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U95A{12533)

UniGene of Human (8851)

UniGene of Human (12063)

Genes On Sequence Map (LocusID)

Fig. 1. Correspondence between probelDs and LocusIDs. To associ-
ate gene locua information with gene expression profiles, probelDs
on the Affymetrix U95A oligonucleotide arrays and the LocusIDs on
Genes On Sequence Map (Homo sapiens build 27) of NCBI were
translated into UniGenes. We utilized the 12,063 LocuslIDs, which
had the corresponding UniGenes, on chromosome 1 to 22 of Genes
On Sequence Map. The X and Y chromosomes were excluded, be-
cause the gene expression data utilized in this study were obtained
from both sexes. Since these 12,063 LocuslDs had one-to-one corre-
spondence with UniGenes, these were translated into 12,063 Uni-
Genes. Out of 12,533 probes on the U95A array, 11,334 were trans-
lated into unduplicated 8,851 UniGenes, by referring to the corre-
sponding original GenBank accession number of each probe set.
Although the 12.063 UniGenes were obtained from Genes On Se-
quence Map, only 6,652 of the 12,063 UniGenes were in common
with the 8,851 UniGenes translated from the probes on the US5A
array. In this article, these 6,652 UniGenes are called “Key-Uni-
Genes.”

“bucket” whose length was 100,000 base pairs (100 kbp), and
the Key-UniGenes were assigned the corresponding buckets
according to their reading position (Fig. 2, A and B). A
reading position indicates the start position for gene tran-
seription and was obtained from Genes On Sequence Map.
The number of buckets on chromosome arm arm was defined
as Larm.

Formation of Locus Cluster

To evaluate the proximity of genes on chromosome arm
arm, the Key-UniGenes on the length neighbor buckets from
(begin)-th were defined as a cluster Cyrm_tengen_tegin (Fig. 24).
Repeating the sufficiently minute changes of length and
begin formed the exhaustive uncertainty cluster sets of Key-
UniGenes with chromosomal proximity (Fig. 2C). The EIM
ellows even clusters that overlap each other or include oth-
ers. Therefore, all neighbor buckets in any area of each
chromosome arm were defined as clusters. The number of
Key-UniGenes in the cluster Corm_tengur_segin Was defined as
Coarm_itength_begin Was defined for all

arm = 1p, 1q, 2p, 2q, ..., 22p, 22q
length =2, 3,4, ... [buckets)
begin=1,2,...,(Lyn —length + 1)

Rarm_length_begin-

In addition, to avoid considering a region that contains large
gaps between genes as “one region,” the gaps between the
Key-UniGenes that lie next to each other in Carm_tengeh_pegin
were calculated and the maximal gap was defined as
B8P arm_tength_begin (Fig. 2B). The EIM allows the user to filter

out the cluster(s) whose g€parm_tength_tegin 15 more than
£8P max, Which can be changed interactively. In other words,
the user can exclude regions containing large gaps by con-
trolling gepmax- When £ap max values were 500 kbp, 1 Mbp, 2
Mbp, and 3 Mbp, the percentages of the gaps that were less
than gapmex were 77.6, 89.4, 96.0, and 98.2%, among all gaps
between the Key-UniGenes that lie next to each other.

EIM for Detection of Expression Imbalance Specific To
Squamous Cell Carcinomas

Clusters consisting of genes with expression profiles specific
to S@s. Probes with expression profiles specific to SQs were
extracted as a cluster from 4,083 probes of SQ-NL data sets.
Although the EIM does not depend on the type of statistical
method used for evaluating the difference between two
groups, nonparametrie tests such as the Mann-Whitney test
have the advantage that no assumption is needed about the
distribution of data, compared with parametric tests such as
the t-test. Thus we explain the case of the Mann-Whitney test
as an example.

More specifically, the difference in the level of expression
of each gene between two groups (SQs and NLs) was defined
using the statistical probability, P, of rank sum. Assume that
there are two groups (Ga, n = Ng; G, n = Np) and the rank
sums in G, and G, are Sum. and Sum,, respectively, when
all elements (N, + N} are sorted in order. For simplicity,
assume that Sumg/N, is greater than or equal to Sumy/N,. P
is the probability of observing the rank sum of the N, ele-
ments, which are randomly selected from all elements, to be
more than Sum,.

Table 1. Number of the UniGenes and Key-UniGenes
on Genes On Sequence Map

Chr.  UniGene Key-UniGene Chr.  UniGere Key-UniGene
Arm Number Number (Larm)  Arm Number Number (Lam)
1p 715 394 12p 1 107
1g 614 361 12q 488 289
2p 313 179 13p 0 0
2q 485 274 13q 218 127
3p 315 191 14p ] 0
3q 335 171 14q 411 228
4p 111 60 15p 0 0
4q 356 201 15q 379 197
5p 116 61 16p 254 130
Bq 472 248 16q 244 123
Bp 434 251 17p 218 130
Bq 291 158 17g 513 290
p 180 105 18p 52 34
Tq 373 205 18q 135 76
8p 157 a5 15p 391 199
Bq 262 138 19q 481 249
9p 146 85 20p 122 B3
9q 353 193 20q 245 124
10p 104 53 21p 0 0
10q 382 205 21q 137 B3
11p 234 129 22p o 0
11q 502 280 22q 334 176

Distributiona of the Unifienes, which were obtained from Genes
On Sequence Map (Homo sapiens build 27) of NCBI, and Key-
UniGGenes on each arm of the chromosome. Since the gene expression
data utilized in this study were obtained from both sexes, the X and
Y chromosomes were excluded. Key-UniGenes are the UniGenes that
can be translated into from both the probes on the U95A oligonucle-
otide arrays and the LocusIDs on chromosome 1 to 22 of the Genes
On Sequence Map. The total numbers of the UniGenes and Key-
UniGenes are 12,083 and 6,652, respectively. Chr., chromosome;
Larms number of “buckets™ on chromosome srm arm.
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A B
Chromosome ¥
N=1,2,..21,22% Key-UniGene
Telomeny ",
1 1 (begin)-th i bei
Unit number ¥ e i bucket buckei on arm i g
of baso-pairs mi_ Cluster
{= 100k base-pairs) I3 | Carm_length_begin
Short arm _
Mp .
Centromere == Lo length

(oumber of buckets)

Long arm
Mg
begi
M Cluster gt
Coarm_tength_begin (begin+length-1)-th 1 |
leneth g Iengin.. egintlength-1)-th LELY oni =begin+length-1
morm) "”9’/ bucketonarm T i A(=beg gth1)
end(=begin+length-1) C
- 4
.......... LA, Y SRR, SO
., |||
Telomere

Cluster
{ Carm_lengrh_begin}

Fig. 2. Formation of clusters of genes with chromosomal proximity. A: for easier handling of the gene locus
information, each chromosome arm region was quantized by unit region called “bucket” whose length was 100 kbp,
and the Key-UniGenes were assigned the corresponding buckets according to their reading positions, which were
obtained from Genes On Sequence Map (Home sapiens build 27) of NCBI. The number of buckets on chromosome
arm arm was defined a3 Lasm. To evaluate the proximity of genes on chromosome arm arm, the Key-UniGenes on
the length neighbor buckets from {begin)-th were defined as a cluster Corm_tength_begin- B: to avoid considering a
region containing large gaps between genes as “one region,” the gaps between Key-UniGenes which lie next to each
other in Corm_engts_begin were calzulated and the maximal gap was defined as gapann_tength_segin. The expression
imbalance map (EIM) allows the user to filter out the clusters whose gaparm_tength_begin 18 more than gapmax, which
can be changed interactively. In other words, the user can exclude regions containing large gaps by controlling
80P max. C: repeating the sufficiently minute changes of length and begin formed the exhaustive uncertainty cluster
set of locus information. The EIM allows even the cluaters that overlap each other or include othera. Therefore, all
neighbor buckets in any area of each chromosome arm were defined as clusters.
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Based on this P value, the differential level Dy{g) in which
£ is the probe name was defined as follows

D\(g) = —logwP (n

Probes whose differential level I}, was equal to or more than
diff were defined as a cluster of probes with expression
profiles specific to 8Qs, C.ign_aipyr (Fig. 3). The suffix sign
indicates a differential direction {+, overexpression; —, un-
derexpression in 3Qs). Repeating the sufficiently minute
changes of diff formed the exhaustive uncertainty set of the
clusters specific to 8@s. C,iyn_qiyr was defined for all

sign=—,+
diff =2,3,4,...

