preparation. With DNA microarray, it is difficult to determine gene
expression profile from a small amount of sample such as a clinical needle biopsy
sample. RT-PCR with TagMan probe can make it possible with high quality. We
have to get maximum information with a minimum number of TagMan probes
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because the amount of samples is limited and probes are expensive. Selection
of probes is a key factor. We extensively determined gene expression profiles
from animal models of liver fibrosis with DNA microarray (WJG 2006; 12: 6473).
The gene marker sets were arranged to show the change of gene expression of a
molecular network or functionally clustered gene sets. In this paper, the selected
gene marker sets effectively showed the dynamic behavior of global gene network
change during liver fibrosis.

Research frontiers

Dynamic behavior of genome-wide genes expression is now measured with DNA
microarray. This technology must be applied to clinical samples. Such information
can greatly advance the study of disease pathogenesis, diagnosis and therapy. One
problem is the interpretation of huge expression profile data from DNA microarray.
Advanced technology of computational text-mining has recently shown the genome-
wide molecular networks or functional molecular clusters, This genome-wide network
is going to be applied to the analysis of DNA microarray data. When expression
profile data are arranged as a change in their netwarks of functional clusters, these
huge data are expected to suggest effectively the biological meaning in terms of
broad aspects of research interest. Therefore, we are developing an analysis system
genome-wide molecular network which was made possible by a combination system
based on both computational and manual text-mining. This system was partially
applied on the interpretation of gene expression profile in this paper. Prevention
therapy for individual patients at an early stage is required because genomic
polymorphism is going to reveal the personal risk of diseases. The biological
background of progression to disease onset must be understood for development
of prevention therapy. Prediction of liver cancer risk is going to be tried in the early
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stage of liver fibrosis before cirrthosis. The accumulation process of hepatic stress
which leads to onset of liver cancer has to be elucidated. For example, there is
a question why BCAA (branched chain amino acids), which improves hepatic
metabolism, reduces onset of liver cancer.

Innovations and breakthroughs

We have already prepared the gene marker sets which can show the change of
molecular networks or functionally clustered genes by DNA microarray experiment
on liver fibrosis of animal models. The gene marker sets were linked to biological
events in each hepatic cell such as hepatocytes, immune cells and stellate cells.
Application of gene marker sets and RT-PCR with TagMan probe technology on
clinical specimens successfully showed the serial change of gene expression in
molecular network or functionally clustered gene sets in the progression of liver
fibrosis. It was proved that network analysis is a powerful tool for biological research.
Our sequential approach (animal model/DNA microarray — selection of appropriate
gene marker sets in molecular networks — clinical samples/RT-PCR — analysis
functionally clustered gene markers in molecular networks — analysis of the relation
between molecular networks) can effectively advance clinical research. Serial
change of clustered gene expression during liver fibrosis progression, which was
made clear in this paper, will reveal the molecular mechanism of many symptoms
before and after the onset of cirhosis and liver cancer.

Application

Gene marker sets and RT-PCR on clinical specimens as well as analytical
methods with genome-wide gene networks can be applied to get the information
of dynamic biological progression on various diseases. Serial change of clustered
gene expression during liver fibrosis progression can provide a method of
diagnosis and therapy in liver fibrosis. For example, the question why BCAA,
which improves hepatic metabolism, reduces onset of liver cancer, will be solved.

Terminology

Text-mining: all published information about molecular interaction and their function
are collected and arranged to make new valuable information such as gene-wide
molecular networks; TagMan-PCR probe: Applied Biosystems offers more than
700000 TagMan® Gene Expression Assays, the most comprehensive set of pre-
designed Real-Time PCR assays available. All TagMan® Gene Expression Assays
have been designed using validated bicinformatics pipeline of Applied Biosystems,
and run with the same PCR protocol, eliminating the need for primer design or
PCR optimization.

Peer review

This paper revealed that metabolic deficiency occurs before the onset of cirrhosis.
It had already been found in animal models with hepatic toxic substances in the
preceding paper. Metabolic deficiency in hepatitis which was caused by a virus
was found to be the same as animal models in this paper. Gene marker sets,
selected from analysis of animal models, and analysis methods using molecular
networks can lead to success in finding the serial change of functionally clustered
genes expression during liver fibrosis progression. A set of appropriate gene
markers in each network was a key to analysis. The sequential approach (animal
model/DNA microarray — appropriate gene marker sets in molecular networks
— clinical samples/RT-PCR — analysis functionally clustered gene markers in
molecular network — analysis of the relation between molecular networks) is
useful to elucidate the molecular mechanism of disease.
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Abstract

