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(ChIP) coupled to pyrosequencing. Our results have
revealed dynamic histone modifications in the vicinity of
a subset of protein-coding genes in the human genome,
which directly participate in regulation of the contraction
of cardiac myocytes.

Results

Histone modifications in the heart of Dahl rats

We prepared LV myocytes from Dahl salt-sensitive rats,
which are genetically intolerant to excessive salt intake
(Rapp ef al. 1989). A high-sodium diet thus induces
systemic hypertension and cardiac hypertrophy in Dahl
rats within a few weeks. These changes are followed
within a few months by the development of CHF and
death. We isolated cardiac myocytes from rats with CHF
(fed a high-sodium diet) as well as from age-matched
animals with a normal heart (fed a low-sodium diet), and
we subjected these cells to ChIP with antibodies to
acetylated histone H3 (H3Ac), acetylated histone H4
(H4Ac), histone H3 dimethylated on lysine-4 (K4DM),
histone H3 trimethylated on lysine-4 (K4TM), histone
H3 dimethylated on lysine-9 (K9DM), histone H3 tri-
methylated on lysine-2 (K9TM), histone H4 trimethylated
on lysine-20 (K20TM), or histone H3 dimethylated on
lysine-27 (K27DM). The ChIP products as well as cRNA
prepared from the normal or failed hearts were then
individually subjected to hybridization with high-density
oligonucleotide microarrays (Affymetrix Rat Genome
230 2.0 GeneChip) originally developed for expression
profiling of rat genes.

Pearson's correlation coefficient for the signal intensity
of all probe sets with a *“Present” call (by Affymetrix GCOS
software) in the normal heart (1= 13 914) was 0.873 in
the ¢cRNA hybridizations for normal and failed hearts

(Fig. 1), indicative of a strong correlation in the expression
level of most genes between the two samples. Consistent
with this observation, the signal intensity for all probe
sets with a positive value in the H3Ac ChIP products
from the normal heart (n = 12 027) was highly correlated
between these products from normal and failed hearts
(r=0.724). A similar strong correlation between the two
groups was observed for H4Ac.

Unexpectedly, however, despite the strong correlation
(r=0.856) apparent for K4DM, only a weak negative
correlation (r=~0.097) was detected for the K4TM mark
between normal and failed hearts, indicative of marked
differences in the associated gene sets. Similarly, although
a strong correlation was observed for K9DM (r = 0.558),
a weak negative correlation (r=-0.251) was apparent
for K9TM. Hybridization levels were positively cor-
related between normal and failed hearts for K20TM
and K27DM.

Thus, among the epigenetic marks examined, K4TM
and K9TM were the histone modifications most affected
in heart failure. Although differences in functional roles
and genomic distributions between K4DM and K4TM
have been described (Santos-Rosa ef al. 2002; Bernstein
et al. 2005), licde has been known of such differential
roles for the methylation level of lysine-9 of histone H3.

K4TM and K9TM profiles in the human heart

We next attempted to identify the genomic regions
associated with the K4TM and K9TM marks in human
cardiac myocytes. ChIP products for K4TM or K9TM
were prepared from a mixture of LV tissue specimens
from four individuals with retained pumping function
[LV ejection fraction (EF) of 65.5 £ 7.6%, mean % SD] or
from four individuals with CHF (LVEF of 19.8 £ 5.7%)
caused by dilated cardiomyopathy (Table 1). The ChIP

Table 1 Clinical characteristics of the subjects who provided specimens for the study

Sample ID Discase Age (years) Sex LVEE (%)
HighEF PM B HVD (MSR, ASR) 59 F 65
PMI12 HVD (MSR) 73 F 58
PMI13 HVD (MS) 55 E 76
PM14 HVD (MS5) 62 F 63
CHF LVi13 DCM 52 M 17
V14 DCM 55 M 25
LV18 DCM 57 M 13
LV20 DCM 64 F 24

HVD, heart valvular disease; MS(R), mitral stenosis (and regurgitation); ASR, aortic stenosis and regurgitation; DCM, dilated

cardiomyopathy; F, female; M, male.
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Figure 1 Comparison of epigenetic profiles between normal and
nucleotide microarrays was compared between total cRNA from

failed rat hearts. The expression level of each probe set on oligo-
normal (x axis) or failed (y axis) hearts by calculation of Pearson's

correlation coefficient (). ChlP-on-chip data for H3Ac, H4Ac, K4DM, K4TM, K9DM, K9TM, K20TM. and K27DM are

similarly compared.

products were subjected to pyrosequencing with the
Genome Sequencer 20 system (Roche), In this “ChIP-
to-seq”’ experiment, 96 069, 95 596, 116 267, and 96 734
reads were obtained for the K4TM products for specimens
with retained LV ejection fraction (HighEF), the K4TM
products for CHF, the K9TM products for HighEF,
and the K9TM products for CHF, respectively. After
qualiry-filtering, we isolated an average of 36 279 reads
per sample, for each of which a single hit with a highest
matching score was identified in the human genome
sequence (the hgl8 asembly of the Genome Biomnformatics
Group, University of California at Santa Cruz) (Table S1

© 2008 The Authors

in Supporting Information), We thus focused on these
reads for further analysis.

Many regions of the genome were identified in which
multiple sequence reads mapped closely to each other.
We therefore defined a “cluster” as a group of sequence
reads localized within a distance of 1 kbp in the human
genome (Fig. 2A). A total of 94 202 clusters was identified
for all four samples, and 18 725 of these clusters, referred
to as "high clusters,” contained 2 2 sequence reads in 2 1
sample (see Table $2 in Supporting Information).

We then examined histone modification at the high
clusters for specificity of the epigenetic mark (K4TM or
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Figure 2 High clusters in K4TM and K9TM ChIP-to-seq data. (A) Groups of sequence reads that map to the human genome within
a distance of 1 kbp are defined as “clusters,” which are further denoted as “high clusters” when the read number in the clusteris2 2in2 |
sample. (B) Numbers of high clusters with a read number of 2 5 for K4TM or K9TM mn HighEF or CHF samples (shaded boxes). The
numbers of such clusters shared between any pair of samples is also indicated (open boxes).

Table 2 Disease-specific lngh clusters

Characteristics of Total number of Number of high clusters Number of high clusters
Mark high clusters high clusters close to RefSeq genes close to CpG islands
E4ATM HighEF 25, CHF £ 1 836 407 129

HighEF £ 1, CHF 2 5 786 432 163
K9TM HighEF 2 5, CHF £ 1 220 75 18

HighEF <1, CHF 2z 5 196 69 10

K9TM) and disease status (HighEF or CHF). Among the
high clusters, 875 had 2 5 reads in the K4TM product
for HighEF, 818 had 2 5 reads in the K4TM product
for CHE, 269 had 2 5 reads in the K9TM product for
HighEF, and 229 had 2 5 reads in the K9TM product for
CHF (Fig. 2B). Only a few dozen of such high clusters
were shared between any pair of samples, indicating
the existence of disease-specific as well as methylation
site-specific epigenetic profiles. Therefore, despite the
heterogeneity in the cause of CHF (sustained systemic
hypertension or dilated cardiomyopathy), both the Dahl
rat and human data sets revealed a2 marked difference in the
K4TM and K9TM epigenetic profiles between normal
and failed hearts. Such specificity is further visualized
for human chromosome 1 in Fig. S1 in Supporting
Information. In contrast, the profile of read number per

Genes to Cells (2009) 14, 69-77

cluster was similar among the four groups of human ChIP
products (see Fig. S2 in Supporting Information).