For example, C .3 was a cluster of probes whose differential
level Di{g) of overexpression was 3 or more. The EIM was
constructed by all the clusters C,izn_aipr with diff greater than
or equal to the minimum acceptable differential level dmin
(Fig. 3). Since the default value of d.p, is 2, all the clusters,
Ciign_ai, would be utilized. The EIM allows the user to
control dmin interactively for narrowing down the probes, if
needed.

The numbers of probes, UniGenes, and Key-UniGenes of
each cluster are shown in Table 2; n,;,n_air is the number of
Key-UniGenes translated from probes of C,iyn_aiyy When
multiple probes in a cluster could be mapped to a single
UniGene, only the probe with the highest Iy value was
adopted. In addition, Fig. 3 shows probe permutations whoss
differential levels are 2 or more, arranged in the order of the
differential level. Probes with under- and overexpression are
arranged on the left and the right of Fig. 3, respectively.

Construction of the EIM. To detect the expression imbal-
ance regions, it i3 necessary to search for genes with both
cancer specificity and chromosomal proximity. The funda-
mental algorithm of the EIM is to statistically evaluate the
overlaps between clusters of genes with cancer specificity and
clusters of genes with chromosomal proximity. The clusters
specific to the group of 8Qs, Cugn_aiy, are arranged on the

Probes permutation lined up in order of Di(g)

MBALANCE MAP 35

Table 2. Clusters of probes with expression
profiles specific to the group of squamous
cell lung carcinomas

Cluster Name Probe Key-UniGene
Differential Direction {Cuign_aifr) Number Number (nagn_up)
Underexpression
(8Q < NL} C 1,007 668
C-s 844 567
Cos 642 429
C-g 448 301
C_e 283 188
[ 83 61
Overexpression
(8Q > NL) Cez 958 613
Cuz 759 480
Cee 543 329
Cs 334 206
C +& 143 95
C +7 13 8

The probes (on the Affymetrix U95A arrays) whose expression
profiles show significant difference between squamous cell lung car-
cinomas (SQs) and normal lung (NLs) were extracted as clusters,
Caign_dire. The suffix sign indicates the differential direction (“+” =
overexpression: “—* = underexpression in SQg), and diff indicates a
differential level D in gene expression profiles between SQ@s and
NLa. For example, C+3 is a cluster of probes whose differential level
of overexpression is 3 or more. Repeating the suffidently minute
changes of diff formed the exhaustive set of the clusters consisting of
genes with expression profiles specific to 5Qs. The numbers of probes
and Key-UniGenes for each cluster are shown.

abscissa, and the locus clusters, Carm_tengtn_vegin, are on the
ordinate, as shown in Fig. 4. The variable & is the number of
common Key-UniGenes between Ceign_aiy a0d Corm_tenges_begin:
The variable & could be evaluated using the hypergeometric
probability, H, for observing at least k common elements between
randomly selected ny and n; elements among all I elements as
follows, where n1 i8 Raign_qi and 12 i3 Narm_tength_begin-

Under Over
-expression Digr4 DigF3  DifgF2 Diigr2  Digr3 Diigrd -expression
2000000000006 4¢0000000000000 | GES084800000008000000000000¢
Allowed . 0
clusters . : ' :
C'_‘ i Diug>4 Dig)>4 N C;ﬂ
Dig)>3 Dig)>3
C-—3 o + ﬂ'Imin > C4.3
. Di(g)>2 ,L Di(g) > 2 _
C-I o C+2

User can control

Fig. 3. Probe permutation arranged in order ot the difference in gene expression level between squamous cell lung
carcinomas (8Qs) and normal lungs (NLs). Probes on the U95A arrays are lined up in order of the D),(g) level, which
represents the difference in the gene expression level between SQs and NLs. Only probes with differential levels
of 2 or more were arranged. Probes with underexpression and overexpression in SQs are arranged on the left and
right side, respectively. Probes whose differential level D1(g) is equal to or more than diff, are defined as a cluster

of probes with expression profiles specific to SQs, Cugn_ayr. The suffi

% signt indicates the differential direction (+,

overexpreasion; —, underexpreasion in SQs). Repeating the sufficiently minute changes of diff formed the
exhaustive uncertainty set of the clusters specific to SQs. The EIM was constructed by all clusters C,ip_gir with
diff that were greater than or equal to the minimum acceptable differential level dwin. Since the default value of
dmin i3 2, all the clusters, C,yun oy would be utilized. The EIM allows the user to control dmin interactively for

narrowing down the probes, if needed.
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(7))

HUnung k) =1~ — 2
=0 (nl)

When the H value is small, the overlap between Cyign_aigrand
Carm_jength_begin 18 considered statistically significant. That
is, if the H value is samall, then the overlap did not occur
accidentally. Thus the evaluation value, E, is defined as
follows

E(U,nyngk) = — loglH(Un no k) (3

For any combination of Crign_aiy 2808 Carm_tangth_begin, if both
(begin)-th and (begin + length — 1):-th buckets of Carm_jmgth_begin
have the Key-UniGenes that are included in Cygn_qip, then
their E values were calculated. This calculation was prepro-
cessing for the EIM. Then, in real-time processing, if both
Coign_airr 80d Carm_fengen_begin 106t dinin aN3 £8P 1may, respec.
tively, then the E value was represented in the intersection
area Raign_digr arm_tengeh_begin 23 a gray scale. The user can
control dpin and gapmax interactively. The area wlhere the
multiple Repn_difr arm tength_bvegin Valtes overlapped is over-
written at the maximum E value (Fig. 4B). A flowchart that
details these steps is shown in Fig. 5. The EIM for detecting
expression imbalance specific to $Qs is shown in Fig. 6. In

addition, Fig. 7 shows chromosome 3 of the EIM and the
influence of gapmax AL dmip o1 the detection of the expres-
sion imbalance regions specific to SQs.

EIM for Detection of Individual Differences
in Expression Imbalance Among 5Qs

It is effective to extract probes with expression profiles
specific to the group of cancers using statistical analyses,
such as the Mann-Whitney analysis. However, because this
type of analysis treats all specimens with the same patholog-
ical diagnosizs az ome group, the variation in a group is
unobservable., This is sometimes a significant problem be-
cause cancer specimens generally have a great number of
variations. Thus we also developed the EIM for detecting
individual differences in expression imbalance among SQs.

Clusters of probes with expression imbalance in each SQ.
The first step in the development of the EIM for detecting
individual differences in expression imbalance among 5Q
specimens was to extract probes with under- or overexpres-
sion compared with NL specimens, in each S$Q specimen
independently. Assuming that the expression levels of a
certain probe, g, in NL specimens have a lognormal distribu-
tion, if the expression level of a SQ specimen, S, is included
in 100p% of sections on both sides of NL’s distributions, its
differential level Dz was defined as follows

500Z ‘L1 Aeiy uo Bio-ABojoisAyd sowuousbioisAyd woy papeojumoq

A B
Underexpression Overexpression
"1 Cugn_ag
oot (7 i )]
4 Chromosome Arm
arm
(begin)-th
bucket on arm
Cm_b's"-.kxb!
(12 Harm_tengh_egin)]
Intersection Area
(begin+length—1)-th Rﬁgn_ﬂ?ﬁ:mn_lmgih_begh
bucket on arm £3]

