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trials may conclusively answer chese questions. However,
rhey may need hundreds or thousands of patients and
many years to obtain statistical differences.'s In addition,
our PTA procedures seem to be evolving, as shown in
this study, If we enter into a head-to-head trial between
surgical resection and PEIT and there is 2 5%—8%
survival difference, as suggested in this study, the con-
clusion obtained from comparing RFA and surgical re-
section or PEIT and resection might differ.

To obtain scientific evidence, a randomized controlled
study design is absolutely essential. However, we face
patients who seek the best and safest treatment currently
in use in clinical pracrice, We are obliged o offer all
available dacz to patients so they can select the creatment
modality that best suits them. In that context, we defi-
nitely need a staging and scoring system that provides
good discriminating prognosis. The classification of
Okuda et al'” has been widely used. This classificarion is
based on 2 features: tumor and background liver damage.
With the classification of Okuda et al'7 as a milestone,
several other staging systems have been proposed.!®-2
As part of a working group on the classification, cause,
and surveillance of HCC for the World Congress of
Gastroenterclogy held in Bangkok, Thailand, in 2002
(principal investigaror, M.Q.), we analyzed various stag-
ing and scoring systems.?! The staging of Okuda et all?
was used worldwide and certainly provided discriminat-
ing prognosis in areas in which the prognosis of patients
with HCC is poor and median survival is only 1-2 years.
However, in countries where much longer survivals are
expected, other systems, for example, the CLIP score
system, are superior in prognostic discriminating ability
because the grading for tumor character is more precise
and compatible with current imaging diagnoses com-
pared with that of Okuda er al'?, which was based on
autepsy gross findings. In our study, CLIP score and
prognosis by PEIT were closely related, confirming the
clinical utility of this scoring system (Figure 7). Thus,
one can provide patients with information on the possi-
bility of 5-year survival based on the score. For example,
if a patient has a CLIP I score and S-year survival by
PEIT of 59% and by surgical resection of 62%, the
patient might choose PTA,

If cohorts can be well matched using these prognostic
factors, survival could be compared according to each
trearment method within each group, each hospital, or
even each country. To accomplish rthis, paramerers to be
incorporated into this scoring system should be simple
and easily applicable to differenc instirucions or geo-
graphic areas. We now propose a Tokyo score that needs
only bilirubin and serum albumin levels and imaging
data on tumor number and size.22 This staging and
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scoring system may provide better clues and information
for patients to choose treatment once dara are obtained in
a large number of patients treated by differenc modalities
and validated in differenc institutions.

We used PTA to treat our patients, the majority of
whom have tumors small enough to be treatable. Our
“local” recurrence {(the tumor recurs close to the targeted
primary tumor) is now as low as 1.5%/y. Therefore, we
believe we can control most tumor nodules by means of
PTA. However, recurrence in the remote area of the liver
(de novo recurrence) reaches almost 70%-80% in 5 years
(data not shown). Therefore, we need 2 means to prevent
the recurrence that hampers long-term survival of pa-
tients treated by means of PTA. This is particulardy
important among those infected with HCV,

Recently, we were able to show that the eradication of
HCV by interferon in patients who were treated by PTA
(“secondary” prevention) resulted in a 5-year survival rate
of 78%, whereas the rate in those who failed to respond
to treatment was 48%, similar to the figure (45%) for
ablation alone.?® These data clearly indicate there is
definite need for expertise to effectively treat tumor
nodules, buc that alone is insufficient, and cherefore
better means of treatment of HCV is needed that may
eventually resolve background fibrosis and decrease de
novo carcinogenesis. The combination of antiviral treat-
ment and PTA may prove to be effective and accomplish
the same outcome as liver transplaacation, both of which
might cure the 2 diseases of chronic hepatiris C and
HCC. >
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Abstract

Understanding the function of the hepatitis B virus X protein (HBx) is fundamental to elucidating the underlying mechanisms of
hepatitis and hepatocarcinogenesis caused by hepatitis B virus (HBV) infection. We identified heat shock protein 60 (Hsp60) as a
novel cellular target of HBx by the combination of affinity purification and mass spectrometry. Physical interaction between HBx
and Hsp60 was confirmed by standard immunoprecipitation and immunoblot methods. Analysis of HBx deletion constructs showed
that amino acids 88-117 of HBx were responsible for the binding to Hsp60. Confocal laser microscopy demonstrated that HBx and
Hsp60 colocalized in mitochondria. Furthermore, terminal deoxynucleotidyl transferase-mediated dUTP end labeling (TUNEL)
revealed that the introduction of Hsp60 into cells facilitated HBx-induced apoptosis. These findings suggest the importance of the
molecular chaperon protein Hsp60 to the function of HBV viral proteins,

© 2004 Elsevier Inc. Al rights reserved.
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Hepatitis B virus (HBV), a member of the hepadna-
virus family, is closely associated with the development
of acute and chronic hepatitis and hepatocarcinogenesis
[1]. Chronic infection with HBV is a leading cause of
cirrhosis and hepatocellular carcinoma. The number of
patients with persistent HBV infection exceeds 350
million worldwide and is increasing [2). However, an
effective treatment for chronic HBV infection is not yet
established [3]. HBV has four open reading frames
(ORFs3) that encode viral proteins. One ORF, named X,
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encodes the hepatitis B virus X protein (HBx), which
consists of 154 amino acids. This protein is required for
viral infection and replication [4,5), and is considered a
major factor in hepatocarcinogenesis [6].

HBx has been proposed to have many cellular fune-
tions and has been reported to interact with a number of
host factors, including transcriptional factors and mol-
ecules involved in intracellular signaling and apoptosis
[7]. HBx binds basal transcription factors, such as RNA
polymerase subunit RPB5 [8], and acts as a transcrip-
tional coactivator. HBx also has been reported to en-
hance transcription by directly interacting with factors
such as Smad4 in TGFp signaling [9]. Furthermore,
HBx interacts with a tumor suppressor gene, p53, and
inhibits p53 entry into the nucleus [10]. HBx also binds
human voltage-dependent anion channel 3 (HVDAC3),
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a mitochondrial protein, and alters the mitochondrial
transmembrane potential [11]. In the apoptotic pathway,
the function of HBx is still under debate. Recently, it
was reported that HBx interacts with ¢-FLIP and ab-
rogates its apoptosis-inhibition function [12]. Another
group revealed that HBx binds the survivin-HBXIP
(hepatitis B X-interacting protein) complex and sup-
presses caspase activation [13].

Despite these reports, a precise role of HBx in HBV
infection remains unknown. In the present study, we
performed affinity purification and mass spectrometry to
identify Hsp60 as a novel HBx-binding protein. Hsp60 is
a molecular chaperon that assists with the correct fold-
ing of proteins, facilitates the proteolytic degradation of
misfolded or denatured proteins, and stabilizes unfolded
proteins [14]. Our data suggest that the interaction be-
tween Hsp60 and HBx provides a mechanism for the
control of HBx’s pro-apoptotic function.