Genes mapped closely to disease-dependent clusters

We then isolated disease status-specific high clusters from
the data set. A total of 836 high clusters was found to
contain 2 5 reads in the K4TM products for HighEF but
<1 read in those for CHF (HighEF-specific K4TM
clusters); 407 RefSeq genes mapped to within <5 kbp
of these clusters (Table 2). Similarly, 786 high clusters
were found to be specific for K4TM and CHF (£ 1 read
in the K4TM products for HighEF but 2 5 reads in those
for CHF). Smaller numbers ot disease-dependent clusters
were identified for the K9TM mark (220 HighEF-specific
and 196 CHF-specific). These disease-dependent clusters
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Figure 3 Analysis of genes that map in the vicinity of disease-dependent high clusters. (A) Canonical signaling pathways overrepresented
in the HighEF-specific or CHF-specific high clusters for the K4TM ChIP products are listed with the corresponding —log(P value) score.
(B) Canonical signaling pathways overrepresented in the HighEF-specific or CHF-specific high clusters for the K9TM ChIP products
are listed with the corresponding —log(P value) score. (C) Venn diagram for comparison of transcripts associated specifically with HighEF
or CHF status and those encoded by genes that map within a disance of < 5 kbp relative to a high cluster.

were widely distributed throughout human chromosomes
and showed little overlap (see Fig. S3 in Supporting
Information).

We examined whether the protein products of RefSeq
genes that mapped in the vicinity (a distance of < 5 kbp)
of disease-dependent clusters function in canonical
intracellular signaling pathways with the use of Ingenuity
Pathway Analysis software (Ingenuity Systems; hup:/
www.ingenuity.com). Analysis of the RefSeq genes
associated with the disease-dependent K4TM clusters
identified 12 canonical pathways that were significantly
overrepresented (P < 0.05, Fisher's exact test) in HighEF-
specific clusters and 20 pathways overrepresented in
CHF-specific clusters. Many of the pathways (n = 10)
were overrepresented in both HighEF-K4TM and CHF-

© 2008 The Authors

K4TM clusters, almost all of which (including those for
calcium signaling, synaptic long-term regulation, and
nitric oxide signaling) are related to cardiac function
(Fig. 3A).

Consistent with the disease-dependent selection of
the clusters, the HighEF-associated and CHF-associated
genes were distinct even within the same pathways. The
canonical pathway for synaptic long-term potentiation, for
example, contains the products of eight HighEF-associated
and 12 CHF-associated genes, the interactions among
which are shown in Fig. $4 in Supporting Informa-
tion. Although genes corresponding to the calmodulin
complex are present in both gene sets, these genes differ
between the HighEF set (CALM1) and the CHEF set
(CALM3).
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In addition to the proteins of the canonical signaling
pathways, many products of the genes in the vicinity of
disease-dependent high clusters for K4TM are functionally
or physically networked. One such network comprises
34 proteins, 18 of which are encoded by HighEF-associated
genes and 16 by CHF-associated genes (Fig. S5 in
Supporting Information). Again, the genes for some
complexes associated with both gene sets are distinct;
those for the ATPase complex, for instance, include that
for ATP1B1 in the HighEF-associated set and that for
ATP5C1 in the CHF-associated set. Gene products in
this network are substantially enriched in those implicated
in cardiovascular disease.

In contrast to the K4TM-specific clusters, only a few
canonical signaling pathways are linked to the RefSeq
genes localized in the vicinity of K9TM-specific clusters.
This difference is due in part to the small number of high
clusters that contain disease-dependent reads for KOTM.
Whereas the numbers of high clusters for HighEF
specimens were similar between K4TM and K9TM
products (n = 6547 and 5594, respectively), the numbers
of disease-dependent clusters for the K9TM mark were
only approximately 25% of those for the K4TM mark
(Table 2). Seven canonical signaling pathways were over-
represented (P < 0,05, Fisher’s exact test) in the genes
associated with the HighEF-K9TM clusters, whereas only
one such pathway was overrepresented in those associated
with the CHF-K9TM clusters (Fig. 3B). The network
containing the most disease-dependent K9TM-associated
gene products is centered on transforming growth factor
B1 (I'GFB1) and the tumor suppressor p533 (TP53),
implicating K9TM-related regulation in cell death in
the heart (see Fig. S6 in Supporting Information).

Our analysis thus revealed differential regulation of
K4TM modification for genes related to cardiac function.
To examine whether such epigenetic regulation plays a
direct role in gene transcription, we performed gene
expression profiling with Human Genome U133 Plus
2.0 arrays (Affymetrix) for the individual specimens
(four for HighEF and four for CHF) used in the ChIP
experiments. From the data obtained for 54 675 probe
sets and the eight specimens, we selected HighEF-specific
probe sets according to the following criteria: (i) the ratio
of the mean expression level between HighEF and CHF
was 2 3, and (i1) the mean expression level in HighEF
was 2 10 arbitrary units (U). These criteria resulted in
the isolation of 67 probe sets (see Table 53 in Supporting
Information). CHF-specific probe sets were also selected
on the basis of a CHF/HighEF ratio for mean expression
level of 23 and a mean expression level in CHF of
210 U, resulting in the identification of 80 probe sets
(see Table S4 in Supporting Information). A total of
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Figure 4 Epigenetic profile and mRNA abundance for
FER1L3. Six sequence reads were selectively idennfied in the first
intron of the FER1L3 gene for the K4TM ChIP products of the
HighEF sample (upper panel). E, exon. Consistent with this
epigenetic profile, the amount of FER1L3 mRNA was higher in
the HighEF specimens than in the CHF specimens, a5 judged from
the microarray dat (lower panel).

16 152 of the transcripts measured with the U133 Plus
2.0 arrays mapped within a distance of £ 5 kbp relative
to the high clusters. A Venn diagram revealed that only
21 probe sets were shared between the HighEF-specific
and high cluster-associated transcripts, whereas 25 probe
sets were shared between the CHF-specific and high
cluster-associated transcripts (Fig. 3C). The K4TM
mark has been found to map preferentially to the
transcription start sites of active genes (Bernstein ef al.
2005). Although a typical correlation between the K4TM
modification and selective gene expression was apparent
for a subset of genes (Fig. 4), our results suggest that this
dynamic epigenetic regulation in the heart may not
always directly participate in transcriptional regulation of
neighboring genes.

Discussion

In the present study, we have revealed heart failure—
dependent changes in the epigenetic profiles for K4TM
and K9TM marks. The antibodies used in this study have
been utilized in other reports for ChIP experiments, with
those for K4TM and K9TM being especially employed
in a genome-wide epigenetic profiling (Pokholok et al.
2005; Vakoc er al. 2006). Although it is difficult to
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extensively verify our data in this study (because of the
lack of knowledge in epigenetic profiles in heart), our
ChIP procedure could faithfully confirm the epigenetic
data demonstrated in previous studies [You e al. have, for
instance, revealed that an apicidin treatment decreases
the K4TM level while increases the K9TM level in the
exon 1 of DNMT1 in HelLa cells (You et al. 2008), and
we could observe similar changes in the same experiment
(data not shown)|, supporting the reliability of our
ChIP procedures.

Despite increasing evidence for a role of histone
acetylation-deacetylation in the development of cardiac
hypertrophy and heart failure, little information has been
available for other histone modifications in these condi-
tions (Ili er al. 2005; Phan ef al. 2005; Bingham ef al.
2007). Given the marked differences between the profiles
of dimethylation and trimethylation for both K4 and K9
sites of histone H3, such trimethylation is likely under
strict regulation in failed hearts.