Fig. 4. Clusters of genes specific to the group of SQs vs. clusters of genes with proximity on chromosomes. A: to
detect expression imbalance regions. it is necessary to search for genes with both cancer specificity and chromo-
somal proximity. The fundamental algorithm of the EIM is to evaluate statistically the everlaps between clusters
of genes with cancer specificity and clusters of genes with chromosomal proximity. The clusters of probes with
expression specific to the group of SQ, Coyn_aiy, are arranged on the abscissa, and those of Key-UniGenes with
proximity on chromosomes, Carm_jength_tegin, ON the ordinate. Among Cuign_aiy values, the clusters of probes with
underexpression and overexpression in 8Qa are arranged on the left and right side, respectively. The Regn_ayy and
Rorm_tength_tegin are the numbers of Key-UniGenes in Cagn_aiyy and Curm_tength_segin, vespectively; & is the number of
common Key-UniGenes both in Cogn_aiy a8 Corm sengen_begin. The statistical significance of the overlap between
Coign_aipy and Corm tength_begin Was visualized in the intersection area Ruign_aiy arm jength_segin 88 8 gray scale, B: the
area where the multiple Rugn_dig_amm dength_tegin overlapped was overwritten at the maximum E value. Therefore,
when the E value of R} is higher than that of Rz, the area where B, and Bz overlapped is overwritten at that of B).
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Dyg,8) = —logup (4)

Regarding each SQ specimen S: (i = 1, 2,.. ., 21), the probes
whose differential levels Dy(g,S;) were equal to or more
than diff were defined as the individual-specimen cluster,
Ciign_difr_si, Where sign is the differential direction (+,
overexpression; —, underexpression in each SQ specimen).
Caign_airr si was defined for all

sign = —, +
diff=2,3,4,...
$;=12 ...,21

For example, C.2_s; and C_5_g; were clusters of probes whose
expression of S; were included in 1% of sections on both sides
of NL’s distributions. More specifically, C. o s; was a cluster
of probes whose expression levels were equal to or higher
than (avenr + 2.58 stddevn) in a specimen S;, where aveny
is the mean and stddevyy, is the standard deviation of expres-
sion level in NL specimens. In the same manner, C_z g; was
a cluster of probes whose expression levels were equal to or
less than (aveny — 2.58 stddevnL); Rugn_air si i3 the number
of Key-UniGenes in Ciign_air si. If multiple probes in a clus-
ter could be mapped to single UniGene, then only the probe

<Definttion of clusters with cancer specificity>

Evaluation of difference
in the level ol exprevsion
of each gene between SQs and NLs

!

with the highest D2 value was adopted. The average num-
bers, Rsign_difhs of ln.ign_dw_,si](i =1,2,...,21)are shown in
Table 3.

Censtruction of the EIM. In a manner similar to the EIM
for detecting expression imbalance of SQ group, that for
detecting individual differences in expression imbalance
among SQs was also constructed. The individual-specimen
clusters, Cuign_aipr si, Were arranged on the abscissa with
respect to each S;, and the locus clusters on the ordinate (Fig.
8). Underexpression clusters were arranged on the left side
and overexpression clusters on the right. Since the abscissa
represented an array of 5;, it was impossible to represent diff
on the abscissa like Fig. 4. Therefore, the EIM for individual
specimen was visualized by Ciign_aigrs: with a defined diff,
and allowed the user to change diff interactively.

The number of cominon Key-UniGenes between C,ign_aipr s
and Carm._tength_begin, £, could also be evaluated using E(U, n,,
na, k}(Eg. 3), where n, was R,in_diyand na Was Ram,_fength_begin-
If the different specimens have the same number of genes with
under- or overexpression on the same local region, then it is
necessary to evaluate them as similar. Therefore, fisign_ai in-
stead of Run_daiy i was used for the evaluation of the overlap
between C,igngdj”‘ r Si a.nd Ca,-m _length_begin. The E value fOX‘ any
combination of C,.',gn_dw_s;' and Corm _length _begin Was calculated.

<Definltion of clusters with chromosomal proximity>

Quanization of
esch chromysome s region

'

Formation of the exhaustive clusters For ofthe e live
i ifici with chromesomal proximity
with cancer specificity
1Corm temprh Aeypmn]
[}
-C-&’;l-:?_}. wm = I g 20 2g - D 2y
- L L4 fogctk - 104
[C T TR S —
i |
<Construction of EIM>

For any combinition of Cuuw_ngdnd Com_tewgre_eqin «
if the both begin-th and end-th buckets of Corw fomh_degin
have Key-UniGener which are included in Cugy g
then calculate the E-value tOr Ry i e femyrh_besgin

<Visuatization of EIM>

Realtime processing

I Control deym and gapm. interactively I

|

For any Ryiw_ iff urm temph teym

diff >t
Biffarm koot begin - K2l mat

i1 Con 2 80 Coem temprs_begm Meen the 1hresholds,

then the E-value was represeniod in R dyf oo fogih begin 35 8 gray scale
{The anza where the multiple R, m diform ko dcin® O¥ETlapped
was overwriten at the maximuin E-valoc.)

Pig. 5. Flowchart for construction of the EIM for detecting expression imbalance regions specific to SQs. This
flowchart provides details of the steps of the EIM for detecting expression imbalance regions specific to 8Qs. For
the steps of *Definition of clusters with cancer specificity,” please refer to Fig. 3. For the steps of *Definition of
clusters with chromosomal proximity.” please refer to Fig. 2. For the ateps of *Construction of the EIM" and
“Visualization of EIM,” please refer to Fig. 4. The user can interactively control the steps in real-time processing

by changing gapmax and dmin.

Physiol Genontics » VOL 13 « www.physiolgenomics.org

- 105—

500z 'L 1 Aew uo Bio ABojoisAyd-sotwouafioisAyd wol pepeojumoq




38 EXPRESSION IMBALANCE MAP
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20 Mbp (CGH resalution)
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=== Evalustion Valug E [eatmax = 1M (base-pairs), dmin=2]
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Fig. 6. The EIM applied for detecting expression imbalance regions specific to 8Qs. The regions of under- and
overexpression in SQs were visualized on the left and right side, respectively, as gray regional signals. All
statistical evaluation values of any combinations between the exhaustive uncertainty cluster seta of cancer
specificity and chromosomal proximity are visualized on the EIM as the gradation of gray scale simultaneously.
Each exhaustive uncertainty cluster set was formed by repetition of the aufficiently minute changes of the
threshold of cancer specificity or chromosomal proximity. While the area with high luminance corresponds to the
more probable expresaion imbalance region, the EIM enables the user to search as many genes as possible by
referring to more expanded area with lower Juminance. The EIM presented the most significant overexpression
regions on 3q (the evaluation value K = 7.2), which is a well-known locus with frequent genomic gains, as detected
by comparative genomic hybridization (CGH) (6, 8, 9). Note the high resolution of the EIM compared with CGH
resolution (~20 Mbp).

Fig. 7. Expression imbalance regions specific to SQa on chromosome 3. A-I: chromosome 3 of the EIM and the
influence of g3Pmax and dmin on the detection of the expression imbalance regions apecific to SQs. The EIM
represents the K values whoae Coign_diy and Corm_tength_bdegin Meet diin and gapmu, respectively. The EIM allows the
user to control gapmax and dems interactively. The user can narrow down the poaaible expression imbalance regions
by changing gapmax and dmin. Eapecially, as is shown in A-/, changing 2P me, which allows exclusion of regions
containing large gaps between genes, markedly affected the detection of expression imbalance regions. J: the
macrograph of the encircled region A from panel A, Intersection area Ris_sq1es4_s shows the most significant
overexpression region, which is a well-known locua with frequent genomic gains as previoualy detected by CGH (8,

8, 9). That is, the overlap (k = 6) between C.s and Caq_1804_s was statistically the most significant {(E = 7.2). C.g
was the cluster of probea with overexpression whose differential level D1(g) was more than 5 and its number of
Key-UniGenes, n+s, was 205. Csq_ 18045 was the region from 189,400 to 189,900 kbp on chromosome 3 and
contained 9 Key-UniGenes (n3q_i1se4_s = 9). The maximum gap (gopsq_18e4_s) between Key-UniGenes in Csq 1004 5
was 146 kbp. In additicn, all evaluation values of any combinations between the exhauative uncertainty cluster
sets of cancer apecificity and chromosomal proximity are visualized simultaneously on the EIM as gradation of the
gray scale. This gradation pattern could convey the distribution of the false balance to the user through visual
perception and enabled the detection of as many significant genes as possible. In addition, note the high resolution
of EIM compared with CGH resolution (~20 Mbp).