Materials and methods

Cell lines and transfection. A human primary hepatocyte cell culture
was obtained from Applied Cell Biology Rescarch Institute (Kirkland,
WA) and was maintained in CS-C Complete Medium (Cell Systems,
Kirkland, WA). The human embryonic kidney cell line 293 and the
human hepatoma cell line Huh7 were purchased from the Riken Cell
Bank (Tsukuba Science City, Japan) and were maintained in Dul-
beceo’s modified Eagle’s medium (Sigma, St. Louis, MQO) containing
10% heat-inactivated fetal bovine serum. Transfection was performed
with Effectene transfection reagent (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions,

Antibodies. Mouse monoclonal anti-HA antibody (12CAS) and
mouse monoclenal anti-GFP antibedy were obtained from Roche
Diagnostics {Indianapolis, IN) and Santa Cruz Biotechnology (Santa
Cruz, CA), respectively. Mouse monoclonal anti-Hsp60 antibody was
purchased from Stressgen (Victoria, Canada). Rabbit polyclonal anti-
HBx antibody (U23) was described previously [15]. Alexa Fluor 488
goat anti-mouse IgG secondary antibody and Texas red conjugated
goat anti-mouse IgG secondary antibody were obtained from Molec-
utar Probes (Eugene, OR) and Southern Biotechnology Associates
(Birmingham, AL), respectively. Anti-mouse antibody and anti-rabbit
antibody conjugated with horseradish peroxidase (HRP) were
purchased from Amersham Biosciences (Uppsala, Sweden).

Plasmids. The EGFP-fused HBx and its deletion constructs,
pEGFP-X, pEGFP-X(1-117), pEGFP-X(1-87), and pEGFP-X(68-
117), were described previously [16). The HBx deletion fragment
XA(5-87) was derived from pHBVX-dAval/EcoIl [17], blunted by
Klenow fragment, and cloned into pEGFP-C1 (Clontech, Palo Alto,
CA), resulting in pEGFP-XA(5-87). The pCMV-HA-X, an N-terntinal
HA-tagged HBx expression plasmid, was described previously [18).
Using, pPCMV-HA-X as a template, HBx was amplified by PCR. The
amplified fragment with the HA-tag at the N-terminus of HBx(1-87)
was cfoned into the pCM VB vector (Clontech), producing pCMV-HA-
X(1-87). The Hsp60 expression plasmid, pCMV-Hsp60, was provided
by Dr. Naohiko Seki (Chiba University). Using pCMV-Hsp60 as a
template, the HA-tag was inserted at the C-terminus of Hsp60 by PCR
and cloned into the pcDNAJ (Invitrogen, Carlsbad, CA) to create
pcDNA3-Hsp60-HA. HBx was amplified by PCR and cloned into the
pGEX-4T-1 {Amersham Biosciences), resulting in pGEX-HBx. All
constructs were verified by DNA sequencing.

Affinity purification. The preparation of bead-immobilized GST
fusion proteins was performed as described [19). In brief, Escherichia
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coli BL21{DE3) (Stratagene, La Jolla, CA) that had been transformed
by pGEX-HBx or pGEX-4T-1 were induced with 1 mM IPTG at 37°C
for 3h, pelleted, and lysed in phosphate-buffered saline (PBS) con-
taining 5SmM EDTA, ImM DTT, I mM PMSF, 100nM pepstatin,
and 1% Triton X-100, The lysates were sonicated and clarified by
centrifugation (8000z for 10 min at 4 °C). Fusion proteins were purified
from the cleared bacterial lysates using glutathione-Sepharose 4B
(Amersham Biosciences).

Subconfluent human primary hepatocytes (approximately 3 x 107)
were bysed in lysis buffer I {20mM phosphate buffer, pH 7.4, 1% Nonidet
P-40, 5% glycerol, 10mM B-mercaptoethanol, 150 mM NaCl, and the
protease inhibitor cocktail Complete Mini (Roche, Mannheim, Ger-
many)] and centrifuged at 15,000 for 20 min at 4°C. Lysates (60 mg)
were incubated with bead-immeobilized GST-HBx or GST control beads
in lysis buffer I for 4h at 4°C. The beads were washed with lysis buffer
and bound proteins were eluted by boiling in $DS sample buffer. Eluted
proteins were separated by 7.5% SDS-PAGE and visualized with silver
staining according to the procedure of Blum et al. [20).

Protein identification by mass spectrometry, Protein bands were
excised from the gel plate and subjected to in-gel tryptic digestion
according to the procedure of Shevchenko et ab. [21]. Peptide mix-
tures from the digested proteins were extracted from the gel pieces,
and the recovered peptides were analyzed by nanoflow liquid
chromatography {(nanoLC)-nanoelectrospray ionization (nanoESI)-
iontrap MS/MS as previously described [22]. All MS/MS spectra
were searched using the MOWSE scoring algorithm, MASCOT,
against the MSDRB database (ftp://fip.ncbi.nih.govirepository/MSDB/
msdb.nam), Release 20032804, with the following criteria: tryptic
digestion (hydrolysis of the peptide bonds following lysine and ar-
ginine residues) and variable modifications of methionine (oxidation,
+16.0) and cysteine (S-carboxyamidomethylation, +57.0).

Immunoprecipitation and immunoblor. Immunoprecipitation and
irnmunoblot methods were performed as described [19]. First, 48 h after
transfection, 2 x 106 transfected 293 cells were Iysed in Tysis buffer 1, and
cellular proteins were immunoprecipitated with antibody and protein
G-Sepharose (Zymed, San Francisco, CA). After the beads were
washed, the bound proteins were eluted, separated by 10% SDS-PAGE,
and electrophoretically transferred to the PVDF Hybond-P (Amersham
Biosciences). The membrane was probed with primary antibody (anti-
GFP at 1:500, anti-HA at 1:1000, and anti-Hsp60 at 1:5000) and with
secondary antibody (anti-mouse antibody and anti-rabbit antibody
conjugated with HRP at 1:1000), and the HRP signal was detected with
enhanced chemiluminescence ECL-plus {Amersham Biosciences).

Immunofluorescence microscopy. Huh7 cells were seeded in a slide
flask (Nalge Nunc, Naperville, IL) at a density of 3 x 10% cells'em?, and
24N later cells were transfected with the expression vectors. For the
staining of mitochondria, cells were incubated in medium containing
500nM MitoTracker Red CMXRos (Molecular Probes) for 45min.
Forty eight hours after transfection, cells were fixed with 4% para-
formaldehyde for 30 min at room temperature, rinsed with PBS, and
permeabitized with a 0.1% Triton X-100/0.1% sodium citrate solution
for 2min on ice. After two rinses with PBS, the cells were incubated
with mouse anti-Hsp60 monoclonal antibody (1:200 dilution) for 1 h at
room temperature, followed by incubation with Alexa Fluor 488 goat
anti-mouse IgG secondary antibody (1:200 dilution) or Texas Red-
conjugated goat anti-mouse IgG secondary antibody (1:100 dilution)
for 45min at room temperature. Fluorescence images were obtained
using a Leica TCS SL confocal laser scanning microscope (Leica
Microsystems, Wetzler, Germany). Pictures were taken with Leica
Confocal Software (Leica Microsystems).

In vitro detection of apopiosis. The TUNEL assay was performed
using the In Sita Cell Death Detection Kit (Roche Diagnostics) as
described previously [18]. Briefly, Huh?7 cells seeded in a slide flask
were transfected with the expression vector., After 24 h, the cells were
fixed, permeabilized, and treated with the TUNEL reaction mixture in
a humidified chamber for 60 min at 37°C in the dark. To visualize the
HBx or Hsp6l protein, the cells were incubated with mouse anti-HA
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monoclonal antibody (1:100 dilution) and Texas red-conjugated goat
anti-mouse antibody (1:100 dilution). Cells were analyzed using fluo-
rescence microscopy (Leica Microsystems). The TUNEL-positive cells
among the HBx- or Hsp60-positive cells in five independem fields were
counted. Independent experiments were performed at least three times.