CD45is a héemopoietic tyrosine phosphatase, crucial for lymphocyte signalling.
Two polymorphisms (C77G and A138G), which alter CD45 isoform expression, are
associated with autoimmune and infectious diseases. Using HapMap data, we show
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The CD45 leukocyte common antigen, encoded by the
PTPRC gene, is essential for normal lymphocyte function,
and its absence is a cause of severe combined immuno-
deficiency (1). CD45 is subjected to complex alternative
splicing of exons 4, 5 and 6. Polymorphisms in PTPRC that
affect CD45 alternative splicing are associated with
infectious and autoimmune diseases (2). The two best
described human genetic variants, in exons 4 and 6, affect
splicing and have contrasting geographical distribution,
phenotypes and disease associations. The exon 6 A138G
polymorphism (rs4915154 A191T) is present at around 20%
in the East Asian populations, promotes splicing towards
low-molecular-weight isoforms (CD45R0) and is associated
with protection against Graves’ disease, type | diabetes and
hepatitis B and C virusinfections (3, 4). In contrast, the exon

458

4 C77G variant (rs1 7612648 P57P) is found at around 2% in
populations of European origin and prevents splicing to
CD45R0 isoform. An excess of 77G individuals has been
reported in HIV (5), multiple sclerosis (6-8), autoimmune
hepatitis (9) and systemic sclerosis (10). PTPRC is
a relatively large gene (118.1 kb), it has recently been
surveyed as part of the International Haplotype Map
(HapMap) Project (http://www.hapmap.org/) and dozens
of single nucleotide polymorphisms (SNPs) have been
validated at this locus. Most research to date has focused
on the two SNPs A138G and C77G, but it is also possible
that they are markers correlated with nearby, and as yet
ungenotyped, functional polymorphisms with stronger
signals of disease association. Therefore, our objectives
were: (i) to use HapMap data as a resource to examine the
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linkage disequilibrium (LD) structure around the A138G
and C77G variants in relevant populations, (ii) to choose
a subset of tagSNPs across the whole length of PTPRC,
which could be used to test disease associations and (iii) to
assess multiple-marker haplotypes across the PTPRC gene,
which may be correlated with untyped variants that are
associated with disease and immune response.

We began by examining the LD structure across the
PTPRC locus in three HapMap populations (Release 21
July 2006), namely Japanese (JPT), Han Chinese (CHB) and
US Caucasians (CEU) (11). HapMap data were visualised
using HapLoview (version 3.32) (12), and tagging was
carried out using the ‘“Tagger’ algorithm (13). We appreciate
that caution is required when making inferences from the
HapMap datasets because of, for example, limited sample
size. Furthermore, different LD metrics can affect the
interpretation of LD structure. Using a common block
definition (13), we found substantial LD across the whole
length of the PTPRC gene (Figure 1), with similar patterns
in the East Asian samples and to some extent in the CEU
samples. In these populations, there appear to be three
major LD blocks, although the LD break points beyond
block 1 differ between the Asian and CEU populations. We
also noted an area of somewhat higher LD at the 5'end of
the gene in CEU and possibly lower LD in the central CHB
block. The first block spans the 5’ untranslated region,
exons | and 2 with the intervening first intron, which
includes elements with promoter activity (14), as well as
most of the 50 kb second intron. Exons 315, coding for the
extracellular domain, are covered by the second block,
which extends further in JPT/CHB populations than in the
CEU population. Most of the known coding variations
occur in this region, including C77G and A138G. The
extracellular domain is the platform for complex poly-
saccharides and is known to bind several lectins (15). There
is evidence suggesting that this region is under selection by
pathogens in a number of vertebrate species including
primates (16, 17). The 3’ end of the gene (exons 17-33),
covered by the third LD block and which is larger in the
CEU population than in the JPT/CHB populations, codes
for two phosphatase domains. The first membrane proximal
domain has phosphatase activity, while the distal domain is
involved in molecular interactions (18). We also assessed
whether the PTPRC locus may have experienced selection
pressure but found no significant signal in Tajima’s D, Fay
and Wu’s H, Fgt or extended haplotype homozygosity, i.e.
no departure from neutrality was observed.