Physiol Genomica » VOL 13 » www.physiolgenomics.org

2]
=
&
S
=
L
&)
o
S
2
e
o
et
°
2,
<
=

—106—

600z ‘11 Aepy uo Bio ABojoisAud soiuouaBioisAyd wod) papeoumoq




[“p]
=
&
Q
=
2
O
]
3]
2
oL
o
e
o
2,
o
¥

EXPRESSION IMBALANCE MAP

Asapm = IM (base-pairs) ngpm = 2M (base-pairs) Cgapm = 3M (base-pairs)

~ Underexpression  Overexpression
- -

(CGH resolution)

£aPmex = 1M (base-pairs)
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Table 3. Clusters of probes with under- or overexpression profiles in each squarmous cell lung carcinoma

Avg. of
Cluster Name Avg. of Probe Key-UniGegna Number 8D of
Differential Direction (Coign_dies1) Nurmber {Raign_dif) Key-UniGene Number
NIA17) > each 5Q C-z2 5 669 447 103
Coas 497 a3l 91
Cowsi 387 259 82
Coe_si 17 211 76
C-o_si 268 181 70
NIA1T) < each 5Q Cag s 321 208 67
Cea_si 188 120 43
Ceass 120 7 35
Cles_st 81 b0 25
Cea_si 58 36 19

To detect individual differences in expression imbalance among 21 5Qs, probes (on the U353A array) with under- or overexpression profiles
in a SQ specimen, S; ¢ = 1,2,...,21), compared with NLs were extracted as clusters, C,ign_airs. This extraction was independently
performed, regarding each SQ specimen. The suffix sign indicates the differential direction (+, overexpreasion: —, underexpression in each
3Q specimen). diff indicates a differential level Dz in gene expression. Shown are the average number of probes and the average and standard

deviation (SD) of Key-UniGenes in the 21 clusters with the sane differential direction and differential level.

{n (= App gp)]
C—dw_s. C—dm'_S. Cm;a'_s. C.ligﬂ_tﬂﬁ'_& C+n‘if_S-
: N :l H ] L i
Underexpression Overexpression
Chromosome N
Chromosome Arm
arm Np
{begin)-th
bucket on arm
Nq
Corm_tengih segin
(22 (= _tergeh_pegin)]
Intersection area
{(begin+length-1)-th R
bucket on arm -"Eﬂ_d?.ﬂ’_l-:?am_leﬂgrh_begin

Fig. 8. Individual-specimen clusters vs. locus clusters. In a manner similar to the EIM for detecting expression
imbalance of SQ specimen group, that for detecting individual differences in expression imbalance among 5Q
apeciimens was also constructed. In a 8Q specimen S; (i = 1, 2,.. ., 21), probes with expression whose differential
level I22(g,8,) was equal to or higher than diff compared with NL specimens were extracted as an individual-
specimen cluster, Cogn_sigr s This extraction was independently performed with respect to each 5Q specimen. The
individual-specimen clusters, Cogn oy s values, were arranged on the abscissa with respect to each S;, and the
locus clusters, Corm _fengrh_segin values, on the ordinate. Among Caygn_eir s values, the clusters of under- and
overexpression were arranged on the lef and right side, respectively. Since the abscissa represented an array of
Si, it was impossible to represent diff on the abscissa like Fig. 4. Therefore, the EIM for individual specimen was
visualized by Cegn_ayr_s: with a defined diff, and allowed the user to change diff interactively; Raign_aiy i8 the
average number of Key-UniGenes in [Cogn_aiz )i = 1, 2.. . ., 21); Rarm_tength_begin 13 the nuinber of Key-UniGenes
in Corm_tength_degin; B is the number of common Key-UniGenes between Coign_aiyr si and Carm_tength_begin. The
significance of overlap between Cogn_airsi 8nd Carm_tength_tegin Was visualized in the intersection area
Raign_diff $i_arm _length begin 88 & gray scale,
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EXPRESSION IMBALANCE MAP 41

when both (begin)-th and (begin + length — 1)th buckets of
Coarm_iength_pegin have the Key.-UniGenes that are included in

wign_digrsi- This calculation was preprocessing for the EIM.
Then, in real-time processing, after a certain diff was se-
lacted, each E value was represented in the intersection area,
Rll'gn_diﬂ'_si_rchnglh_begin, as a gray Scale, if Currn_lengl.h_begin
met gepmax. The user can control diff and gap.,.x interac-
tively.

A flowchart that details these steps is shown in Fig. 9. The
EIM for detecting individual difference of expression imbal-
ance among SQ specimens is shown in Fig. 10. Figure 11
shows chromosome 3 of the EIM and the influence of gapmax
and diff on the detection of the individual differences in
expression imbalance among SQs.

RESULTS AND DISCUSSION

Detection of Expression Imbalance Specific to SQs
The EIM showed the distribution of expression im-

balance specific to SQs (Fig. 6). It is highly comparable

<Definition of individual-specimen clusters>

Extruction of genes
with significant under- or over- expression
compared with NI, specimens,
in each $4J specimen independently
lcxmn FY BN

m— e

-2 14

S-LTL..3

to previous CGH data of lung cancer reported by other
investigators (6, 8, 9). There are significant differences
among these CGH data because of method variation
and sample preparation {especially tumor fraction of
clinical samples). So it may be of little importance to
compare details with individual CGH experiments.
However, the most frequent abnormal loci reported in
most of these studies were alsc detected by the EIM as
regional signal images on chromosomes (expression
imbalance regions), such as loss of 3p, 4q, 5q, and 8p,
and gain of 1g, 3q, and 12p (6, 8, 9). The major differ-
ence from the CGH image is that signals are detected
in a more confined area, which reflects the high reso-
lution of EIM. Figures 6, 7, 10, and 11 clearly show the
high resolution of EIM compared with CGH image.
Especially, the intersection area Ri5 sy 1804 5 showed
the most significant overexpression region on 3q (Fig.
7), which is reported to be the most frequent aberration

<Deflnition of clusters with chromosomal proximity>.

Quantization of

cach chromosorne srm region

'

Fi ion of the exkh ¢

with chromosomal proximity

1 Coarm_teras_deyin}
Landall SLR P R ]
Tempth =24,
beyin - 1,20, 4, .. thorng - lewptk + 1)

i

<Construction of E/M>

For any contbination of Cripe cin 5,200 Corm ook begin «
il the both hegin-th and ead-th buckcts of Com tmeth b
have Key-LniGenes which are included in Cugr g x.
then calculate the Exvalue for Rum £ 5 wme fengrn tyxm

<Visualization of EIM>

Preprocessing

Realtime processing

[ Sclect & cortin diff |

'

I Control gupima: inlcractively

[

¥

I Coaran Jereih Bosa TOCCLS the threshold,
(KOPorm engsh b > RiPrmus)

FOr any Ruyn g 8§ arm_temyth hepn (AT 15 Fixed),

then the E-valuc was represented in Hagn iyt 5, wow dengih hope 83 2 gray scale =

{The arca wheee the mMuIUple Rugm oyr 5, arwe_eogih_bgins OveTlappod
wish overwritlen il the maximum E-value.)

Fig. 9. Flowchart for construction of the EIM for detecting individual differences in expression imbalance among
8Qs. This flowchart provides details of the steps of the EIM for detecting individual differences in expression
imbalance among SQs. For the step of “Definition of clusters with chromosomal proximity,” please refer to Fig. 2.
For the step of “Construction of the EIM” and “Visualization of EIM,” please refer to Fig. 8, In this type of EIM,
since the abscissa represented an array of S;, it was impossible to represent diff on the abscissa like Fig. 4.
Therefore, the EIM for individual specimen was visualized by Cugn_siy s With a defined diff, and allowed the user
to change diff interactively. In addition, it is possible to exclude regions containing large gaps between genes by

changing gapmax interactively.
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20 Mbp (CGH resolution)
o .