The genes positioned close to the K4TM or K9TM
marks were highly enriched in those that encode com-
ponents of signaling pathways related to cardiac function.
The HighEF-specific K4TM modification was, for instance,
associated with RYR2, CACNA2DI1, and CACNB2
genes, the products of which directly participate in the
regulation of intracellular calcium concentration and in
muscle contraction (Cataldi er al. 1999; Marx er al. 2000).
However, such disease-dependent histone methylation
was not always linked to the induction or repression of
neighboring genes. The expression level of the above
three genes thus did not differ significantly between
HighEF and CHF specimens (data not shown). Further-
more, only ~30% of HighEF- or CHF-specific transcripts
were derived from genes associated with disease-dependent
K4TM or K9TM modification (Fig. 3C). Consistent
with such observations, the expression ratio for probe
sets between normal and failed hearts of Dahl rats was
not significantly correlated with the intensity ratio for
any of the examined histone modifications, including
H3Ac and H4Ac (data not shown). Therefore, despite
the marked association between disease status and both
transcript abundance and a subset of histone modifications,
none of the latter can directly account for the former.

The epigenetic changes associated with heart failure
may regulate gene transcription not through a single
modification but through a combination of various marks
(the “histone code” hypothesis) (Strahl & Allis 2000). The
disease-dependent epigenetic changes also may alter the
conformation of chromosomes, inducing an open or
closed chromatin structure that indirectly affects the
targets of subsequent regulation, such as the binding of
transcription factors or additional chromatin remodeling.

© 2008 The Authors
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The subsequent regulation step would then play an
important role in transcription of neighboring genes.
In either case, our epigenctic profiles should facilitate
further investigations into the roles of epigenetic changes
in the development of heart failure.

Experimental procedures
ChIP-on-chip experiments

Dahl salt-sensitive rats (Japan SLC) at 6 weeks of age were
maintained on a low-sodium diet (0.3% NaCl) or switched 1o a
high-sodium diet (8% NaCl); the latter animals developed heart
failure, as detected by echocardiography, after 13 weeks, as
described previously (Ueno ef al. 2003). ChIP products were
prepared from the LV myocytes of 19-week-old Dahl rars with
antibodies specific to H3Ac (Upstate, #17-245), H4Ac (Upstate,
#17-229), K4DM (Abcam, #ab7766), K4TM (Abcam, #ab8580),
K9IDM (Upstate, #07-441), K9TM (Upstate, #07-442), K20TM
(Abcam, #ab9053) or K27DM (Upstate, #07-452). The products
were amplified by T7 RNA polymerase and subjected to
hybridization with Affymetrix Rat Genome 230 2.0 microarrays
as described previously (Takayama e al. 2007). Total genomc
DNA (Pre-ChIP) and ¢RNA prepared from the LV tnssue were
also hybridized to the same arrays. The mean expression intensity
of all probe sets was set to 500 U in each hybridization, and the
fluorescence intensity of each test gene was normalized accordingly.
Microarray data for rat and human hearts are available ar the Gene
Expression Ommibus web site (htep:/www.ncbi.nlm.nih.gov/
geo) under the accession numbers GSE8341 and GSES331,
respectively. For the ChIP data, the signal intensity of each probe
set in the Pre-ChIP analysis was then subtracted from that of the
corresponding probe set n each ChIP experiment.

ChIP-to-seq experiments

All clinical specimens were obtained with written informed
consent, and the study was approved by the ethics committees of
Jichi Medical University and Hayama Heart Center. ChIP products
were prepared from pooled samples for HighEF or CHF {each
derived from four specimens) with antibodies to K4TM or
K9TM. The products were convetted to cRINA and amplified as
described above for ChIP-on-chip experiments. The cRNA was
then used to generate double-stranded DNA, which was subjected
to pyrosequencing with a Genome Sequencer 20 system (Roche
Dhagnostics), Keypass wells occupied 82.7% to 87.0% of original
Raw wells. Homology searches with the BLAST program were
performed against the human genome sequence (the hg18 asembly)
for each readout with the following parameter set: —e 2e-19 —v 50
b 500-T F-F F-m 8.
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Figure S4 Protein complexes in the synaptic long-term potenti-
ation pathway in Fig. 3A are colored red or green on the basis of
whether the corresponding genes are associated with HighEF-
specific or CHF-specific high clusters for K4TM, respectively.
Figure S5 Interaction map for a protein nerwork that contains
the products of 18 and 16 genes associated with the HighEF-
specific and CHF-specific high clusters for K4TM, respectively.
Figure S6 Network for the products of genes that mapped in the
vicinity of K9TM high clusters.

Table $1 Output of pyrosequencing.
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Abstract Epigenetics refers to the heritable regulation of
gene expression through modification of chromosomal
components without an alteration in the nucleotide
sequence of the genome. Such modifications include
methylation of genomic DNA as well as acetylation,
methylation, phosphorylation, ubiquitination, and SU-
MOylation of core histone proteins. Recent genetic and
biochemical analyses indicate that epigenetic changes play
an important role in the development of cardiac hypertro-
phy and heart failure, with dysregulation in histone
acetylation status, in particular, shown to be directly linked
to an impaired contraction ability of cardiac myocytes.
Although such epigenctic changes should eventually lead
to alterations in the expression of genes associated with the
affected histones, little information is yet available on the
genes responsible for the development of heart failure.
Current efforts of our and other groups have focused on
deciphering the network of genes which are under abnor-
mal epigenetic regulation in failed hearts. To this end,
coupling chromatin immunoprecipitation to high-through-
put profiling systems is being applied to cardiac myocytes
in normal as well as affected hearts. The results of these
studies should not only improve our understanding of the
molecular basis for cardiac hypertrophy/heart failure but
also provide essential information that will facilitate the
development of new epigenetics-based therapies.
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What is “epigenetics™?

The eukaryotic genome is tightly compacted as a result of
its association with highly conserved histone proteins. The
interaction of stretches of genomic DNA with core histone
proteins (two molecules each of H2A, H2B, H3, and H4)
thus results in the formation of nucleosomes, which are the
basic structural units of chromatin. The further association
of histone H1 and other proteins with nucleosomes
strengthens the compaction and gives rise to the highly
ordered, condensed structure of the chromosome (Fig. 1).
The interaction of genomic DNA with these chromosomal
proteins greatly influences the access of transcriptional
factors to their target DNA sequences and thereby regulates
transcriptional activity.

“Epigenetics” refers to the heritable regulation of gene
expression through the modification of chromosomal
components without an alteration in the nucleotide
sequence of the genome [1]. Several such modifications
have been linked to the regulation of gene expression,
including methylation of genomic DNA as well as acety-
lation, methylation, phosphorylation, ubiquitination, and
sumoylation of histone proteins (Fig. 1).