Staristics. The results of the TUNEL assay were analyzed using
analysis of variance {ANOVA) with a post hoe Scheffe test (StatView,
Abacus Concepts, Berkeley, CA). The data represent means+ SD
calculated from three independent experiments. P values <0.05 were
considered significant.

Results

Hdentification of host proteins interacting with HBx by
mass spectmmerry

To search for novel host proteins that interact with
HBx, we performed affinity purification. Lysates of hu-
man hepatocytes were applied to Sepharose beads that
had been conjugated with bacterially expressed re-
combinant GST-HBx {usion protein or control GST
protein. After the beads had been washed, proteins were
eluted, separated by SDS-PAGE, and silver stained. As
shown in Fig. 1, 56-kDa (Figs. 1A and B) and 46-kDa
(Figs. 1A and C) proteins appeared to specifically bind to
recombinant HBxX protein when hepatocyte lysates were
incubated with GST-HBx beads (Figs. 1A-C, lane 2).
These proteins were not seen on GST-HBx beads without
hepatocyte lysates (Figs. lA-C, lane 4) or control lanes of
GST beads (Figs. | A—C, lanes 1 and 3). These 56- and 46-
kDa bands in lane 2 and, as a control, the corresponding
bands in lane 4 were excised from the gel and subjected to
in-gel tryptic digestion. The resultant peptides were
extracted from the gel slice and analyzed by nanoLC-
nanoESI-MS/MS to obtain the m/z values of the
respective peptides and their collisien-induced dissocia-
tion (CID)} fragments. Amino acid sequence databases of
human proteins were searched for the m/z values using
the MASCOT search program, and the authentic protein
was identified from the search results. Both 56- and 46-
kDa proteins were identified and Table 1 summarizes the
identified peptide sequences of a 56-kDa band. The most
significant hit for the 56-kDa protein was obtained with
the human chaperonin GroEL precursor (Hsp60, PIR
Accession No. A32800). Five of the peptides obtained
were derived from human Hsp60, not bacterial GroEL,
and all of these peptides had unique human Hsp60 se-
quences. No protein was identified from the control band
in lane 4 (data not shown). The interaction between 46-
kDa protein (Fig. 1C) and HBx is under investigation.

HBEBx interacts with Hsp60 in vivo
The protein identified by mass spectrometry, Hsp60,

has been reported to associate with viral proteins, in-
cluding HBV polymerase {23,24] and human immuno-
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Fig. 1. Affinity-purified proteins that bind to recombinant HBx. (A)
Lysates of human hepatocytes were applied to the Sepharose beads
conjugated with bacterally expressed recombinant GST-HBx fusion
proteins or control GST proteins, After the beads were washed, pro-
teins were eluted from the beads, separated by SDS-PAGE, and silver
stained. Lane 1, GST incubated with hepatocyte lysate; lane 2,
GST-HBx incubated with hepatocyte lysate; lane 3, GST without he-
patocyte lysate; and lane 4, GST-HBx without hepatocyte lysate. The
meolecular weights of the protein standards are indicated. (B) Higher
magnification of gel plate (*). (C) Higher magnification of gel plate
(**). The 56- and 46-kDa bands indicated by the arrow in lane 2
and, as a control, the corresponding bands in lane 4 (indicated by the
arrow head) were excised from the gel and subjected to in-gel tryptic
digestion.

deficiency virus (HIV) integrase [25]. These interactions
were shown to be important to the functions of the viral
proteins. Therefore, we further analyzed the interaction
between HBx and Hsp60. To investigate whether HBx
binds to Hsp60 in a cellular context, expression vectors
for GFP-tagged HBx (GFP-HBx} and for HA-tagged
Hsp60 (Hsp60-HA) were introduced into 293 cells. As
shown in Figs. 2A and B, immunoprecipitation followed
by immunoblotting demonstrated that GFP-HBx, and
not GFP alone, interacted with Hsp60-HA in 293 cells.
The interaction between HBx and Hsp60 was confirmed’
using flag-tagged HBx (HBx-flag) and Hsp60-HA con-
structs (data not shown). To analyze the interaction
between HBx and endogenous Hsp60, pEGFP-X or
pEGFP-C! was transfected into 293 cells, and immu-
noprecipitation was performed. This experiment
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Table 1

Mass spectrometric identification of HBx-associated protein
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Peptide
position

Sequence

Calculated
mass (Da)

(Da)

Observed mass Expected mass

Peptide assignment
(charge)

Peptides
matched

Caleulated

Molecular mass (kDa)

Observed

PIR Accession

No.

Protein name

222-233

(R)GYISPYFINTSK

206-218

{K)TLNDELEIIEGMK.

236-24%

(K)C*EFQDAYVLLSEK

430-446

447-462

(RJAAVEEGIYLGGGC*ALLR
(R)YC*IPALDSLTPANEDQK

— o

695.32 (+2)
75275 (+2)
80147 (+2)
£843.10 (+2)
886.63 (+2)

PIR accession number is derived from the Protein Information Resources {(PIR) database (http://pir.georgetown.edu/).

57.963
‘C*" in the peptide sequences slands for carboxyamidomethyl cysteine.

56

Human chaperonin GroEL  A32800

precursor (Hsp60)

64

revealed that GFP-HBx bound to endogenous Hsp60 in
vivo (Fig. 2C).

Mapping the interaction site for Hsp60 on HBx

To further characterize the HBx binding site involved
in the interaction with Hsp60, we performed immuno-
precipitation using the following deletion mutants of
HBx: pEGFP-XA(5-87), pEGFP-X(1-117), pEGFP-
X(1-87), and pEGFP-X(68-117) (Fig. 3A). All of the
constructs except X(1-87) bound endogenous Hsp60
(Fig. 3B), indicating that amino acids 88-117 of HBx
were necessary for binding to Hsp60. This region (amino
acids &8-117) contains the component for the transac-
tivation function of HBx [15] and the putative leucine-
rich nuclear export signal (NES) motif (amino acids
89-100) [26].

HBx and Hsp60 colocalized in mitochondria

To assess the subcellular localization of HBx and
Hsp60, immunocytochemistry using confocal micros-
copy was performed. The mitochondrion is the major
cellular location of Hsp60. The localization of Hsp60
(green) in mitochondria (red) was consistent with
previous reports (Fig. 4A) [14]. To investigate the in
vivo localization of HBx, GFP-HBx was transfected
into Huh7 cells, and mitochondria or endogenous
Hsp60 was stained. HBx (green) colocalized in mito-
chondria (red), as we had previously reported
(Fig. 4B). Furthermore, GFP-HBx (green) colocalized
with Hsp60 (red), which localized to mitochondria
(Fig. 4C). Although HBx 1-87 did not bind to Hsp60
(Fig. 3B), the majority of HBx 1-87 still localized to
mitochondria {16], suggesting that association of
HBx and Hspé60 is not required for the mitochondrial
localization of HBx.

Hsp60 facilitates HBx-induced apoptosis

We and other groups previously reported that HBx
induces apoptosis or sensitizes cells to apoptotic stimuli
such as tumor necrosis factor o (TNFa) [16,27,28).
Therefore, we investigated the effect of Hsp60 on HBx-
mediated apoptosis. Huh7 cells were transfected with
the HBx or Hsp60 expression vector, and the TUNEL
assay was performed. Fig. 5A shows a representative
image of the nucleus of an apoptotic cell (middle, green)
induced by HBx transduction (left, red). The level of
HBx expressed using the cytomegalovirus promoter—
enhancer is considered to be within the range in HBV
infected cells [28,29]. Approximately 40% of the cells
underwent apoptosis after transduction with 0.26 pg
HBx expression plasmid. The HBx 1-87 mutant, which
lacks the Hsp60 binding region, caused a similar degree
(33%) of cell death. In contrast, Hsp60 did not produce
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2, pEGFP-C1 2 ug. Celt lysates were immunoprecipitated with anti-GFP antibody followed by immunoblot with corresponding antibodies.