(apmax = IM (base-pairs), diff=2]

Y 1 poalustion Value E
0 4 H
Fig. 10. The EIM for detecting individual difference of expression imbalance among 5Qs. The EIM was applied for
detecting individual differences of expreasion imbalance among the 8Qs. Regions of underexpression and overex-
pression were visualized on the left and right side, respectively, as gray regional signals. The expression imbalance
regions in each SQ were evaluated independently. Note the high resolution of EIM compared with CGH resolution
(~20 Mbp).

in SQs by CGH (8, 8, 9). That is, the overlap (k = 6)
between C.g (the cluster of probes with overexpression
whose differential level Dy{g) is more than 5: n,5 =
205) and C3q 1804_5 (the region from 189,400 to 188,900
kbp on chromosome 3: N3q 1894 6= 9, £ap3q 1894 5 = 146
kbp) was statistically the most significant (E = 7.2).
Therefore, the overlap was evaluated using the hyper-
geometric probability for observing at least 6 (=k)
common elements between randomly selected 205
(=n.5) and 9 (=naq 1894 5) elements among 6,652 (=U)

elements. The user can narrow down the possible ex-
pression imbalance regions by changing g¢pmax and
dmin interactively. Especially, as is shown in Fig. 7,
A-I, changing gapmex, Which allows exclusion of the
regions containing large gaps between genes, markedly
influenced the detection of expression imbalance re-
gions, In addition, all evaluation values of any combi-
nations between the exhaustive uncertainty cluster
sets of cancer specificity and chromosomal proximity
are visualized simultaneously on the EIM as gradation

500z 'L} Aep uo Bio ABojoisAud-sojwousBioisAuyd woy pepeojumog

Fig. 11. Individual difference of expression imbalance on chromosome 3. A—I: chromosome 3 of the EIM and the
influence of gapmar and diff on the detection of individual differences in expreasion imbalance among SQs. With
regard to each S@Q specimen, the under- and overexpresaion regions were visualized on the left and righf side,
respectively. Since the expression imbalance regions in each SQ were evaluated independently, this type of EIM
clarified the individual difference of the overexpression region on 3q, which was detected as the most significant
region in the group of SQa by another type of EIM. The user can narrow down the possible expression imbalance
regions by changing gap.w.. and diff. J: macrograph of the encircled region A from panel A. When gopma was 1 Mbp
and diff was 2, the EIM showed that 17 of 21 $Qs had overexpression regions on 3q, which ia comparable to other
data sets by CGH (6, 8, 9. In addition, note the high resolution of the EIM compared with CGH resolution (~20
Mbp).
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A &aPmax = IM (basc-pairs) B £8Pmaz = ZM (base-pairs) 20Pmax = 3M (base-pairs)
C

Underexpression  Overexpression

diff=2

diff =3

diff=4

<Cluster of genes with overeapression specific to cach SQ>
gapmax = 1M (base-pairs)
diff =2
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44 EXPRESSION IMBALANCE MAP

of gray scale, which is clearly shown in Fig. 7J. This
gradation pattern could convey the distribution of the
false balance to the user through visual perception and
enabled the detection of as many significant genes as
possible.

Table 4 shows the gene list of Caq 1894 s. Although
this overexpression region strongly reflected the
known genomic gain detected by CGH, several probes
without overexpression were also detected on this re-
gion. There may be several reasons for this. First, since
several probes with low quality were possibly included
in this region, signal intensity does not always reflect
their target mRNA expression levels. Improvement of
the quality of probes would make it possible to detect
the overexpression region more clearly. Second, mRNA
expression levels would not complstely reflect genomic
copy number changes caused by chromosomal gain or
loss, although there was strong correlation between
them, because they are under various transcriptional
control including feedback pathway of lost or gained
genes themselves. Mukase et al. (7) also reported that
several genes without reduction of expression were
detected in 1pLOH region of oligodendrogliomas. In
addition, it should be stated that cancer tissues used
here contained significant number of noncancerous
stromal or inflarnmatory cells, which add noisy expres-
sion to cancer profiling.

Because of the complex factors discussed above, sim-
ple spatial mapping of the microarray expression pro-
files on chromosomal location gives little information
about genomic structure (Fig. 12, left). In addition, it is
very difficult to define adequate thresholds for cancer
specificity and chromosomal proximity, because the
distribution of “false balance” is unclear and the risk of
overlooking significant genes by arbitrary selection of
thresholds is high (i.e., the “threshold problem™). How-
ever, the EIM, using a new methodology without arbi-
trary selection of thresholds in conjunction with hyper-
geometric distribution-based algorithm, has a high tol-
erance of these eomplex factors and controls the risk of

overlocking the expression imbalance regions. This ad-
vantage of the EIM over the simple spatial mapping is
clearly shown in Fig. 12. The EIM detected the under-
expression regions, A and B, and overexpression re-
gion, C, on chromosome 11, which are known loci with
frequent genomic gain or genomic loss (6, 8, 9), al-
though it was difficult to detect it from the simple
spatial mapping of Dy value.

Detection of Individual Difference in Expression
Imbalance Among SQ Specimens

The analysis for extraction of probes with expression
profiles specific to the group of cancer is very effective
and popular. However, this type of analysis sometimes
raises a critical problem because the individual differ-
ence among & group is unobservable. In this context,
the finction of the EIM to detect individual difference
of expression imbalance in a group is very significant.
Figure 11, A-I, shows that the user can narrow down
the possible expression imbalance regions on chromo-
some 3 by changing gapnax and diff interactively. Fur-
thermore, Fig. 11J shows the individual difference in
the most significant overexpression regions on 3q
{gapmax = 1 Mbp, diff = 2), where 17 of 21 $Qs had
overexpression regions, a finding comparable with
other data sets analyzed by CGH (6, 8, 9).

The high-resolution spatial map of expression pro-
files described in this report, i.e., the EIM, has several
significant advantages. Its validity is clearly shown by
the fact that many known loci with high frequent
genomic losses or gains were detected by regional sig-
nals obtained with high resclution by this method.

Recently, several studies have been reported on mi-
croarray-based CGH for detecting genome-wide copy
number changes (10). However, to our knowledge, no
spatial mapping data obtained with such validity and
genome-wide coverage have ever been reported previ-
ously from this array-CGH method. Experimental dif-
ficulty of genome hybridization and limited number of

Table 4. Gene list of the overexpression region on 3q detected by the EIM

Cancer '
Specificity UniGens  Location, base pairs Description
. Hs.108660 189457995 ATP-binding cassette, subfamily C (CFTR/MRP), member_6
? Hs.343882 189554055 CaM-KII inhibitory protein
x Hs.129801 185604044 KIAA0B04 gene product
X Ha.1166 189609401 thrembopeietin (myeloproliferative leukemia virus oncogene ligand, megakaryocyte growth and
development factor)
* Hs.74619 189621219 proteasome (prosome, macropain) 263 subunit, non-ATPase, 2
x Hs.141660 189658124 chloride channel 2
* Hs.211568 189734699 eukaryotic translation initiation factor 4 gamma, 1
? Hs.146161 189735389 hypothetical protein MGC2408
* Hs.153591 189832147 Not56 (D. melanogaster)like protein
» Hs.174044 189851048 dishevetied 3 (homologous to Drosophila dsh)
. Ha.152936 189862279 adaptor-related protein complex 2, mu 1 subunit