Core histones have an amino-terminal tail that protrudes
from the chromatin fiber and which is believed to interact
with DNA or other histone or modulatory proteins. Lysine
and arginine residues within this tail are the main targets
for histone modification. Lysine-9 in histone H3 (H3-K9),
for example, becomes methylated or acetylated in response
to a variety of signals, In general, the acetylation of
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Fig. 1 Epigenetic changes at different levels of chromatin structure.
CpG sites within genomic DNA undergo methylation, and core
histones in nucleosomes undergo acetylation (Ac), methylation (Mer),
ubiquitination (Ub), sumoylation (), or phosphorylation (P). Higher
order chromatin structure is also dynamically modified by chromatin-
remodeling complexes

histones is associated with the induction of gene expression
(Fig. 2). The acetylation of histone tails is thought to
neutralize the positive charge of lysine residues and
thereby to induce a decondensation of chromatin structure.
The resulting open architecture of the chromosome allows
transcriptional factors to access their binding sites in
genomic DNA and to activate transcription. However, the
same histone modification has been associated with
seemingly diverse outputs in a context-dependent manner.
The existence of a “histone code” has thus been proposed,
with a combination of histone modifications — and not only
one — supposedly specifying the outcome in terms of gene
expression [2]. However, this hypothesis has been chal-
lenged by recent data [3].

The acetylation of histone tails is mediated by histone
acetyltransferases (HATs), whose activity in cells 1s rapidly
counteracted by that of histone deacetylases (HDACs) [4].
The turnover time of histone acetylation in cells is thus as
short as a few minutes [5]. The importance of histone
acetylation in the regulation of gene expression has been
demonstrated for a variety of cellular processes, including
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Fig. 2 Epigenetic changes and transcriptional activity. Suppression
of gene expression (OFF) is correlated with the methylation (Mer) of
genomic DNA, deacetylation of histones, and methylation of H3-K9.
In contrast, activation of gene expression (ON) is associated with
unmethylated genomic DNA, acetylated (Ac) histones, and methyl-
ated H3-K4

cell differentiation, cell cycle progression, DNA repair, and
carcinogenesis [6, 7].

Epigenetic status in cardiac myocytes

The regulation of histone acetylation has been shown to be
linked to cardiac hypertrophy. The HAT activity of CREB-
binding protein (CBP) and p300 is thus required for the
induction of hypertrophic changes in cardiac muscle cells
by phenylephrine [8]. Consistent with this observation, the
inhibition of HDAC activity results in an increase in the
size of muscle cells [9]. Furthermore, class II HDACs
(HDACH, -5, -7, and -9) suppress cardiac hypertrophy, in
part by binding to and inhibiting the activity of myocyte
enhancer factor 2 (MEF2) [10]. In contrast, however,
HDAC?2 together with Hop, a homeodomain protein, was
found to promote cardiac hypertrophy in vivo in a manner
sensitive to systemic administration of the HDAC inhibitor
trichostatin A (TSA) [11]. Moreover, HDAC inhibitors
prevent hypertrophy and sarcomere organization in cul-
tured cardiac myocytes [12], which is suggestive of a
positive role for HDACs in cardiac hypertrophy.

These seemingly discrepant findings may be attributable
either to differential actions of different classes of HDACs
(and, possibly, of HATs) with regard to myocyte hyper-
trophy or to a dissociation between the deacetylase activity
of HDACs and a pro-hypertrophic function [10]. Clarifi-
cation of the role of HATs and HDACs in hypertrophy
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would be facilitated by the identification of the genes tar-
geted by these enzymes during the induction of
hypertrophic changes. Little is known, however, of the
genes regulated by HATs or HDACs in myocytes. Induc-
tion of the atrial natriuretic peptide (ANP) gene is
associated with the acetylation of histones (H3 and H4)
located in the 3’ untranslated region of the gene [13].
Histones bound to the fi-myosin heavy chain gene have
also been shown to be targeted by HATSs in myocytes [10].

Differential chromatin scanning (DCS) method

Given the essential role of histone acetylation in cardiac
hypertrophy, itis important that the genes or genome regions
bound to histones with such differential modifications be
identified. Chromatin immunoprecipitation (ChIP) coupled
with hybridization to genome tiling microarrays (“ChlP-on-
chip” experiments) has been used to screen for those genes
under epigenetic regulation [14-16]. However, an extensive
mapping of ChIP products on the human genome has been
hampered by insufficient information on human genome
annotation. Furthermore, hybridization of genome-derived
fragments to microarrays is prone to non-specific signals
that partly represent the GC contents of the fragments.

To effectively isolate genome fragments with differen-
tial epigenetic regulation, we have developed a novel
“DCS™ method which basically couples ChIP to subtrac-
ton PCR [17, 18]. The DCS procedure is schematically
shown in Fig. 3. Following the cross-linking of DNA to
histones through the use of formaldehyde, both tester and
driver cells are separately lysed and subjected to mild DNA
shearing by sonication for a short period. Complexes of
DNA and acetylated histones are then specifically immu-
noprecipitated with antibodies 1o acetylated histone H3,
after which the DNA fragments are released from such
complexes into solution.

The nonspecific binding of residual RNA is then mini-
mized by treating the DNA solution with RNase A, and the
DNA fragments are then blunt-ended. The DNA is digested
maximally with Rsal to obtain fragments with a relatively
uniform size of several hundred base pairs. A TAG adaptor
is ligated to both ends of the DNA fragments, and sub-
sequent PCR amplification with a TAG primer yields
amplicons with an Xmal/Smal site at each end.

The tester DNA is then digested with Xmal (thereby
generating cohesive ends), whereas the driver DNA s
digested with Smal (generating blunt ends). The tester
DNA is ligated with the first subtraction adaptor [19] at its
cohesive ends and is then annealed to an excess amount of
the driver DNA. Under this condition, DNA fragments
present only in the tester sample undergo self-annealing
and thereby generate a binding site for the first subtraction

Driver sample
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Fig. 3 The differential chromatin scanning (DCS) method. DNA
fragments bound to acetylated (Ac) histones are purified by immu-
noprecipitation (fP) and subjected to TAG adaptor ligation (green
bars) and PCR amplification. The tester DNA is then digested with
Xmal, ligated 10 the first subtraction adaptor (red bars), and annealed
with an excess amount of the driver DNA. Given that only the tester-
specific fragments self-anneal, PCR with the first subtraction primer
selectively lifies these fragi The products are subjected to a
second round of subtraction PCR with the second subtraction adaptor
and primer 1o ensure the fidelity of the subtraction. Reproduced from
Kaneda et al. [17]

primer at both ends. Subsequent PCR amplification with
this primer thus selectively amplify the tester-specific DNA
fragments [17].

To exclude DNA fragments that possess endogenous
(probably nonspecific) binding sites for the first subtraction
primer, we then digest the first subtraction products with
Xmal and ligate the resulting molecules with the second
subtraction adaptor. A second round of subtraction ampli-
fication is then performed with the second subtraction
primer, yielding DNA fragments that are associated with
acetylated histones, specifically in the tester cells [17].
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To verify the fidelity of DCS. we attempted to isolate
genome fragments which are the targets of HDAC in car-
diac myocytes. A rat cardiomyocyte cell line, H9C2, was
treated with TSA and was used as the tester, while the cells
without the TSA treatment was used as the driver. Differ-
ential chromatin scanning was applied to this pair of cells
and subsequently identified hundreds of genome fragments
that could be immunoprecipitated by antibodies to acety-
lated histones only in the tester cells.