A Binding
with Hsp60
HBx L 154
4 154
Xas-87) = % +
117
X(-117 ! +
87
X(-8n -
X(68-117) 68 117 +
&
B S S &S
A b \-.\:\' @
L FF e
& & & & &
Ip: GFP "
BLOT: Hspb60 =, = |<—Hspso
kDa
I - - 45
| gy’ |-w
IP: GFP . R
BLOT GFP Yoo o
T
L ol w25

1 2 I 4 5 6

Fig. 3. Mapping of the Hsp60-interacting region of HBx. (A} Schematic presentation of the HBx and HBx deletion mutants that were analyzed. The
binding of HBx with Hsp60 is shown. (B) 293 cells were transfected with the following plasmids: lane 1, pEGFP-X 2 pg; lane 2, pEGFP-XA(5-87)
2pg; lane 3, pEGFP-X(1-117) 2 pg; lane 4, pEGFP-X(1-87) 2 pug; lane 5, pEGFP-X(68-117) Zg; and lane 6, pEGFP-C1 2 pg. Cell lysates were
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significant cell death (11%) (Fig. 5B). As a control, the

indicated.

B-galactosidase expression plasmid, pCMV],

transfected into cells, and TUNEL positive cells were
counted [16]. The percentage of apoptotic cells trans-
fected with pCMYV [ was similar to that of Hsp60 (data

not shown}.

was

To further investigate the effect of Hsp60 on HBx-
mediated apoptosis, Huh7 cells were co-transfected with
0.06 pug of the HBx expression plasmid with and without
0.20 ug of the Hsp60 expression plasmid (about three-
fold the amount of HBx). Under the conditions of this

assay, 18% of cells expressing HBx underwent apoptosis,
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Fig. 4. Subcellular localization of HBx and Hsp60 in Huh7 cells. (A) Cells were immunostained with anti-Hsp60 antibody and secondary antibody
Alexa Fluor 488 {green), and mitochondria were stained with CMXRos (red). (B) Localization of transfected GFP-HBx (green) and mitochondria
(red). pEGFP-X was transfected, and after 48 h, mitochondria were stained with CMXRos. (C) Localization of GFP-HBx (green) and endogenous
Hsp60 (red). Cells were transfected with pEGFP-X, and after 48 b, endogenous Hsp60 was immunostained with anti-Hsp6) antibody and Texas red-
conjugated goat anti-mouse IgG secondary antibody. Merged images are shown in the right panel. Bar=10pm.

and the co-expression of Hsp60 with HBx enhanced the
effect of HBx-mediated apoptosis more than twofold
(42%). This effect of Hsp60 was not seen in cells ex-
pressing the HBx mutant that lacks the Hsp60 binding
domain (HBx 1-87) (Fig. 5C). Introduction of Hsp60
alone did not induce significant levels of apoptosis. In
spite of the presence of endogenous Hsp6Q in Huh7 cells,
there is no evident difference in percentages of apoptotic
cells induced by HBx or HBx {-87. One possibility is
that overexpressed HBx needs much amount of Hsp60
to be refolded correcily. These data suggest that Hsp60
binds to HBx and enhances HBx-mediated apoptosis in
mitochondria.

Discussion

In the present study, we identified Hsp60 as one of the
proteins that interact with HBx by searching a protein
database for the tandem mass spectra obtained from the
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nanoLC-nanoESI-MS/MS analysis of tryptic peptides
from a 56-kDa protein band. We also demonstrated that
amino acids 88-117 of HBx play an important role in the
association with Hsp60. QOur results indicate that HBx
and Hsp60 interact in mitochondria, and that this in-
teraction enhances the promotion of cell death by HBx.

Tandem MS instruments, such as the ion-trap used in
this study, are routinely applied in an LC-MS/MS
equipped with a nanoelectrospray ionization (ESI)
source in order to generate peptide fragment ion spectra
suitable for protein identification from sequence data-
bases. Instrumental control for further fragmentation of
automatically selected peptide ions, called data-depen-
dent collision-induced dissociation (CID), is a notable
trend with recent MS/MS instruments. The MASCOT
search program is based on the MOWSE algorithm, but
has a greater selectivity and sensitivity than the earlier
algorithms, which simply counted the number of peptide
matches. MOWSE takes into account the relative
abundances of the peptides of a given mass in the
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Fig. 5. Hspt0 facilitates 11Bx-induced apoptosis, (A) A representative image of a TUNEL positive cell after transduction with HBx, HBx and
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effects of HBx and Hsp60 on apoptosis. Huh7 cells were transfected with: lane 1, pCMV-HA-X 0.26 pg; lane 2, pCMV-HA-X(1-87) 0.26 pg; and lang
3, pcDNA3-Hsp60-HA 0.26 pp. After 24 h, the TUNEL assay was performed and apoptotic cells were counted. The results are means + 5D from
three separate experiments. (C) The following plasmids were introduced into Huh7 cells: lane 1, pCMV-HA-X 0.06 pg and pCMV 0.20 ug; lane 2,
pCMV-HA-X 0.06 pg and pCMV-Hsp60 0.20 pg; lane 3, pPCMV-HA-X(1-87) 0.06 pg and pCMV 0.20 ug; lane 4, pCMV-HA-X(1-87) 0.06 ug and
pCMV-Fsp60 0.20 pg; and lane 5, peDNA3-Hsp60-EHA 0.06 ug and pCMV 0.20 pg. The number of apoptotic cells was analyzed as described above.

Results are means = SD from three separate experiments.

database. MASCOT sets the benchmark for protein
identification using CID spectra because it is highly re-
liable, automatically analyzes data from the entire LC-
MS/MS experiment, and requires no user interpretation.
As shown in Table 1, Hsp60 was the only protein
identified by MASCOT as having a significant hit score,
which was the total of hit scores from five Hsp60 pep-
tides, in a search using CID spectra generated by the
analysis of peptide fragments. Although many E. coli
proteins remained on the surface of the bacterially ex-
pressed recombinant GST-HBx, we were able to identify
two human preteins from a small amount of material
using this system. This method is widely applicable to
finding novel protein-protein interactions.

Hsp60 is homologous to the eubacteria chaperonin
GroEL. GroEL consists of 14 identical subunits of
58 kDa, each arranged in two stacked heptameric rings,
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each of which contains a central cavity [30]. Each sub-
unit consists of three domains: the equatorial, the in-
termediate, and the apical. The equatorial domain has
the ATP binding site, and the hydrophobic surfaces of
the apical domain appear to interact with substrates,
The intermediate domain connects the equatorial and
apical domains. Owing to difficulty in making Hsp60
deletion constructs that retain the ability to correctly
form a complex, we were unable to map the domain of
Hsp60 that interacts with HBx. However, based upon
previous reports, HBx probably binds to the apical do-
main of Hsp60 in a manner similar to that of other
Hsp60 substrates. Although the HBx expression level by
using the cytomegalovirus promoter-enhancer is re-
ported to be within the limits of HBV infected cells
[28,29], the interaction with Hsp6(Q in physiological level
of HBx also remains to be investigated,
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GroEL substrates generally consist of two or more
domains with afp-folds, which contain «-helices and
buried [B-sheets with extensive hydrophobic surfaces
[31}. HBx has twe putative alpha helical regions (amino
acids 75-88 and 109-131) that seem to aid in the mito-
chondrial targeting of the protein [32}]. The Hspé60
binding region of HBx (amino acids 88-117) contains
part of one alpha helical region. The lack of this alpha
helical region in the HBx construct that contains amino
acids 1-87 might contribute to its inability to bind
Hsp60.