The expression imbalance map (EIM) detected the most significant overexpression regions, R+s_sq_1e04_s, 0n 3q in the 5Qs. This region is
a known locus with frequent genomic gains (6, 8. 9). This table shows the gene list of intersection area R+s_aq 1804 6- R +5_3q 1804 s evaluated
the overlap between C.5 (the cluster of probes on the U95A oligonuclectide arrays with overexpression whose differential level are more than
5) and Caq 1894_5 (the region from 189,400 to 189,900 kbp on chromasome 3: gapsq_1se4s = 146 kbp). Differential levels of the genes marked
with an asterisk (*) were more than 5, and those of the genes with “x™ were leas than 5. The genes with “?” were not the Key-UniGenea but

the UniGenes that were contained in Genes On Sequence Map.
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Simple spatial mapping

probes on CGH array could be major problems for it.
There may be several reasons for the successful result
of our alternative approach, calculation of genomic
structure from expression profile. The first reason is
the use of the Affymetrix-type GeneChip. The large
number of probes (12,533) available enables detection
of a relatively short abnormal region (chromosomal
loss can frequently affect areas as short as a few
hundred kbp), although this method can be easily ap-
plied to other types of microarrays. The second reason,
which is most important, is that the EIM is a visual-
ization method using a new methodology without arbi-
trary selection of thresholds in conjunction with hyper-
geometric distribution-based algorithm. By processing
the complex factors and the threshold problems which
hinder user’s visual perception of essential informa-
tion, the EIM presents to the user a comprehensive
visual image of whole genome-wide information,
clearly indicating where expression imbalance regions
are and which genes are to be examined. It has an
obvious advantage over simple spatial mapping of the
expression profiles. For further curation by the user,
simple clicking of a selected expression imbalance re-
gion on the EIM image leads to a direct link to a file
that contains the actual gene names of the region, their
expression scores, and other biclogical information. In
addition, if the user input the UniGene number of
genes of interest, the EIM indicates its position on the
chromosome. Therefore, the EIM can be a hroadband

Fig. 12. Advantages of the EIM over
the simple spatial mapping of expres-
sion profiles. Left: a simple spatial map-
ping of D1 value, which was calculated
from the expression profiles of SQs. on
chromosome 11. Right: the EIM of the
same region. The EIM allowed detec-
tion of the underexpression regions, A
and B, and overexpression region, C, on
chromosome 11, which are known lec

. with genomic gain or genomic loss (6, 8,
9), although it is difficult to detect it by
simple spatial mapping.

Expression Imbalance Map
{gapmax = 1M (basc-pairs), dmin =2)

interface that enables user's visual percepticn of com-
plex data and further curation.

Using the EIM, we might be able to detect regional
under- or overexpressions independent of copy number
changes, such as gene methylation silencing and/or
imprinting abnormality (11). In addition, by using the
Kruskal-Wallis test (4), which is a rank sum test to
deal with three or more data groups instead of Mann-
Whitney test, the EIM can easily extend to multiple
phenotypes.

In conjunction with the microdissection technique,
which can isolate only tumor-cell-specific RNA (2), our
EIM can more precisely detect potential genomic struc-
tural changes, which offer more diagnostic and thera-
peutic impact.

Conclusion

In this report, we describe the development of the
expression imbalance map, or EIM, a visualization
method without arbitrary selection of thresholds, in
conjunction with hypergeometric distribution-based al-
gorithm, for detecting expression imbalance regions.
By using this method, many known as well as potential
loci with high frequent genomic losses or gains were
detected as regional signals with much higher resolu-
tion than conventional methods, such as CGH. The
EIM can be a broadband interface which enables user’s
visual perception of complex data and further curation,
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46 EXPRESSION IMBALANCE MAP

and its advantage is obvious over simple spatial map-
ping of the expression profiles on chromosomal loca-
tion. Therefore, the EIM would provide the user with
further insight into the genomic structure through
mRNA expression.

This work was supported by Grant-in-Aid for Scientific Research
on Priority Areas (C) “Genome Information Science” from the Min-
istry of Education, Culture, Sports, Science and Technology of Japan.
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Heat Shock Transcription Factor 1 Protects Cardiomyocytes
From Ischemia/Reperfusion Injury

Yunzeng Zou, MD, PhD*; Weidong Zhu, MD, PhD*; Masaya Sakamoto, MD; Yingjie Qin, MD;
Hiroshi Akazawa, MD; Haruhiro Toko, MD, PhD; Miho Mizukami, MD; Norihiko Takeda, MD;
Tohru Minamino, MD, PhD; Hiroyuki Takano, MD, PhD; Toshio Nagai, MD, PhD;

Akira Nakai, MD, PhD; Issei Komuro, MD, PhD

Background—Because cardiomyocyte death causes heart failure, it is important to find the molecules that protect
cardiomyocytes from death. The death trap is a useful method to identify cell-protective genes.

Methods and Results—In this study, we isolated the heat shock transcription factor 1 (HSF1) as a protective molecule by
the death trap method. Cell death induced by hydrogen peroxide was prevented by overexpression of HSF1 in COS7
cells. Thermal preconditioning at 42°C for 60 minutes activated HSF1, which played a critical role in survival of
cardiomyocytes from oxidative stress. In the heart of transgenic mice overexpressing a constitutively active form of
HSF1, ischemia followed by reperfusion-induced ST-segment elevation in ECG was recovered faster, infarct size was
smaller, and cardiomyocyte death was less than wild-type mice. Protein kinase B/Akt was more strongly activated,
whereas Jun N-terminal kinase and caspase 3 were less activated in transgenic hearts than wild-type ones.

Conclusions—These results suggest that HSF1 protects cardiomyocytes from death at least in part through activation of
Akt and inactivation of Jun N-terminal kinase and caspase 3. (Circulation. 2003;108:3024-3030.)

Key Words: ischemia m reperfusion m survival

ecause the loss of functional cardiomyocytes causes

heart failure, it is important to find the molecules that
protect cardiomyocytes from death. The death trap is a useful
method to identify cell-protective genes.! After transfection
of the cDNA library constructed using cardiac mRNA in the
mammalian expression vector, COS7 cells were cultured with
a lethal dose of H,0,. We isolated several cDNAs from the
surviving cells, and one of them was the heat shock transcrip-
tion factor 1 (HSF1). The HSF family (HSF1-4) regulates the
transcription of heat shock protein (HSP) genes.?? In higher
eukaryotes, expression of HSP genes is regulated primarily
by HSFI and HSF3 in response to various stresses and by
HSF2 during development, whereas HSF4 seems to lack the
activity as a positive transactivator. As a classical stress-
responsive factor, HSF1 binds to heat shock element (HSE),
which is present upstream of many HSP genes, and activates
transcription of HSP genes under stress conditions. FHSPs
have been reported to be induced in various cardiovascular
discases and to have protective roles against various stress-
es.4-% Although HSF1 has also been reported to be expressed
in hearts,” its role remains unknown. In the present study,

using the transgenic mice expressing the active form of HSF1
(AHSF1),* we examined the role of HSFl in the heart
subjected to ischemia/reperfusion injury.

Methods

Materials

[y-**PJATP was purchased from Du Pont-New England Nuclear Co.
DMEM and FBS were from GIBCO BRL Co. pCMV SPORT heart
cell expression ¢cDNA library was from Life Technologies, The
enhanced chemiluminescence reaction system was from Amersham.
Other reagents were from Sigma,

Cloning of Cardioprotective Genes by Death

Trap Method

COS7 cells cultured in DMEM supplemented with 10% FBS were
resuspended in serum-free DMEM at 2107 cells/mL immediately
before transfection. Transfection of pCMV SPORT heart cell ex-
pression ¢DNA library was performed by electroporation (220 V,
960 uFD) at 50 pg of plasmid cDNA per mL. Forty-eight hours
later, the transfected cells were stimulated with 1 mmol/LL H,O, for
16 hours in semum-free DMEM to induce cell death and ¢cDNA was
recovered from the survived colonies, This procedure was repeated 4
times. !
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Cell Preparation and DNA Transfection

Primary cultures of cardiomyocytes were prepared from ventricles of
t-day-old Wistar rats, and 0.5 to 10 g of HSF1 ¢cDNA per dish was
transfected into COST cells with the 1.5 to 20 pg of green
fluorescence protein (GFP)-expressing vector by the standard cal-
cium phosphate method.”!?

AHSF1 Transgenic Mice and Murine
Ischemia/Reperfusion Model

Construction of the AHSF1 transgene and generation of the AHSFI1
transgenic mice have been previously described.® Ischemia/reperfu-
sion injury was produced in 12-week-old male transgenic mice and
their littermate wild-type mice by transiently ligating the left
coronary artery.'! All protocols were approved by the guidelines of
Chiba University.