Some of the clones thus identified correspond to loci
within or close to rat genes whose products function in
intracellular calcium mobilization or antioxidant pro-
cesses. One such clone, H9C2T-2_D09, mapped to a
region encompassing intron 21 and exon 22 of Ipr3
(Fig. 4a), which encodes a receptor for inositol 1.4,5-
trisphosphate that plays an important role in Ca**-medi-
ated signal transduction [18]. The cytosolic concentration
of Ca®* directly regulates muscle contraction and cardiac
rhythm and is a determinant of myocyte hypertrophy and
heart failure [20]. The amount of the genomic fragment
corresponding to the H9C2T-2_D09 clone was 6.6-fold
greater in the ChIP product of TSA-treated cells than in
that of untreated cells (Fig. 4b), indicating that the extent
of histone acetylation in this region of the genome of the
tester cells was 6.6-fold that in the dniver cells. Fur-
thermore, inhibition of HDAC activity was accompanied
by an increase in the amount of [ipr3 mRNA [I8]
(Fig. 4c). These data suggest that HDAC actively de-
acetylates a chromosomal region corresponding to frpr3
and thereby suppresses the transcriptional activity of the
gene,

To visualize directly the genome-wide distribution of
HDAC targets, we mapped the DCS genomic clones whose
chromosomal positions were known to rat chromosome
figures (Fig. 5). The HDAC targets were distributed widely
throughout the rat genome, although some “hot spots™ for
deacetylation were apparent. For example, seven of the
DCS clones mapped to chromosomal position 536, and
detailed mapping revealed that all of these clones were
located within a region spanning 27 Mbp. It is thus pos-
sible that regional alterations of chromatin structure result
in coordinated transcriptional regulation of genes within
the affected region.

Future directions

As described herein, cells manifest numerous types of
epigenetic modifications, including acetylation and meth-
ylation, on core histone proteins. Although the results of
biochemical and genetic studies suggest that histone acet-
ylation plays an important role in the development of
cardiac hypertrophy/heart failure (at least, in mouse), it is
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Fig. 4 ldentification of liprd as a target of histone deacetylase
(HDAC) in cardiomyocytes. a One of the DCS clones (H9C2T-
2_D0Y; red rectangle) was mapped to chromosome 20p12, spanning
intron 21 and exon 22 of ltpr3. Exons are denoted by black boxes, the
arrow indicates the direction of transcription, and blue triangles
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recip were prepared from H9C2 cells treated (+) or not (—)
wuh 300 nM inhibitor trichostatin A (TSA) for 24 h. The amount of
DNA corresponding to the HOC2T-2_D09 sequence in each chroma-
tin immunoprecipitation (ChIP) product relative to that in the
corresponding original sample before immunoprecipitation (PrelP)
was then determined by real-time PCR. ¢ The amount of /tpr3 mRNA
relative to that of Gapdh mRNA in HOC2 cells treated or not with
TSA was determined by quantitative reverse transcription (RT)-PCR.
All data are means £ SD of triplicates from representative experi-
ments that were performed at least twice. P values for the indicated
comparisons were determined by Student's r test. Reproduced from
Kaneda et al. [18]
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Fig. 5 Chromosomal distribution of HDAC targets. The genome
fragments (red dots) isolated by the DCS method were mapped to rat
chromosomes. Reproduced from Kaneda et al [18]

an open question whether changes in the other epigenetic
marks are essential or, rather, causative of the heart dis-
orders. An analysis of human heart specimens would be of
particular great value,
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In terms of technology development, DCS is not free
from disadvantages. Although DCS can isolate genome
fragments that are the recipients differential regulation of
any epigenetic marks (provided specific antibodies are
available), it does not measure the extent of “differential
regulation”. In other words, DCS is more a qualitative
approach than a quantitative one. Several high-throughput
sequencing technologies are currently emerging which
simultaneously provide sequence information for millions
of clones [21]. Coupling such sequencing system to ChIP
would be one of the ideal ways to quantitatively measure
epigenetic modifications: (1) frequency in the read data
would be a surrogate marker for the intensity of epigenetic
modifications; (2) sequence information of the reads would
be useful to map such reads onto human genome.

It is apparent that epigenetic change is the key event in
the development of cardiac hypertrophy/heart failure.
Analysis of human specimens with emerging technologies
would substantially facilitate researchers in their efforts to
pinpoint the causative genes for these disorders.
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data: the Japanese Nosocomial Infection Surveillance System
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Abstract Surveillance of nosocomial infection is the
foundation of infection control. Nosocomial infection sur-
veillance data ought to be summarized, reported, and fed
back to health care personnel for corrective action. Using
the Japanese Nosocomial Infection Surveillance (JANIS)
data, we determined the incidence of nosocomial infections
in intensive care units (ICUs) of Japanese hospitals and
assessed the impact of nosocomial infections on mortality
and length of stay. We also elucidated individual and
environmental factors associated with nosocomial infec-
tions, examined the benchmarking of infection rates and
developed a practical tool for comparing infection rates
with case-mix adjustment. The studies carried out to date
using the JANIS data have provided valuable information
on the epidemiology of nosocomial infections in Japanese
ICUs, and this information will contribute to the develop-
ment of evidence-based infection control programs for
Japanese ICUs. We conclude that current surveillance
systems provide an inadequate feedback of nosocomial
infection surveillance data and, based on our results, sug-
gest a methodology for assessing nosocomial infection
surveillance data that will allow infection control

Thus anicle is based upon the research that was given encouragement
award at the 77th annual meeting of the Japanese Society for Hygiene
held in Osaka, Japan on 25-28 March 2007,

M. Suka (&) - K. Yoshida
Department of Preventive Medicine, St Marianna University
School of Medicine, 2-16-1 Sugao, Miyamae-ku Kawasaki,

Kanagawa 216-8511, Japan
e-mail: suka@marianna-u.acjp

. Takezawa

Department of Emergency and Intensive Care Medicine,
Nagoya University Graduate School of Medicine, Nagoya, Japan

@_ Springer

professionals to maintain their surveillance systems in
good working order.

Keywords Epidemiology - Intensive care units -
Japan - Nosocomial infections - Surveillance

Introduction

Infection control in the hospital setting is performed with
the aim of improving the effectiveness of patient care and
promoting patient safety. Infection control professionals
need to recognize and explain nosocomial infections and
design and implement interventions to reduce their inci-
dence. These infection control activities should have their
bases in a well-designed surveillance system of nosocomial
infections [1].

Compared with the USA and other developed countries,
Japan traditionally had limited sources of information on
the epidemiology of nosocomial infections and, until
recently, little was known about the incidence and outcome
of nosocomial infections in Japanese hospitals. The Japa-
nese Ministry of Health, Labour, and Welfare established
the Japanese Nosocomial Infection Surveillance (JANIS)
system in July 2000, when participating hospitals routinely
started to collect and subsequently make their nosocomial
infection surveillance data available for entry into a
national database. The JANIS database has now become
the most important source of information on the epidemi-
ology of nosocomial infections in Japanese hospitals.

In the study reported here, we used the JANIS data to
determine the incidence of nosocomial infections in
intensive care units (ICUs) of Japanese hospitals and assess
the impact of nosocomial infections on mortality and
length of stay. We elucidated individual and environmental
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Down syndrome (DS), which is caused by trisomy 21, is one of
the most common human chromosomal abnormalities. Chil-
dren with DS have an approximately 20-fold higher incidence
of leukaemia than the general population (Hitzler & Zipursky,
2005). The majority of leukaemia cases associated with DS are
acute megakaryoblastic leukaemia (AMKL). Approximately
109% of infants with DS develop a postnatal transient

© 2008 The Authors

Summary

JAK3 mutations have been reported in transient myeloproliferative disorder
(TMD) as well as in acute megakaryoblastic leukaemia of Down syndrome
(DS-AMKL). However, functional consequences of the JAK3 mutations in
TMD patients remain undetermined. To further understand how JAK3
mutations are involved in the development and/or progression of leukaemia
in Down syndrome, additional TMD patients and the DS-AMKL cell line
MGS were screened for JAK3 mutations, and we examined whether each
JAK3 mutation is an activating mutation. JAK3 mutations were not detected
in 10 TMD samples that had not previously been studied. Together with our
previous report we detected JAK3 mutations in one in 11 TMD patients.
Furthermore, this study showed for the first time that a TMD patient-derived
JAK3 mutation (JAK3"™7T), as well as two novel JAK3 mutations (JAK3 P!
and JAK3"%79) identified in an MGS cell line, were activating mutations.
Treatment of MGS cells and Ba/F3 cells expressing the JAK3 mutants with
JAK3 inhibitors significantly decreased their growth and viability. These
results suggest that the JAK3 activating mutation is an early event during
leukaemogenesis in Down syndrome, and they provide proof-of-principle
evidence that JAK3 inhibitors would have therapeutic effects on TMD and
DS-AMKL patients carrying activating JAK3 mutations.