Several investigators have reported the subcellular
distribution of HBx as predominantly cytosolic with a
small amount localized to the nuclear fraction [33). We
and Siddiqui’s group reported that the mitochondrion
was the target of HBx [16,32]. We have recently dem-
onstrated that amino acids 68-117 of HBx are impor-
tant in localizing the protein to mitochondria. As
previously reported, Hsp60 is synthesized as a precursor
protein with an N-terminal mitochondrial sequence, and
cleavage of the targeting sequence requires the import of
the precursor protein into the matrix compartment [14].
Thus, the association of HBx and Hsp60 in mitochon-
dria appears to be an intrinsic property of this viral
protein rather than an artifact of overexpression.

The mitochondrion is a key organelle in the control
of apoptosis. We have reported that the ectopic ex-
pression of HBx causes mitochondrial aggregation, a
decrease in mitochondrial membrane potential, and
membrane blebbing in HBx transfected cells [18]. Fur-
thermore, we have recently demonstrated that HBx
constructs that localize to mitochondria can induce ap-
optosis and that HBx 1-87, which localizes to mito-
chondria, induces apoptosis at a level similar to that
produced by HBx [i6]. Rahmani et al. reported that
HBx directly interacts with an outer mitochondrial
human voltage-dependent anion channel, HVDAC3
[L1]. This association leads to a decrease in the mito-
chondrial membrane potential and constitutively acti-
vated transcription factors STAT-3 and NF-xB via
oxidative stress [34]. Recently, two novel mechanisms
for the pro-apoptotic function of HBx have been re-
ported. The first is that HBx interacts with ¢-FLIP and
inhibits its anti-apoptotic function [12]. The second is
that HBx alters intracellular calcium signaling, which is
an important event in HBx-induced apoptosis [35]. In-
appropriate apoptosis has been considered to be asso-
ciated with human diseases, including inflammation and
cancer. Moreover, the expression of an oncogenic pro-
tein can induce or increase cell sensitivity to apoptosis,
During chronic HBV infection, HBx expression may
induce apoptosis in infected hepatocytes and cause in-
flammation. In this study, the expression of HBx causes
apoptosis, and HBx-induced apoptosis was enhanced by
the binding of Hsp60 (Fig. 5C). Our results suggest that
both the localization of HBx in mitochondria and the

interaction of HBx with Hsp60 are important for HBx-
mediated apoptosis.

On the other hand, anti-apoptotic functions of HBx
have also been reported. HBx appears to inhibit p53-
mediated apoptosis by sequestering p53 in the cytosol
[10,36]. HBx has also been reported to inhibit caspase 3
activity and to thereby block apoptosis [37]. These data
suggest that HBx alters the balance between pro-
grammed cell death and proliferation, and participates
in the apoptotic and anti-apoptotic pathways.

Hsp60 also interacts with HBV polymerase and HIV
integrase in vivo. It has been reported that Hsp60 in-
teracts with HBV polymerase via two minimal sites and
converts it into the active state {24]. Hsp60 has been
demenstrated to bind to the catalytic domain of HIV
integrase and stimulate its in vitro processing and join-
ing activities [25]. Although HBx does not appear to
have enzymatic activity like that of HBV polymerase or
HIV integrase, Hsp60 might promote the correct folding
of HBx and thereby enhance HBx-mediated apoptosis.
Based on these previous reports, the interaction between
HBYV and Hsp60 may be vital to the virological cycle of
HBYV.

In conclusion, we have shown that chaperonin Hsp60
interacts with HBx and enhances HBx-mediated apop-
tosis. The precise mechanism of apoptosis induced
by HBx and Hsp60 and the biclogical significance of
this interaction during HBV infection remain to be
investigated.
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Abstract

We have designed and established a low-density (295 genes) cDNA microarray for the prediction of IFN efficacy in hepatitis C
patients. To obtain a precise and consistent microarray data, we collected a data set from three spots for each gene (mRNA) and
using three different scanning conditions. We also established an artificial reference RNA representing pseudo-inflammatory con-
ditions from established hepatocyte cell lines supplemented with synthetic RNAs to 48 inflammatory genes. We aiso developed a
novel algorithm that replaces the standard hierarchical-clustering method and allows handling of the large data sct with ease. This
algorithm utilizes a standard space database (SSDB) as a key scale to calculate the Mahalanobis distance (MD) from the center of
gravity in the SSDB. We further utilized sMD (divided by parameter k: MD/k) to reduce MD number as a predictive value. The
efficacy prediction of conventional IFN mono-therapy was 100% for non-responder (NR) vs. transient responder (TR )/sustained
responder (SR) (P < (.0005). Finally, we show that this method is acceptable for clinical application.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Low-density microarray; Artificial reference RINA; Efficacy prediction; Mahalanobis distance

Large data sets can be collected from cDNA micro- especially useful to help cluster genes into interest
arrays for the study of expression profiles in biological groups. Such genome-wide information can be used for
systems. The large amount of data generated can be clinical applications (see reviews, [1-5]), for example, for

the identification of the cDNA expression patterns as-

sociated with different stages of tumor development.

* Abbreviations: SAGE, serial analysis of gene expression; SSDB, However, translating complex microarray data into
standard space database; MD, Mahalanobis distance; sMD, scaled practical clinical applications has been difficuit. New

MD; FL, firefly luciferase gene; RL, Renilla luciferase gene; GP, . . .
baculovirus glycoprotein gene; 1D, lambda DNA; MEP, microcapil- algorithms are being dcve]opf:d to solve this problem,

lary electrophoretic; aRNA, amplified RNA; NR, non-responder; SR, for example for_ the P.mgnOSiS of c.anccr treatment [6,7].
sustained responder; TR, transient responder. Also, low-density microarrays with selected genes of
Corresponding author. Fax: +81-426-45-0461. interest can simplify the analysis of microarray data.
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ranges. In addition, sample variability can result from
variations in sampling conditions, RNA amplification,
RNA degradation, and c¢cDNA labeling conditions,
These factors are not well understood, and, currently,
precision is primarily controlied at the level of data
collection [8-10].

One means of enhancing the precision of data col-
lection is to use reference controls for each individual.
This can be accomplished by laser-captured microdis-
section of tissues into diseased and counter part areas
{11,12]. In case of hepatitis C, this is difficult because
inflammatory damage occurs throughout the liver. An-
other possible approach is to utilize artificial reference
RNAs as a reference [13-15) in conjunction with RNA
from established cell lines, such as hepatoceliular carci-
noma cell tines. However, the stages and characteristics
of the disease in vivo and in vitro can differ, and ex-
pression of some RNAs of interest, especially some in-
flammatory genes, may be too low in the cultured cells
to produce a satisfactory signal-to-noise ratio.

In the current studies, we identified inflammatory
genes that can be used for a low-density microarray to
predict the efficacy of INF treatment in hepatitis C pa-
tients. We found sufficient levels of expression for these
genes in patient samples, but very low levels of expres-
sion in established cell lines. We overcame this problem
by using a low-density cDNA microarray system in
conjunction with a unique artificial reference RNA. In
addition, we describe an algorithm for analysis of the
microarray data.