Gel Mobility Shift Assay

DNA binding activities of HSF1 was examined as previously
described using a self-complementary consensus HSE oligonucieo-
tide (5'-CTAGAAGCTTCTAGAAGCTTCTAG-3') (Sigma) as a
probe.®

Antisense Experiment

Phosphothionate antisense oligonucleotides (5'-CTAGAA-
GCTTCTAGAAGCTTCTAG-3") of HSF1 or scramble oligonucle-
otides {5'-AGTCACGATCTATAGATCTGAGTC-3") (Sigma) were
prepared and applied to the culture medium (10 pmol/L) before the
thermal preconditioning treatment of cardiomyocytes.

Apoptosis Analysis
Apoptotic death of cardiomyocytes was determined by TUNEL and
by DNA ladder analysis, as previously described.'0-12

Western Blot Analysis

Total protein extracts from the heart or immunoprecipitates were
electrophoresed on an SDS-polyacrylamide gel (SDS-PSGE) and
transferred to Immobilon-p membrane (Millipore). The blotted
membranes were incubated with antibodies to HSFI1, HSP27,
HSP70, HSP90, HSPI10, caspase3, Apafl, Akt, phospho-Akt (Ser
473), Jun N-terminal kinase (JNK), phospho-JNK (Thr 183/Tyr
185), and e-actin (Santa Cruz Biotechnology), respectively. Immu-
noreactivity was detected using an enhanced chemiluminescence
reaction system according to the manufacturer’s instructions.

Statistics

Data are shown as mean*SE, Multiple group comparison was
performed by one-way ANOVA followed by the Bonferroni proce-
dure for comparison of means. A 2-tailed Student ¢ test was used to
compare transgenic with nontransgenic specimens under identical
conditions. P<<0.05 was considered statistically significant,

Results

Cloning of Cardioprotective Genes

COS7 cells were transfected with a heart cDNA library and
then exposed to fethal dose of H,O,. Six cDNA clones were
isolated from independent colonies of surviving cells, and 3
of them were identical to HSF1. To confirm the protective
role of HSFI, we transfected the isolated HSF1 ¢cDNA into
COS7 cells. Overexpression of the HSF1 protected COS7
cells from H,0,-induced death (Figure 1A), whereas other
¢DNA, such as GFP, had no effect (data not shown).

To examine whether HSF1 protects cardiomyocytes
against H;O,, cultured cardiomyocytes were exposed to H,O,
after thermal preconditioning at 42°C for 60 minutes fol-
lowed by additional culture at 37°C for 24 hours. Electro-
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Figure 1. Protective effects of HSF1 in cultured cells. A, Survival
of COS7 cells from H,O» stress. COS7? cells were transfected
with 2.5 ug of isolated HSFT cDNA with 7.5 ug of GFP express-
ing vector or GFP vector alone and additionally cultured with

1 mmol/L H;0; after 24 hours. Survived cells are expressed as a
percentage of transfected cells. Data are presented as
mean=SE from 3 independent experiments. "P<0.05. B, DNA-
binding activity of HSF1. Cultured cardiomyocytes were sub-
jected to thermal preconditioning (TP) at 42°C for 60 minutes. A
gel mobility shift assay was performed with whole-cell extracts
using a DNA fragment containing HSE. A representative photo-
graph from 3 independent experiments is shown. FP indicates
frea probe. C, DNA fragmentation. Cardiomyocytes with or with-
out TP were exposed to 100 umol/L H0, for 24 hours. Some
cells were incubated with antisense (AS) or scrambled (SC) oli-
gonucleotides of HSF? for 18 hours before TP. Genomic DNA
was separated in 1.5% agarose gels and stained by ethidium
bromide.

phoretic mobility shift assay using HSF1 binding sequence
revealed that the shifted band was enhanced after the thermal
preconditioning (Figure 1B}, indicating that HSFI1 was acti-
vated in cultured cardiomyocytes by thermal preconditioning.
Agarose gel electrophoresis showed that DNA ladder forma-
tion was observed in the cells treated with H,0O,, whereas the
DNA fragmentation was barely detectable in control cells and
cells pretreated with thermal preconditioning (Figure 1C).
The antisense oligonucleotides of HSF1 but not the scramble
oligonucleotides abolished the protective effect of thermal
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Figure 2. Expression of H3Ps in the heart. A, Expression of
HSPs levels in hearts from wild-type (WT) and transgenic (TG)
mice were examined by Westem blot analysis using each anti-
body. A representative photograph from 3 independent experi-
ments is shown. «-actin blot was also presented as a loading
control. B, Quantitative analysis of HSP protein expression.
Intensities of HSPs and «-actin bands were measured by densi-
tometric scanning of the autoradiograms. Relative amounts of
HSPs are expressed as percentage of a-actin. Data are present-
ed as mean=SE from 3 independent experiments. *P<0.05.

preconditioning (Figure 1C), suggesting that the thermal
preconditioning protects cardiomyocytes from H,0O,-induced
cell death through activation of HSF1.

HSF1 Transgenic Mice

To elucidate the protective role of HSFI in the heart, we
examined the transgenic mice that overexpress AHSFI.¥ The
transgenic mice were apparently healthy, and there were no
significant differences in body weight, heart weight, blood
pressure, and heart rate between the transgenic mice and
littermate wild-type mice (data not shown).

Western blot analysis of heart extracts revealed that
AHSF1 protein was expressed only in the adult transgenic
mice, and there was no difference in expression levels of
endogenous FHISF1 between the transgenic and wild-type mice
(data not shown).* The expression of HSPs 27, 70, and 90 was
markedly upregulated in the transgenic heart compared with
wild-type heart (Figures 2A and 2B).

Ischemia/Reperfusion Injury

Mice were subjected to cardiac ischemia for 40 minutes
followed by reperfusion for 120 minutes. There were no
abnormalities in ECG before ischemia in both the transgenic
mice and wild-type mice (Figure 3). When the left coronary
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Figure 3. ECG recordings. ECG was recorded before and dur-
ing ischemia/reperfusion. Representative ECG recordings before
ischemia (C), at 15 minutes after ischemiz (I 15min), and at 1,
15, and 30 minutes after reperfusion (R 1min, R 15min, and R
30min, respectively). Arrows 1 through 4 indicate P wave, QRS
wave, ST segment, and T wave, respectively.

artery was occluded, the ST-segment was rapidly elevated in
both types of mice. There was no significant difference in
ECG change during ischemia between the transgenic and
wild-type mice. When the suture was released to allow
reperfusion, the ST-segment retumed to baseline within 15
minutes in the transgenic mice whereas the ST-segment
elevation remained elevated over 30 minutes in wild-type
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Figure 4. AAR and AQI. A, Representative photographs of wild-
type (WT) and transgenic (TG) hearts stained by Evans blue dye
(EB) and triphenyltetrazolium chloride (TTC) after ischemia/
reperfusion (/R). Red areas in left photographs indicate AAR,
and pale white areas in right photographs indicate AQIL. B, AAR
is presented as a percentage of whole LV mass. AQl is
expressed as a percentage of AAR and of whole LV mass. Val-
ues are mean=5SE of 3 independent experiments. *P<0.05.
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Figure 5. Apoptosis in the heart. A, TUNEL staining. Represen-
tative photographs in the edge of ischemic area after ischemia/
reperfusion (I/R) or in similar area after sham operation (Sham)
from wild-type (WT) and transgenic: (TG) hearts are shown (origi-
nal magnification X200 and x400}. Arrows indicate TUNEL-
positive cells. B, Numbers of TUNE-L-positive cells, Fifty fields in
ischemic area from 5 sections of each heart wers counted. The
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mice. These results suggest that AHSF/ exerts its protective
effect on the electrical activity of myocardium against ische-
mia/reperfusion injury.

We also measured areas at risk (AAR) and areas of
infarction (AOI) after ischemia/reperfusion. Because we li-
gated the left coronary artery at the most proximal portion,
the occlusion consistently created a large ischemic area
{AAR, red myocardium in Figure 4A, left), and there was no
difference in the ischemic area between both groups. How-
ever, there was a significant difference in infarct size (AOI,
pale white areas in Figure 4A, right). Both areas of infarction/
left ventricle (LV) and areas of infarction’ischemic area were
significantly smaller in the transgenic group than those in the
nontransgenic mice (Figure 4B).