Keywords: Down syndrome, transient myeloproliferative disorder, acute
megakaryoblastic leukaemia, JAK3, STATS.

myeloproliferative disorder (TMD), which is characterized by
rapid growth of abnormal blast cells with erythroid-
megakaryocytic phenotype (Ito er al, 1995). Although the
majority of TMD cases resolve spontaneously, AMKL develops
in approximately 20% of TMD cases in the first four years of
life. Recently, we and others demonstrated that acquired
mutations of the GATAI gene were detected in almost all cases
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of DS-related AMKL (DS-AMKL) and TMD (Wechsler er al,
2002; Groet er al, 2003; Hitzler er al, 2003; Mundschau ef al,
2003; Rainis er al, 2003; Xu ef al, 2003; Ahmed et al, 2004). In
each case, the mutation resulted in the introduction of a
premature stop codon in the gene sequence encoding the
N-terminal activation domain, leading to expression of an
alternative 40-kD translation product (GATAls) from a
downstream initiation site.

The available evidence indicates that an acute leukaemia
would arise from cooperation between one class of mutations
that interferes with differentiation, such as loss-of-function
mutations in haematopoietic transcription factors, and a
second class of mutations that confers a proliferative advantage
to cells, such as activating mutations in the haematopoietic
tyrosine kinases (Deguchi & Gilliland, 2002). Indeed, Walters
et al (2006) reported gain-of-function mutations of the JAK3
gene in the DS-AMKL cell line CMK, and in one of three DS-
AMKL patients, all of who also had GATAI mutations. These
mutations consisted of A572V and V7221 substitutions, which
both occur in the JH2 pseudokinase domain. All JAK3 mutants
constitutively activated and transformed Ba/F3 cells to factor-
independent growth.

Recently, we identified a JAK3 mutation in one of two
TMD patients that were screened (Kiyoi et al, 2007).
However, the functional consequences and frequency of the
JAK3 mutations in TMD patients remain undetermined. To
further understand how JAK3 mutations are involved in the
development and/or progression of leukaemia in DS, we
screened additional TMD patients as well as the DS-AMKL
cell line MGS for JAK3 mutations, and we examined whether
each JAK3 mutation is an activation mutation. JAK3 muta-
tions occurred in TMD patients at a low frequency, similar to
that found earlier in DS-AMKL. Furthermore, we show for
the first time that the previously identified JAK3®" mutation
associated with T™MD, as well as two novel JAK3 mutations
(JAK3?'™ and JAK3®™9) identified in MGS cells, were
activating mutations. Treatment of MGS cells and Ba/F3 cells
expressing the JAK3 mutants with JAK3 inhibitors resulted in
a significant decrease in their growth and viability. These
results suggest that JAK3 activating mutation is an early event
during the development of AMKL in DS, and they provide
proof-of-principle evidence that JAK3 inhibitors would have
therapeutic effects on AMKL and TMD patients carrying
activating JAK3 mutations.

Materials and methods

Patients and cell lines

This study was approved by the Ethics Committee of Hirosaki
University Graduate School of Medicine, and all clinical
samples were obtained with informed consent. The MGS cell
line was established from leukaemic cells obtained from a
patient with DS-AMKL. This cell line was a gift from Dr.
Mitsui (Yamagata University School of Medicine). The K562

cell line was established from leukaemic cells that were
obtained from a patient with chronic myeloid leukaemia.
These cell lines were cultured in RPMI 1640 medium (Sigma,
St Lois, MO, USA) supplemented with 109 fetal bovine serum
(Gibco BRL, Rockville, MD, USA). Ba/F3 cells were obtained
from the Japanese Center Resources Bank and were cultured in
RPMI 1640 medium supplemented with 10% fetal bovine
serum and | ng/ml recombinant murine interleukin (IL)-3
(Kirin Brewery, Tokyo, Japan). PLAT-E, the retrovirus pack-
aging cell line, was kindly provided by Dr Kitamura (the
University of Tokyo; Morita ef al, 2000). This cell line was
cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco BRL) supplemented with 10% fetal bovine serum and
1 pg/ml puromycin, 10 pg/ml brastidine, 50 U/ml penicillin
and 50 pg/ml streptomycin. All cell lines were maintained at
37°C and in 5% CO, atmosphere.

Analysis of JAK3 mutations

To analyse JAK3 mutation in clinical samples, total RNA was
isolated from peripheral blood or bone marrow cells using an
ISOGEN kit (Wako, Osaka, Japan) and was reverse transcribed
using random hexamers. The synthesized cDNA were ampli-
fied using a ligation-anchored polymerase chain reaction (LA
PCR) kit (TaKaRa, Ohtsu, Japan) and direct sequencing was
performed by means of the ABI PRISM Bigdye Terminator
Cycle Sequencing Ready Reaction Kit (Applied Biosystems,
Foster City, CA, USA). The primers used in this analysis are
shown in Table SI. To analyse JAKI mutation in MGS cells,
direct sequence analysis for the entire coding sequences was
performed using cDNA.

Construction of retroviral vectors

To establish each retroviral expression vector, the pMX-ires-
CD8 plasmid vector (Yamashita et al, 2001) was used. The wild
type JAK3 cDNA was ligated into the EcoRI site of pMX-ires-
CD8 1o produce pMX-ires-CD8-JAK3"”. The other retroviral
expression  vectors, pMX-ires-CD8-JAKI®?™H,  pMX-ires-
CD8-JAK3"7%,  pMX-ires-CD8-JAK3TOH o Re7Q,
pMX-ires-CD8-JAK3**?" and pMX-ires-CD8-JAK3"** were
generated from pMX-ires-CD8-JAK3"" by PCR.

Ba/F3 cell transformation assay

PLAT-E cells were transfected with plasmid DNA using
the Fugene transfection kit (Roche, Basel, Switzerland).
Retroviral supernatants were collected 72 h after transfection
and incubated with Ba/F3 cells for 24 h in the RetroNectin
Dish (TaKaRa). To obtain the transduced cells, CD8-positive
cells were selected using a MACS Separation Column
(Miltenyi  Biotec, Bergisch Gladbach, Germany) and
expanded. Finally, we confirmed the transductions by
detecting CD8-positive cells using fluorescence-activated cell
sorting (FACS).
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Cell proliferation assay

Ba/F3 cells expressing JAK3 mutants were incubated in the
absence of IL-3 for 7-8 days. Viable cell number was determined
every 1-2 days using Cell Counting Kit 8 (Wako, Osaka, Japan),
according to the manufacturer’s recommendations.