Using the HapMap as a resource, we selected several
SNPs for further study in sample sets that had previously
only been genotyped for the key functional SNPs C77G or
A138G. We aimed to choose SNPs that were well
distributed across the gene, taking advantage of the
pronounced LD to tag dozens of SNPs across the PTPRC
locus and to include variants with a potential functional role
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r? value
ZRNRER: -

Figure 1 Linkage disequilibrium (LD) across the PTPRC gene. A model
of the PTPRC gene with the location of our genotyped markers and LD
(as 7 ranging from O to 1 by greyscale generated using the HAPLOVIEW
programme) derived from HapMap genotyping data (release 21 July
20086) from 45 unrelated Han Chinese from Beijing (CHB), 45 unrelated
Japanese from Tokyo (JPT) and 30 US family trios of Northern and
Western European origin collected by the Centre d'Etude du Polymor-
phisme Humain (CEU) (11). The PTPRC gene is located on chromosome 1
from coordinates 196874848 to 196992953 (NCBI build 36). Haplotype
blocks are bound by red lines. The original genotyping data are available
from the HapMap website (www.hapmap.org).
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(e.g. promoter region, exonic SNPs or SNPs near splicing
boundaries). SNP tagging is particularly effective in regions
of strong LD, where statistical correlations between
markers mean a single marker can be genotyped as
a surrogate for several nearby markers, although the small
sample size for the HapMap populations does pose
limitations to this approach (13, 19). A total of eight
markers was chosen, all had a minor allele frequency (MAF)
greater than 5% in the JPT, CHB and CEU HapMap
populations (apart for the C77G SNP at 1.7% in the CEU
population). Across the 118.1 kb PTPRC locus, our
genotyped markers tagged 36 common SNPs in the JPT
population with an r* of greater than 0.8 (average r* of 0.96)
and 25 SNPs in the CHB population (average r* of 0.99).
Using the same criteria, we tagged 28 common SNPs in the
CEU population with an r? of greater than 0.8 (average r?of
0.99). Details of the chosen SNPs with allele frequencies in
our study populations are shown in Table 1.

We genotyped 355 JPT population controls, 204 individ-
uals with type 1 diabetes and 174 patients with Graves’
disease for our PTPRC SNP set (Table 2). The majority of
these samples have previously been genotyped for A138G
but not for other SNPs in PTPRC (3, 4). We performed
single SNP and multiple-marker analysis. A total of 59
haplotypes was present, including 6 common haplotypes
(>5% frequency) that had a combined frequency of 88.5%
in our JPT controls. The 138G allele is found predominantly
on the second most common haplotype (1121222), present
at 19.7% in controls. The A138G SNP was associated with
protection against Graves’ disease (dominant model GG +
GA vs AA: P =0.007, x> =7.23, OR = 0.57, 95% CI
= 0.37-0.88). Comparing diabetes patients with controls
showed a trend towards protection with 138G (dominant
model: P = 0.029, ¥* = 4.74, OR = 0.67, 95% CI = 0.48—

Table 1 Details of genotyped single nucleotide polymorphisms (SNPs)?

B. J. Hennig et al.

0.98). In contrast, the intron 20 (rs6683595) SNP was shown
to be associated with disease in this patient group (CC vs
CT + TT: P=0.01, x*=6.64, OR = 1.59, 95% CI
= 1.10-2.29). Because this intron 20 polymorphism is close
to the intron 20/exon 21 boundary, we considered whether
this marker is correlated with altered splicing events at the 3’
end of the gene. We sequenced exons 19-25 of complemen-
tary DNA from peripheral blood mononuclear cells of nine
JPT individuals with different A138G genotypes. No
change in splicing was observed. The intron 20 rs6683595
SNP is located ~2.5 kb downstream from a homologous
position in humans, where an engineered mutation in mice
has been shown to have functional consequences on CD45
dimerisation and signalling (20). However, this mutation
has never been found naturally. The intronic SNP rs6683595
shows some degree of LD with Al138G (r2 ~0.55,
corresponding to an r of 0.74), reflected by the fact that
the majority of both of their minor alleles are present in the
1121222 haplotype. The fact that some recombination
occurs between these two polymorphisms could explain the
seeming paradox of opposite single SNP associations with
138G being protective for diabetes, while the rs6683595
minor allele increases risk. This results from a reduced
frequency of their shared haplotype in diabetes (from 19.7%
in controls to 15% in cases) with enrichment in the normally
rare species of haplotypes carrying the rs6683595 minor
allele but not 138G (such that rs6683595 reaches 28.5% in
cases). Thus, there is the possibility that this is a spurious
finding (because of genotyping error, population stratifica-
tion or chance) or that this is because of recombination
occurring between the two SNPs. Either way, we consider
this result an issue for further investigation. The common
1121222 haplotype bearing 138G was associated with pro-
tection from diabetes (P = 0.046, %> = 3.99, OR = 0.72,