Metheds

c¢DNA Microarray. We selected 295 genes for the cDNA micro-
array based on publicly available data, including SAGE analysis and
other DNA microarray data from HCV patients and a normal subject
[16,17). From 2000 candidate genes, we omitted low frequency-tag
genes based on the SAGE data. Genes previously identified as pre-
dictive host factors for IFN efficacy [18-20] were given a high priority.
For most of the genes, each cDNA was designed approximately 500~
600 bp and within approximately 1kb region from the 3-poly(A) tail
and all cDNAs for microarray probe were cloned into the pGEM
vector (Promega, Madison, WI). We also selected and cloned external
control genes (approximately 0.5-1kb) into the pGEM vector to es-
tablish the dynamic range of the microarray. These genes were firefly
luciferase (FL; negative control), Renilla luciferase (RL) [21], baculo-
virus envelope gpé4 (GP), and lambda phage DNA (LD), All clones
for capture probe on microarray were sequenced and validated by
comparison with the GenBank sequence. The aminosilane surfaces of
SuperAmine glass slides (TeleChem International, Sunnyvale, CA)
were stamped with triplicate spots of cDNA probe corresponding to
each of the remaining 295 genes. The average spot size was 150 pm and
separated each other with a distance (500 pum) as shown in Fig. 2B.

Reference RNA preparation. Extracted total RNAs from four he-
patocellutar carcinoma cell lines (HepG2, Hep3B, Huh7, and IMY-4
(22]) purified through RNeasy column (Qiagen, Hilden, Germany)
were mixed as a reference source. In order to find a mixing ratio of four
cell derived RNAs and provide refiable reference source, we measured
the copy number of certain genes in each cell line by real-time PCR
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method. Using real-time PCR with the PRISM 7900HT system (Ap-
plied Biosysterns, Foster City, CA), we measured the copy number of
several genes, including the 1FN-o/p receptor, double-strand RNA-
activated protein kinase (PKR), 2',5"-oligoadenylate synthetase (2,5-
AS), interferon regulatory factor-1 (IRF-1), interferon regulatory
factor-3 (IRF-1), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDB). The primer sets were as follows: IFN-o/p teceptor (for-
ward: GTGACCTCACAGATGAGTGG; reverse: CCCTCTGA
CTGTTCTTCAATGA; and probe: CACCGTCCTAGAAGGA
TTCAGCGG), PXR (forward: CCTGTCCTCTGGTTCTTTTG; re-
verse: TGTCAGGAAGGTCAAATCTG; and probe: CTACGTGT
GAGTCCCAAAGCAAC), 2,5-AS (forward: CTCAGAAATAC
CCCAGCCAAATC; reverses GTGGTGAGAGGACTGAGGAA;
and probe: CCAGGTCAGCGTCAGATCGGCCTC), IRF-1 (for-
ward: GCAAGGCCAAGAGGAAGTCA; reverse: TCATCAGG
CAGAGTGGAGCT; and probe: TTCCAGCCCTGATACCTITC
TCTGATGG), IRF-3 (forward: AAGGAAGGAGGCGTGTTTGA;
reverse: ATTTCTACCAAGGCCCTGAGG; and probe: CGTCCGC
TTCCTTCCGTGAAGGTAAT), GAPDH (forward: GAAGGTGA
AGGTCGGAGT, reverse: GAAGATGGTGATGGGATTIC; and
probe: CAAGCTTCCCGTTCTCAGCC). The RNA mixture was
amplified using MessageAmp aRNA kit (Ambion, Austin, TX). The
resulting aR NA was used as the reference aRNA. Moreover, we cloned
genes (RL, GP, and LD; ~1000bp) into pCRI1I TOPO vector (Invit-
rogen, Carlsbad, CA) as scanning range markers as well as 48 genes (in
the same TOPO vector) of inflammatory genes to spike into reference
aRNA. Each cloning region was designed to be larger than the size of
capture probes on the microarray. Then three external control RNAs
and additional spike RNAs of 48 genes were synthesized by Mega-
script T7 kit (Ambion, Austin, TX). Three external control RNAs were
mixed as spike control mixture in both target sample and reference
aRNAs. Other 48 spike RNAs were added to the reference aRNA.

Sample RNA preparation, labeling, hybridization, and scarming.
Total RNA of liver biopsy samples was isolated by Isogen (Nippon
Gene, Tokyo, Japan) extraction according to manufacturer’s instruc-
tion. The total RNA quality was confirmed with a Bicanalyser 2100
microcapillary-electrophoretic (MEP) analyzer (Agilent Technologies,
Palo Alto, CA), The 285/18S ratio of the total RNA was >1.0. Then
total RNA (1-2ug) was transcribed and amplified to produce ampli-
fied sample RNA (aRNA) using the MessageAmp aRNA kit (Ambion,
Austin, TX) according to manufacturet’s instructions. Next, an ex-
ternal control RNA mixture (LD, GP, and RL) was added to both the
sample and reference aRNAs. These mixed sample and reference
aRNAs were labeled using SuperScript 11 kit with random hexamer
(TaKaRa, Kyoto, Japan) with Cy3-dUTP and Cy5-dUTP (Perkin-
Elmer, Boston, MA), respectively. Competitive hybridization of Cy3-
labeled sample and CyS-labeled reference cDNAs on the microarray
was carried out according to Brown and coworkers [23]. Slides were
scanned three times with ScanArray 5000 (Perkin-Elmer, Boston,
MA). Each sean was carried out using the external spike level around
30,000. The data were converted from tif image data to signal esing
ImaGene software (BioDiscovery, El Segundo, CA} for further sta-
tistical analysis. Three file data of each three spot data of each gene
were merged to establish the single representative data for each gene
(Patent pending: PCT/JP03/06677). The Cy3 (patient sample)/Cy5
(reference sample) ratio of each mRNA signal was caleulated for
further analysis,

Patients. Liver biopsy samples from five patients receiving IFN-a
monotherapy and 10 patients receiving a combination therapy (2
mixture of IFN-o, IFN-B, and IFN-x/B) were obtained during 1992~
2000 from Kyushu University Hospital and Nagasaki National
Medical Center, respectively. Biopsy samples were stored at —80°C.
Informed consent was obtained from all patients in accordance with
the Helsinki protocol. The samples were classified into three groups:
sustained responders {(SR) had an absence of serum HCV RNA both
during the therapy and 6 months after the completion of therapy, non-
responders (NR) were positive for serum HCV RNA during the
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therapy, and transient responders (TR) had an absence of serum HCV
RNA during the therapy or at the end of IFN treatment, but has serum
HCV RNA after cessation of the therapy. Because RNA degradation
may have occutred during storage, and because this can be a major
source of variation in microarray data [24], we verified the quality of
the extracted RNA by assessing the ribosomal RNA 285/188S ratio.
Statistical data analysis. The merged data were subjected for hier-
archical clustering to noise reduction and normalization {patent
pending, PCT/JP03/06677} using the refercnce control and then ana-
lyzed with Genomic Profiler software (Mitsui Knowledge Industry,
Tokyo, Japan). In addition, we developed a novel algorithm to cal-
culate the Mahalanobis distance (MD) for the data from 15 patients
using a standard space database (SSDB) {Egs. (1){5) and Fig. 1. To
establish the SSDB, we searched a gene set representing the differences
between the SR/TR and NR groups. The necessary genes for the SSDB
and MD calculations were selected using MATLAB (MathWorks,
Natick, MA). We have calculated a graded scale utilizing variance-
covariance to valuate dispersion and correlation of the standard group
as a training set to establish the center of the gravity of SSDB, Cnce
the SSDB was established, new test sample data were applied to the
equations to calculate the MD, We utilize sMD as a predictive value.
The sMD was presented from the center of gravity of SSDB (0:zero)
along its scale to theoretically oo. This method is one of the pattern
recognition analysis dealing with correlation of multi-parameters [25].