Immunoblot analysis

Before obtaining whole-cell extracts, Ba/F3 cells were cultured
in serum-free RPMI 1640 medium for 4 h and then incubated in
medium with 10% fetal bovine serum for 5 min. The whole-cell
extracts were separated on SDS-PAGE and transferred to
Hybond-P membranes (Amersham Biosciences, Little Chalfont,
UK). Immunodetections were carried out using anti-phospho-
STATS (Cell Signalling, Danvers, MA, USA) and anti-STATS
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Dilutions were 1:1000 and 1:500 respectively. The signals were
visualized with anti-rabbit horseradish peroxidase conjugates
(GE Healthcare UK LTD, Buckinghamshire, England) and
enhanced chemiluminescence (ECL) plus Western blotting
detection reagents (Amersham Biosciences).

JAK inhibitors assay

For the purpose of the inhibitor analysis, Ba/F3 cells expressing
various JAK3 mutants were cultured for 10 days in the absence
of [L-3. These cells were treated with increasing concentrations
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Activating JAK3 Mutations in TMD and DS-AMKL

of WHI-P131 (JAK3 inhibitor 1) and WHI-P154 (JAK3
inhibitor IT). After 48 h, the viable cell number was determined
using Cell Counting Kit 8.

Results

JAK3 mutations in the DS-AMKL cell line MGS

To investigate the role of the JAK/STAT pathway in
DS-associated leukaemogenesis, we first examined the effects
of a pan-JAK inhibitor on the growth and viability of the
DS-AMKL cell line MGS. Treatment with the pan-JAK
inhibitor (JAK inhibitor I) resulted in significantly decreased
cell proliferation and viability (Fig 1A). This effect could not
be attributed to nonspecific toxicity, because growth and
viability were not inhibited by pan-JAK inhibitor in K562 cells
that express the BCR-ABL fusion protein. These results suggest
that JAK activation was essential for growth and survival of
MGS cells. Because reverse transcription (RT)-PCR analysis
showed that, of the JAK family, only JAKI and JAK3 were
expressed in MGS cells (data not shown), we then analysed
JAKI and JAK3 for activating mutations, Sequence analysis
identified two novel JAK3 mutations (a Q501H substitution in
the JH3 SH2 domain and an R657Q substitution in the JH2
pseudokinase domain) in MGS cells (Fig 1B and C), whereas
no mutation was detected in JAKI. We performed RT-PCR
analysis using primers corresponding to the outside of cach
mutation. A PCR product encompassing both mutations was

®) Qs501H R657Q
TTOrTOATCL MO (Y ENC ) MrACTRO3Y adeaactd
e wm iss i
Fwd
S 0T 2 lrocmem FIGE U
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Iwwhhﬁu—u umm mm Kinase Domaln

Fig 1. JAK3 mutation in the DS-AMKL cell line MGS, (A) Treatment with the pan-JAK inhibitor (JAK inhibitor I) resulted in significantly decreased

cell proliferation and viability of MGS cells, but not K562 cells that express the BCR-ABL fusion p

Viable cell number was determined using

Cell Counting Kit 8 at 72 h. Mean value + SD of experiments performed in triplicate is represented. For each cell line, the relative cell number in

presence of increasing amount of inhibitor was calculated as a percentage of control (without inhibitor). (B) Seq ly

is of the JAK3 gene

showing that MGS cells harbour two novel mutations (Q501H and R657Q) in the same allele. (C) Q501H and R657Q, indicated by red letters, were

located in the JH3 SH2 d
\ 1 in the pseudoki
domain,

I mle' 2L 1
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cloned into plasmid pCR Il (Invitrogen). Sequence analysis
confirmed that the two mutations were in the same allele.

JAK3 contains a gain-of-function mutation in MGS cells

To examine the transforming ability of JAKIPOH  and
JAK3*72 mutations, we constructed retroviral expression
vectors containing various JAK3 mutations and transduced
Ba/F3 cells with either pMX-ires-CD8-JAK3I®?™, JAK3**7C,
JAK3Q01H and RES7Q o TARSYT, As positive controls, we used
the expression vectors pMX-ires-CDB-JAK3*”?" for the JAK3
activating mutation identified in CMK and pMX-ires-CD8-
JAK3Y** for the artificially generated, oncogenic JAK3
mutation (Choi er al, 2006; Walters et al, 2006). Twenty-four
hours after transduction, CDB-positive cells were selected
using immunobeads, cultured in the absence of IL-3, and
subjected to the cell proliferation assay. As shown in Fig 24,
expression of cither JAKI®'™M or JAK3"™? conferred
IL-3-independent growth to Ba/F3 cells, but these cells
grew much more slowly than the Ba/F3 cells expressing
JAK3Y®™ or JAK3**?Y, Interestingly, the cells transduced
with pMX-ires-CD8-JAK30H and REVQ greny a5 fast as the
positive controls, suggesting that the JAK3@0!H ind Re7Q
showed more potent transforming activity than did either
single substitution.

Constitutive and ligand-independent activation of the
downstream signalling pathway induced by JAK mutations

To analyse signalling properties of the JAK3 mutants, we next
evaluated the phosphorylation status of STATS, the down-

(A)

stream target of JAK3. Western blot analysis of Ba/F3 cells
revealed that STATS was constitutively phosphorylated in cells
transduced with JAK3POIH and RESTQ op with JAK3Y™ or
JAK3*7Y, byt not in cells transduced with JAKYT. STATS
phosphorylation was also detected in cells transduced with
JAK3QOH o JAK3™*Q but this effect was very weak
compared with JAK3®!H ¢ R57Q (Fig 9B). These results
suggest that the transforming activity is correlated with the
kinase activity of each JAK3 mutant protein.

JAK3 mutation identified in a TMD patient

We previously found JAK3 mutations in one of two TMD and
one of 11 DS-AMKL patients (Kiyoi et al, 2007). The A573V
and A593T substitutions, which occur in the same allele and
which both are in the JH2 pseudokinase domain, were found
in the one affected DS-AMKL patient, while the affected TMD
patient had an I87T substitution in the JH7 receptor-binding
domain. Of note, the fact that the JAK3 mutation was found in
a TMD patient indicated that this is an early event during the
development of AMKL in DS. However, the frequency and
functional consequences of JAK3 mutations in TMD remain
unknown because of the small sample size. We therefore
screened for JAK3 mutations in another 10 TMD patients by
analysing their cDNA. Direct sequence analysis revealed no
JAK3 mutations in these patients, while GATA] mutations
were detected in all cases (Table I). Recently, De Vita et al
(2007) reported an acquired loss-of-function JAK3 mutation
because of a large deletion (592 bp) of a fragment encoding the
JH1 kinase domain. This mutation was found in two of eight
TMD patients and in one of eight DS-AMKL patients (De Vita
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Fig 2. JAK3 mutations from MGS cells and a TMD patient transformed Ba/F3 cells. (A) Expression of JAK3 mutants identified in MGS cells abrogated
cytokine dependency of Ba/F3 cells. Ba/F3 cells were transduced with either pMX-ires-CD8-JAKIO®H, ARG, [AR3I wd RS2Q op JAKSNT.
Positive controls were pMX-ires-CDB-JAKT'”*" for the JAK3-activating mutant identified in CMK cells and pMX-ires-CD8-JAK3"" for the artifi-
cially-generated oncogenic JAK3 mutant (Choi ef al, 2006; Walters ef al, 2006). After transduction, CD8-positive cells were sel ted using in bead
cultured at a density of 2 X 10%/ml in the absence of IL-3 and evaluated by a cell proliferation assay. Values represent mean £ SD, The experiments were
repeated twice, and both data sets were essentially identical. (B) JAK3 mutations cause constitutive JAK3 activation. Ba/F3 cells were transduced with
various JAK3 expression vectors, and CD8-positive cells were selected using immunobeads. Cell lysates were subjected to immunoblot analysis for
phospho-STATS and total STATS. (C) Ba/F3 cells were transduced with either pMX-ires-CD8-JAK3""" or JAK3"™. After transduction, CD8-positive
cells were selected using i beads, cultured at a density of 4 x 10°/ml in the absence of IL-3, and evaluated by a cell proliferation assay. Values
represent mean + SD. The experiments were repeated twice, and both data sets were iallyidentical. (D) Ba/F3 cells expressing JAK3""" were grown
in the absence of IL-3. Lysates of Ba/F3 cells were subjected 1o i bi lysis for phospho-STATS5 or total STATS.
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Table 1. Mutations of GATAI and JAK3 gencs