Apoptosis in Mice

Ischemia/reperfusion injury has been reported to induce
apoptosis in cardiomyocytes.!? Apoptotic death of cardio-
myocytes was examined in the heart by TUNEL and DNA
ladder analysis. Ischemia/reperfusion induced apoptosis in
many cardiomyocytes (Figures SA and 5B) and produced
marked DNA ladder formation (Figure 5C) in the ischemic
area of wild-type heart. The number of apoptotic cells and
the DNA fragmentation were significantly less in the
AHSFI transgenic heart than the wild-type one (Figures
SA, 5B, and 5C), Caspase 3 was activated and Apafl-
cytochrome C complex was significantly increased in
wild-type mice but less in the transgenic mice after
ischemia/reperfusion (Figure 5D). Instead, more Apafl-
HSP?70 association was observed in the transgenic heart
than in the wild-type heart after ischemia/reperfusion
(Figure 5D).

Activation of Protein Kinases

It has been reported that many stresses, including ische-
mia/reperfusion, activate several protein kinases, including
Akt/protein kinase B and JNK,'# and that activation of Akt
induces survival of cells whereas activation of JNK usually
triggers death-signaling pathways. In the basal state, there
was no difference in the activity of Akt and JNK between
the wild-type and the transgenic heart (Figures 6A through
6C). Ischemia/reperfusion induced a significant activation
of Akt and JNK in the wild-type heart (Figures 6A through
6C), suggesting that both survival and death signaling were
activated in response to ischemia/reperfusion. In the trans-
genic heart, activation of Akt in response to ischemia/
reperfusion was more prominent whereas activation of
JNK was weaker than in the wild-type heart (Figures 6A
through 6C). Although there was no change in protein

number Is expressed as percentage of total cardiomyocytas.
*P<0.05. C, DNA ladders. Genomic DNA from the heart was
separated in 1.5% agarose gels and stained by ethidium bro-
mide. D, Activation of caspase 3 and Apafi. WT and the TG
mice were subjected to I/R. Total cell extracts from the heart or
immune complexes with cytochrome C or HSP70 were sub-
jected to SDS-PAGE. Western blot analysis was performed
using antibodies against caspase 3 or Apaft. Pre-caspase 3
indicates precursor of caspase 3; a-caspase 3, activated
caspase 3; and IP, immunoprecipitation. Representative autora-
diograms from 3 independent experiments are shown.
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Figure 6. Activation of Akt and JNK in the heart. A, Protein
extracts from the total heart were subjected to SDS-PAGE, and
Waestem blot analysis was performed. p-Akt indicates phosphor-
ylated Akt; p-JNK, phosphorylated JNK, B and C, Quantitative
analysis of Akt (B} and JNK (C) activities. The intensities of Akt
or p-Akt and JNK or p-JNK bands were measured by densito-
metric scanning of the autoradiograms. Relative amounts of Akt
or p-Akt and JNK or p-JNK are expressed as percentage of Akt
and JNK, respectively, in sham-operated wild-type (WT) mice.

TG indicates transgenic mice; I/R, ischemia/reperfusion. Data
are mean*SE from 3 independent experiments. *,*P<0.05.
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levels of Akt and JNK after ischemia/reperfusion (Figure
GA), the amount of Akt and JNK that bound to HSP90 and
HSP70, respectively, was more markedly increased in the
transgenic heart compared with the wild-type heart after
ischemia/reperfusion (Figures 7A through 7C).
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Figure 7. Association of Akt and JNK with HSPs. A, Protein extracts
of the heart were immunoprecipitated (P) using antibodies against
HSP70 or HSP90. Immune complexes were subjected to SDS-PAGE,
and the membranes were incubated with antbadies as indicated. B
and C, Quantitative analysis of Akt (B) and JNK (C) bound to HSPs.
Intensities of Akt, .JNK, and HSP bands were measured by densito-
metric scanning of the auteradiograms. Relative amounts of Akt, JNK,
and HSP are expressed as fold of Akt, JNK, and HSPs, respectively,
in sham-operated wild-type (WT) or transgenic (TG) mice. IR indicates
ischeria/reperfusion. Data are mean=SE from 3 independent experi-
ments. *,"P<0.05.
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Discussion

The functional cloning system, death trap, is designed to
isolate molecules that protect cells from death.! Using this
method, HSF! gene was isolated from heart cDNA library.
HSFI, a major heat stress-responding factor, upregulates
many HSP genes, including #HSP110, HSP90, HSP70, and
small HSPs.>* Expression levels of HSP90, HSP70, and
HSP27 were significantly elevated in the heart of transgenic
mice overexpressing AHSFI compared with wild-type mice.
Although HSP70 has been reported to have a cardioprotective
function,'3 17 the role of other HSPs in the heart is largely
unknown. The AFSF! transgenic mouse provides a good
model to examine the role of activated HSFI and of multiple
HSPs in the heart.

Hearts of the transgenic mice were more resistant to
ischemia/reperfusion injury, as indicated by faster recovery of
ST-segment elevation in ECG and smaller infarct size, There
are several potential mechanisms underlying the cardiopro-
tective effect of HSPs.+5 HSPs are generally believed to help
the correct folding of many proteins and restore their func-
tional structures or target denatured proteins to the lysosome
for degradation as molecular cheperones.*$ These functions
of HSPs as molecular chaperones play important roles in
maintaining the normal cell functions and promoting cell
survival, Functions of HSPs other than molecular chaperones
have recently attracted much attention in many organs,
including the heart. It has been reported that accumulation of
HSPs in myocardium shows an ATP-sparing effect that
enhances preservation of high-energy phosphates.*3 Re-
peated coronary occlusions, called ischemic preconditioning,
have been reported to induce rapid normalization of the
elevated ST-segment during reperfusion by improving re-
gional acidosis and hypokalemia.'* HSPs may be involved in
the faster normalization of ST-segment after reperfusion
through restoration of the metabolic and ionic balance.

We showed here that ischemia/reperfusion induced less
apoptosis of cardiomyocytes in the AHSF! transgenic mice
than wild-type mice, Apoptosis is induced by defined bio-
chemical mechanisms, including release of cytochrome C
from mitochondria to cytoplasrn and activation of Apafl
through forming an apoptosome complex.'?° The apopto-
some complexes cleave and activate caspase 3, leading to the
inevitable fate of cell death. It has been reported that
overexpression of caspase 3 in the heart significantly in-
creases infarct size?t and that the treatment with a caspase
inhibitor conversely reduces infarct size.2? HSPs have been
reported to inhibit the formation of the apoptosome com-
plexes through forming cytosolic complexes with Apafl or
cytochrome C and then inhibit activation of caspases.'*2¢ In
this study, Apafl formed more complexes with HSP70 and
less with cytochrome C in the transgenic heart than the
wild-type one, and ischemia/reperfusion activated Apafl and
caspase 3 more weakly in the transgenic heart than the
wild-type one. These results and observations suggest that
HSPs protect cardiomyocytes from ischemia/reperfusion-
induced cell death at least in part through forming complexes
with Apafl and inhibiting the activation of caspase 3.

Both Akt and JNK were activated in the heart after
ischemia/reperfusion, as reported previously.2*#* Activation
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of Akt has been reported to protect cardiomyocytes against
various stresses, such as oxidative stress?® and the ischemia/
reperfusion injury,2® whereas JNK has been indicated to
induce apoptosis during ischemia/reoxygenation in rat car-
diomyocytes.?” In the present study, ischemia/reperfusion
activated more Akt and less INK in the transgenic heart than
the wild-type one, HSP90 has been reported to bind to Akt
and promote activation of Akt through inhibition of protein
phosphatase 2A.** Another recent report also showed that
overexpression of HSP90 leads to an increased phosphoryla-
tion of Akt.2® On the other hand, Hsp70 family can suppress
stress-activated signaling by directly binding to JNK.'43* We
here observed that association between both HSP90 and Akt
and HSP70 and INK was more enhanced in the [SF/
transgenic heart than in the wild-type heart. These results
collectively suggest that HSPs exert cardioprotective effects
through activation of Akt and suppression of INK. Additional
study is needed to elucidate which mechanism plays a major
role in HSFI/HSP-induced protection of cardiomyocytes.
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