JPT CHB CEU Japanese Chinese UK
RefSNP ID Location Residue (HapMap) (HapMap) (HapMap) (controls) (all) (controls)
152274366 S5UTR - 10.2 15.6 0.0 16.1 12.0 0.0
rs6686725 int-2 = 29.1 193 40.0 245 248 34.3
rs2359952 int-2 = 37.5 37.8 22,0 38.6 27.7 31.0
rs17612648 ex-4 (C77G) P57P 0.0 0.0 1.7 0.0 0.0 22
rs2296617 int-4 - 14.8 5.6 0.0 8.0 11.5 0.0
rs4915164 ex-6 (A138G) T191A 15.6 211 0.0 21.7 206 0.0
rs6683595 int-20 - 17.8 289 10.8 227 25.2 12.6
rs7540378 ex-23 G770G 17.8 27.8 10.0 26.9 29.1 10.4

2 The table shows the SNP identification number, location in the PTPRC gene, amino acid residue affected and minor allele frequencies (MAF as
percentage) in the HapMap Japanese (JPT), Han Chinese (CHB) and US Caucasian (CEU) samples (11) and our own Japanese controls (4), whole
Chinese sample cohort (21) and UK blood donors (22). All polymorphisms were genotyped by Sequenom hME Mass-Array primer extension assay
(http:/AMww.sequenom.de)) (24) under standard conditions. Primer sequences for genotyping and sequencing are available upon request. The average
genotype success rate was 88.9% (ranging from 69.9 to 98.9%) across all SNPs and all populations. The distribution of genotypes was tested in
controls and did not deviate from Hardy-Weinberg equilibrium (P > 0.05), except for rs6686725 in our Chinese population (P = 0.018). Differences
between HapMap and our own results most probably reflect the smaller sample size of the HapMap datasets causing statistical fluctuation in sample
allele frequency estimates and/or a degree of genetic heterogeneity between our populations and the relevant HapMap reference populations.
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Table 2 Genetic association data for single nuclectide polymorphisms (SNPs) and haplotypes across PTPRC. A total of 355 Japanese population
controls, 204 individuals with type 1 diabetes (DM) and 174 patients with Graves' disease®

Japanese population

Dominant modsl Dominant model

Control DM 3 x 2 genotype Graves 3 x 2 genotype
RefSNPID  (n=355) (n=204) model Pvalues OR {95% Cl) Pvalues (n=174) model Pvalues OR(95% Cl) Pvalues
rs2274366 151 12.6 0.484 14.9 0.979
rs6686725 245 23.0 0.781 219 0.089
rs2358952 38.6 37.7 0.679 31.4 0.078
rs2296617 8.0 9.0 0.574 8.3 0.449
rs4915154  21.7 17.0 0.090 0.67 (0.48-0.98)°  0.029 14.6 0.025 0.57 0.007
(A138G} (0.37-0.88)°
1s6683595 22.6 28.5 0.029 158 (1.10-2.29¢¢ 0.0 21.0 0.789
rs7540378 26.9 248 0.776 22.6 0.057
Haplotypes® Control DM OR (95% Cl} Pvalues Graves OR (95% CI) P values
1111111 31.7 30.9 41.7
1121222 19.7 15.0 0.72 (0.51-1.01) 0.045 14.1 0.67 (0.46-0.96)% 0.024
1221111 13.1 135 1.2
211111 10.0 9.6 10.6
1112111 7.2 7.8 5.7
1211111 6.8 9.3 5.7
All others 11.5 14.0 108

? Genotype and allele frequencies in different patient groups were analysed using standard 3 x 2 or 2 x 2 ¥ tests or Fisher exact tests {~exact)
applying spss 12.0 for Windows or the Statcalc programme (eri2000; http:/Awww.cdc.goviepiinfo/index,htm). Odds ratios (OR) were used to describe
the size of effect by allele/haplotype. No correction for multiple testing is made in the reported Pvalues. Haplotypes were estimated using the snprap
software programme (version 1.3; http:/iwww-gene.cimr.cam.ac.uk/clayton/software/snphap.txt) and inferred individual haplotypes imported into
spss for statistical analysis (with 1 representing the major and 2 the minar allele for each SNP), Common haplotypes (>5%) are shown individually, the
‘all others' category contains all haplotypes present at lower frequencies combined. Significant associations with SNPs and haplotypes are shown
in bold.

® AA vs AG + GG: G carriers controls = 140 {39.8%) vs DM = 62 (30.5%).

© AA vs AG + GG: G carriers controls = 140 (39.8%) vs Graves' disease = 43 (27.4%).

9CC vsCT + TT: T carriers controls = 133 {39.19%) vs DM = 101 (50.1%].