dy= Do Dy {auto scale), (1)
v (de —d) (dey — R .
Se = Lim (s - :—)I( o1~ de) (variance-covariance), (2)
Sn Si2 Sie-1y Sia
St Sn Sae-1y Sy
§=1 : : : :
S S Sp-nye-1)  Ste-1t
Skl Stz Skie-1) Su
(variance—covariance matrix), (3}
d
MD? = {4, )5 d; (Mahalanobis distance), ()
A
MD? -
sMD = - (scaled Mahalanobis distance).  {5)

Results and discussion
The low-density cDNA microarray

High-density microarray data were so hard: to handle
its huge data for analysis and difficult to understand
their meaning. One approach is to minimize gene set for
collection of mRNA profiling data to each category of
research field. Chang et al. [26] have described the se-
lection of data from high-density microarrays for pre-
diction of “docetaxel” therapy efficacy of breast cancer.
Specifically, they omitted low level signals of genes from
the high-density microarray data at first. We followed a
similar approach to select genes on our microarray, also
omitting low frequency tag genes from the SAGE data.
This ensured a steady state signal amongst the target
samples. Based on this selection, we chose 295 genes for
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a low-density microarray system. The DNA sequence of
each cloned gene fragment (500-600bp) was validated
by comparison with the published sequences in the
GenBank database. To provide replicate data, the
cDNAs were spotted in triplicate on the aminosilane-
coated slide glass [8]. Scanning electron microscopy
confirmed that the spots were round, smooth, and ho-
mogeneous without any doughnut features (Fig. 2). To
obtain stable signals, we used three independent internal
RNA references, including RL for the high expression
range, GP for the middle range, and LD for the low
range. The signals from the microarray were adjusted so
that the ScanArray would give reliable signal of 30,000,
which should be within the linear and stable range of the
scanner (maximum signal = 65,535). We also carried
out noise reduction and normalization of data using the
artificial external spike genes as well as some house-
keeping genes. Validation of the low-density cDNA
microarray system was carried out using the RNA from
HepG2 (data not shown).

Adjustment of reference RNA

Selection of an appropriate control reference is an-
other important factor for accuracy in microarray
analysis. One method has been to use laser microdis-
section to select normal tissue from the same patient as a
reference. Although this is useful for single patients, it
cannot be applied to comparison of multiple patients’
samples because the bascline expression of specific genes
can vary from patient to patient. Therefore, conditions
including the duration of disease, the medications used,
sampling conditions, storage conditions, and life style
differences can cause variability in the microarray data.
To eliminate this problem, we have used an artificial
reference RNA isolated from cell lines as a reference,
When we screened the signal levels of both reference and
patient samples, we found 48 genes out of 295 genes in
the microarray that were expressed in the patients but
not or background level in the RNA mixture from the
four cell lines. Typical data from the four cell reference
mixture are shown in Fig. 3A. The IFN-receptor and
some other well-known IFN-inducible factors are indi-
cated. The graph shows that the levels of these mRNAs
are in the low signal range. This includes the IFN-o/B
receptor, even though it has been proposed as a possible
marker for the prediction of IFN efficacy [18,19]. The
problem in this case appears to be high variability in
IFN-u/B receptor gene expression between different
reference RNA preparations. To avoid this problem, we
produced a large single preparation of reference RNA
for future analyses. In addition, we have produced 48
synthetic RNAs, which we added to the reference RNA
mixture. These synthetic RNAs were designed to be
larger than the size of the capture probes on the mi-
croarray. The design and purity of some these synthetic
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Fig. 1. Pattern recognition for establishment of SSOB and MD calculations. The standard space database (SSDB) was established based on a training
data set. The parameter (1 to k) represents each data point (signal level for each gene) in the patient sample. A second parameter (1 to n) represents
each patient. Both parameters were utilized along with the distinguishing genes for each group that were used in a variance-covariance matrix
calculation to ercate the SSDB. Next, the test sample data were calculated to obtain the Mahalanobis distance (MD), where the MI> represents the
distance of new test sample data from the center of gravity in the SSDB. In theory, MD can be from 0 to oo, A high MD value means that its distance

is far away from the SSDB center of gravity.

Fig. 2. Spot geometry on the cDNA microarray. {A) A typical fluorescent image was presented. The negative control (firefly luciferase) gene was
spotted inside of the white square, Scanning electron microscopic images at {B) low power (75x) and (C) higher power (500x) are shown.

RNAs is shown in Fig. 3B. The level of the synthetic
reference RNAs is shown as a scatter plot in Fig. 3C.
These results show that the level of the synthetic RNA
corresponds to the range of pseudo-inflammatory con-
ditiocns. Thus, we spiked these 48 synthetic RNAs to the
average signal level of patients which was surveyed at
first. Without this synthetic reference RNA, it would be
difficult to analyze and categorize the microarray data
and use it to predict the efficacy of IFN treatment. Thus,
the signal below the negative cut-off level will be treated
as zero for further ratio calculation leads to nonsense.

Statistical analysis
A variety of normalization techniques have been used

for the analysis of DNA microarray data [9,27-30].
Many of these techniques rely on the expression of
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housekeeping genes. However, it is difficnlt to find suit-
able candidates, and it would be difficult to integrate a
large set of housckeeping genes onto the low-density
c¢DNA microarray [30-32]. For these reasons, we have
added synthetic non-human genes as external controls.
We have also utilized some type of housekeeping genes
for normalization of the microarray data (patent pend-
ing, PCT/JIP03/06677). Furthermore, to minimize vari-
ability in the calculations due to variability in the
fluorescence measurements, we used six data files (three
scans of each Cy3/Cy5 wavelength) to merge into asingle
representative data for each gene expression analysis.

Hierarchical clustering by the classical method

Hierarchical clustering of the merged data was car-
ried out using Euclid distance and Ward method with
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Fig. 3. Establishment of the artificial reference RNA. (A) Scatter plot of the mRNA signal level in the four cell RNA mixture. The RNA mixture from
four cell lincs was covalently modificd with Cy3 and Cy5 dyes. The signal levels for typical inflammatory genes, including 2,5-oligoadenylate synthetase
(2,5-A8), IFN-a/p receptor, IFN-a receptor, and PKR, are indicated with arrows. (B) Design and purity of the synthetic RNA. The general design of the
synthetic RNA (positional relaticn), including size and position of the probe and the artificial RNA, is shown on the left. Thus, each reference RNA was
designed to be longer than the captured probe on the microarray, but not to exceed the size of the tarpst RNA. The purity of the 11 of the synthetic RNA
samples is shown. The corresponding gene numbers on our cDNA microarray are shown in each panel and are as follows ((GenBank accession number in
parentheses): 42, gamma-G globin (X55656); 140, T cell activation antigen {CD27) (M63928); 147, (2',5)-oligoadenylate synthetase (D00068); 148, p68
kinase (M35663); 152, CIS3 (ABOD6967); 180, calcium-binding protein in macrophages (MRP-14), also known as macrophage migration inhibitory
factor-related protein (X06233); 237, interleukin 2 receptor P chain (p70-75) (M26062); 264, interferon-induced protein 44 (IFI44)} (NM_006417); 271,
interleukin 4 (M13982); and 280, hepatocyte growth factor (X16323). {C) Synthetic spiked RNA signal level. The panel on the left represents the scatter
plot without any synthetic RNA added to the reference RNA, while the panel on the right shows the reference with added synthetic RNAs. The plot
shows the ratio of sample Cy3/CyS rather than real signal level. The spotsin the white rectangle represent the level of the added synthetic RNAs.