® Order of SNPs in haplotypes: rs2274368, rs6686725, 1s2359952, 152296617, rs4915154, rs6683595, rs7540378 (with 1111111 = ctaaacc and

2222222 = tggggtt).
* 1121222 carriers: controls = 140 (19.7%) vs DM = 49 (14.1%).

8 1121222 carriers: controls = 140 {19.7%) vs Graves' disease = 61 {15.0%).

95% CI = 0.51-1.01) and Graves’ disease (P = 0.024,
% = 5.06, OR = 0.67, 95% CI = 0.46-0.96), but this does
not add to the association with 138G on its own.

We genotyped a Chinese population of 604 children, aged
11-15 years, from the Xing-Chang Province for whom
tuberculin response and Ascaris lumbricoides stool egg
count had been measured (Table 1) {21). This population
had not previously been screened for A138G. As in the JPT
population, we found six common haplotypes (out of a total
of 81) with the 138G containing haplotype being the second
most common and present at 19.2% (Table 3). The
distribution of common haplotypes in the JPT and Chinese
populations was very similar, indicating that the A138G
SNP is a good ancestry informative marker for the East
Asian vs European populations but not for the Chinese vs
JPT populations, i.e. that A138G has arisen prior to the
separation of these two latter groups. No evidence of
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association was found between any individual SNP or
haplotype with tuberculin response or egg count.

We also genotyped a group of 379 Caucasoid samples
from the UK, comprising 192 hepatitis C virus (HCV)
patients from Oxfordshire and 187 blood donor controls
(Table 1) (22). HCV patients (including resolvers and
persistently infected individuals) were a subset of the
samples previously screened for C77G only, where we had
seen an indication of association with susceptibility to
infection and disease progression, i.e. severity of fibrosis
(23). Four common haplotypes (frequency >5.0%, out of
a total of 21 haplotypes present) were found across the
gene with a combined frequency of 90.4% (Table 4). The
77G allele is present on a rare haplotype (21211) at
a frequency of 1.7% (data not shown). No single SNP was
correlated with susceptibility to HCV, and because of the
low frequency of the C77G SNP, we were unable to analyse
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Table 3 Genetic association data for haplotypes across PTPRC in a total
of 804 Chinese individuals, 306 presented with a tuberculin response of
<5 mm and 298 with >5 mm response; 492 individuals had worm egg
counts [eggs per gram {(epg) of stool] of <96 and 112 worm egg counts of
>96°

Chinese population

Tuberculin  Tuberculin

response response  Ascaris Ascaris epg

<B5mm >5mm epyg >96
Haplotypes® (n=308) (n=298 <96(n=112} (n=492)
RARRRRA] 31.0 26.5 28.8 29.0
1121222 18.1 20.3 19.0 20.1
1211111 9.6 10.2 9.6 11.6
1221111 9.8 9.9 9.8 10.3
211 7.5 8.6 7.8 8.9
2111111 7.5 8.1 8.2 6.7
All others 16.3 16.3 17.0 13.4

2 Analysis as detailed for Table 2. There was no association of any
haplotype with either of these outcome measures.
® Order of SNPs in haplotypes: as given in Table 2.

the association of the 77G containing haplotypes with
disease outcomes.

In summary, previous disease association studies of
PTPRC have focused on only two variants, A138G and
C77G. Employing a set of tagSNP markers covering the
whole length of the gene, we have investigated whether other
variations in the gene were associated with diseases such as
type 1 diabetes, Graves’ disease in the JPT population,
tuberculin response and worm burden in the Chinese
population and HCV in CEU population. No stronger or
novel signals of association than previously reported for
Graves’ disease and diabetes (3, 4) were discovered, apart
from one intronic SNP (rs6683595) that showed some LD
with the exonic SNP A138G. We also showed that most of
the 138G allele is present in one common haplotype. Given
the existing evidence of altered splicing and disease

Table 4 Genetic association data for haplotypes acress PTPRC. A total
of 379 samples from the UK, comprising 192 HCV patients and 187 blood
donor controls®

European population

Haplotypes® Control (n = 192) HCV {n = 187)
1111 28.8 34.0
21111 37.0 333
22111 17.2 15.6
22122 7.4 8.7
All others 9.6 8.4

2 Analysis as detailed for Table 2. No association with susceptibility to
HCV was observed.

5 Order of SNPs in haplotypes: rs8686725, rs2353952, rs17612648,
rs6683595, rs7540378 (with 11111 = taccc and 22222 = gggtt).
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associations with A138G, which is observed at frequency
of around 20% in East Asian populations, this poly-
morphism continues to be the leading candidate as a
functional variant in the PTPRC gene.
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