Fig. 4. Hierarchical clustering. cDNA microarray data of 15 patients’ samples were analyzed with Genomic Profiler software (MKJY, Japan). For
clustering, normalization, filtering, and T test were essential. Because of interest in predicting clinical outcomes of IFN treatment, we tried to classify
the data into two groups, including non-responders (NR) and transient responders (TR Msustained responders (SR). The accuracy of this prediction was
>93%. The corresponding microarray number and according GenBank accession number of the genes responsible for clusterin g are shown on the right
and include: 100, ¢ytoplasmic dynein light chain 1 (U32944); 258, thymosin B-10 (M92383); 243, stathmin (X53305); 139, homeobox 1.4 protein
(M74297); 142, cAMP-dependent protein kinase regulatory subunit RI-bet (M65066); 239, alternatively spliced interferon receptor (IFNAR2)
(LA42243), 259, eukaryotic translation initiation factor 2, subunit 1 &, 35 kDa (BC002513); 249, brain-derived neurotrophic factor precursor (BDNF)
(M61176); 163, interleukin 2 (X01586); 277, natural killer cell stimulatory factor (NKSF) (M65290); 174, IFN-responsive transcription factor subunit
(M87303); 180, calcium-binding protein in macrophages (MRP-14) alsc known as macrophage migration inhibitory factor-related protein (X06233);
134, lunatic fringe U94354); 111, protein tyrosine kinase (Syk) (L28824); 186, leukocyte-associated molecule-1 o subunit (LFA-1 o subunit) (Y 00796);
255, FLICE-like inhibitory protein short form (U97075); 99, CDK4-inhibitor (p16-INK4) (1.27211); 138, o 7B integrin (X74295); 240, interferon-
stimulated T-cell a chemoattractant precursor(AF030514); 232, Charcot-Leyden crystal protein (LO1664); 83, NADH:ubiquinone oxidoreductase
MLRQ subunit (U94586); 234, apoptotic cysteine protease Mchd (Mchd) (U60519); 246, metallothionein-111 (M9331 1); 149, interferon regulatory
factor 1 (X14454); and 30, heat shock 70kDa protein 1A (BC002453).

Patient | Prediction | Clinical sMD
No outcome (MD/K)*|
10 N so far from
9 SSDB center of gravity
8
15
4
12
13
1
14
6
3
7
11
5 ;
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Clinical Outcome
SRorTR] NR Total %
g SRor TR 11 L] 11{100%
g NR 0 4 4] 100%
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Fig. 6. Mahalanobis distance (MD) and classification for efficacy
prediction. The resulting MD data were arranged along the scale based
on numbers of sMD value. The first column shows the patient number,

Co . S the second column shows the prediction from our microarray anatysis,
Fig. 5. Typical expression pattetn: correlation matrix of 295 gene sig- and the third column shows the actual clinical outcome. Blue repre-

nals. (A) This expression pattern represented the established standard sents the NR group, purple represents TR, and red represents the SR
data as SSDB. Each axis represents genes in consideration. (B) The group. We have set a threshold at the sMDD level of 2.0 to set two
expression pattern shows an example of NR. data as new test sample groups from the sMD calculation. The hit ratio of prediction to clinical
data. Color and brightness are adjusted according to Egs. (1)-(3). outcome was also shown.

79



1094

Genomic Profiler software. Because of our interest in
predicting 1FN efficacy in hepatitis C, we compared the
NR group against SR/TR group [33-35]. We chose
genes with a 5% discriminated expression pattern (T
test) between two groups ([SR vs. NRJN[(SR + TR) vs.
NR]). The hierarchical tree for these genes is shown in
Fig. 4. Appropriate groups were assigned to all but one
case, a TR case that was classified into the NR group.

Development of a new algorithm for hierarchical
clustering

Although the classical method dealing with multi-
parameters allowed satisfactory classification of the
patients into two groups, this method is not useful for
practical purposes. Thus, the entire data set is necessary
for interpretation of the results from the classical anal-
ysis even for the analysis of a single test sample. In
general, clinical diagnosis requires the common scale to
compare the analytical data from samples. But a clas-
sical classification presents only a relative scale among
samples for comparison.

For these reasons, we have developed a new algo-
rithm. This method is based on the calculation of MD.
The concept of the MD calculation is outlined in Fig. 1.
This is one of the pattern recognition analysis and de-
termines how close or how far from the standard group
of interest. Thus, it deals with multi-parameters leading
to single parameter, Mahalanobis distance (MD) as a
scale, from the center of gravity of SSDB established by
a training set shown in Fig. 1. Prior to the MD calcu-
lation, it was necessary to establish a SSDB with a
training data set randomly selected but with clear and
known clinical outcome. The standard expression pat-
tern obtained from the SR/TR group, which was the
established data source for SSDB, is shown in Fig. 5A
and the new test sample pattern of the NR group is
shown in Fig. 5B. The red color represents the higher
expression profile and green depicts the lower expression
profile with an interrelating style at the same time. Then,
the pattern recognition algorithm Eqs. (1)(3) was ap-
plied to compare the two groups. Among these expres-
sion patterns, we selected the stably and differentially
expressed gene set data. Then, every selected gene ex-
pression pattern was correlated to each other like con-
necting a network. Thus, based on Egs. (1)-(3), the
elements that distinguish the groups shown were selected
to create the SSDB. The SSDB was created based on
variance and covariance. Once we established the SSDB
and the center of gravity of the SSDB, we calculated a
MD value for each new test sample (Eq. (4)). We utilized
sMD value (divided the MD value by the number of
parameters) to reduce MD value (Eq. (5)) and simplify
understanding of the results[25]. The classification of
IFN efficacy prediction to hepatitis C patients is shown
in Fig. 6 and clearly shows that this analysis generates
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the NR and SR/TR groups and they are predicted with
100% accuracy (p < 0.005). The sample size (15 cases)
was too small for statistical validation. Further detailed
analyses and validation are ongeing in our laboratory
and will be reported elsewhere.

Although the MD method is popular in even bio-
logical system publications [36,37], an application of
MD method to microarray data is not so popular yet,
The current studies are not the first published report
where MD for analysis of gene expression data {33].
However, that report focused on the differential ex-
pression of a causative gene in conjunction with a
standard hierarchical clustering algorithm. In our stud-
ies, we have attempted to scale the test sample position
as a simple understandable parameter with a new pat-
tern recognition algorithm. Once the SSDB scale has
been established for a project, the MD can be easily used
to classify new data according to the NR and TR/SR
groups on an absolute scale (Fig. 6). This system will be
acceptable for clinicians as a simple system for under-
standing the microarray data.

Cenclusions

Besides the technical issues, there are many factors
that control the variability within a microarray system,
including individual differences between patients, the
duration of the discase of each patient, different thera-
peutic protocols, and complications with other diseases.
Some of these factors interact with each other, while
others are independent. Therefore, an algorithm that
allows some variability in the measurements is needed
for prediction of therapeutic outcomes. The algorithm
presented here appears to satisfy this requirement and it
simplifies handling of large data sets. Finally, this al-
gorithm should be generally applicable to the prediction
of therapeutic outcome of diseases.
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