in transient myeloproliferative disorder (TMD) Blast JAK3

patients. Patients Sex (%) GATAI mutations mutations
T™D-1 Male 82 Exon 2, subs 7, pos 305 Wild
TMD-2  Female 86 Exon 2, del 2, pos 202 wild
T™D-3 Male 92 Exon 2, ins 12, pos 298 Wild
T™MD-4 Male 69 Exon 2, subs (T > C) exon/intron boundary ~ Wild
TMD-5 Male 84 Exon 3, del 129, pos 342 wild
TMD-6 Female 48 Exon 2, del 136, pos 94 wild
T™MD-7 Male 93 Exon 2, del 23, pos 265 Wild
T™MD-8 Male 9 Exon 2, del 218, exon/intron boundary wild
TMD-9 Female 55 Exon 2, subs (C > G) pos 319 wild
TMD-10 Male 60 Exon 2, del 8, pos 213 Wild
del, deletion; subs, substitution; ins, insertion,
Nucleotide position 1 is taken from GenBank seq of b GATAI (NM_002049),

et al, 2007). However, we failed to detect these mutations in
any of our patients.

To examine whether the JAK3"™7 mutation identified in a
TMD patient was an activating mutation, Ba/F3 cells were
transduced with either pMX-ires-CD8-JAK3™ or JAK3YT. As
shown in Fig 2C, expression of JAK™T conferred 11-3-
independent growth to Ba/F3 cells, whereas JAK3" -trans-
duced cells retained dependence on 1L-3 for proliferation.
However, these cells grew slower than the Ba/F3 cells
expressing either JAK3P™'®, or JAK3**"2 (data not shown).
The constitutive phosphorylation of STATS was weaker in the
cells expressing JAK'™" than JAK3?*'™™ or JAK3®¥2 (data
not shown), and was detected only after JAK™"-transduced
cells started growing in the absence of IL-3 (Fig 2D), These
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Fig 3. JAK3 inhibitors affect proliferation of cells exp

results suggest that JAK3'™'T is a gain-of-function mutation,
although its kinase activity was weak compared with that
associated with the other JAK3 mutants.

JAK3 inhibitors affect the proliferation of cells
expressing JAK3 mutants

We next assessed the effects of small molecule JAK inhibitors
on the proliferation of MGS cell expressing JAK3 mutant
proteins, Treatment with WHI-P154 (JAK3 inhibitor 1I), but
not the JAK2 inhibitor AG490, resulted in significantly
decreased proliferation of MGS cells compared with K562
cells (Fig 3A and B). To further study the effects of JAK3
inhibitors on each JAK3 mutant, we next examined the effects
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sing JAK3 mutants. MGS and K562 control cells were treated with increasing concentrations

of WHI-P154 (JAK3 inhibitor 11) (A) or JAK2 inhibitor AG490 (B). Note that treatment with WHI-P154, but not AG490, resulted in significantly
decreased proliferation of MGS cells compared with K562 cells. Ba/F3 cells expressing various JAK3 mutants without added TL-3 and Ba/F3 cells
expressing JAK3™T with added IL-3 were treated with increasing concentrations of WHI-P131 (JAK3 inhibitor I} (C) or JAK3 inhibitor 11 (D). Viable
cell number was determined using Cell Counting Kit 8 at 48 h. Mean value + SD of experiments performed in triplicate is represented. For each cell
line, the relative cell ber in p e of increasing amount of inhibitor was calculated as a percentage of control (without inhibitor). The
experiments were repeated twice, and both data sets were essentially identical.
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of JAK inhibitors on the Ba/F3 cells expressing each JAK3
mutant. For this analysis, Ba/F3 cells expressing various JAK3
mutants were cultured for 10 days in the absence of [L-3.
These cells grew slowly at first, as shown in Fig 2A and C
However, they all started growing well in the absence of IL-3
subsequently. WHI-P131 (JAK3 inhibitor I) and JAK3 inhib-
itor 11 inhibited the proliferation of all Ba/F3 cells expressing
the various JAK3 mutants in the absence of IL-3, although the
sensitivities to each JAK3 inhibitor differed slightly among
these Ba/F3 cells (Fig 3C and D and Fig 51). This effect could
not be attributed to nonspecific toxicity, because the sensitiv-
ities to the Ba/F3 cells expressing JAK3™" were significantly
reduced in the presence of IL-3, whose receptor utilizes JAK2
(Silvennoinen et al, 1993). These results confirmed that the
gain-of-function mutations of JAK3 conferred IL-3 indepen-
dent growth to Ba/F3 cells.

Discussion

Analysis of TMD and DS-AMKL may provide invaluable
information for understanding leukaemia pathogenesis. To
further understand how JAK3 mutations are involved in the
development and/or progression of leukaemia in DS, we
screened TMD patients and the DS-AMKL cell line MGS for
JAK3 mutations and examined the functional consequences of
these mutations. This study showed, for the first time, that a
TMD patient-derived JAK mutation (JAK3'™"), as well as two
novel JAK3 mutations (JAK3?'" and JAK3"?) identified in
an MGS cell line, were activating mutations. These results have
significantly improved our understanding of the mechanisms
of multi-step leukaemogenesis in DS.

Only two DS-AMKL cell lines, CMK and MGS, have been
reported until now. GATAI mutations were detected in both of
these cell lines (Xu et al, 2003). The results are consistent with
the fact that GATA! mutations are detected in almost all cases
with TMD and DS-AMKL. Furthermore, we identified the
mutations of the TP53 tumour suppressor genes in both of
these cell lines (Kanezaki et al, 2006). However, the roles of
TP53 mutations in DS-AMKL remain unknown, because TP53
mutations are rare in DS-AMKL as well as TMD (Hirose et al,
2003) and the inactivation of p33 is frequently observed in
myeloid leukaemia cell lines. Recently, Walters et al (2006)
first reported JAK3 activating mutations (A572V) in CMK
cells. This study identified two novel JAK3 activating muta-
tions (Q501H and R657Q in the same allele) in MGS cells. The
fact that two out of two DS-AMKL cell lines have activating
JAK3 mutations indicates that constitutive activation of the
JAK/STAT pathway may play a very important role in the
development of leukaemia in DS.

An activating JAK2 mutation affecting the pseudokinase
domain (JAK2"*'") has been observed frequently in myelo-
proliferative disorders (Baxter ef al, 2005; James ef al, 2005;
Levine et al, 2005). In contrast to the JAK2 mutations, JAK3
mutations have been observed in a variety of domains
including the JH2 pseudokinase domain, the JH3 SH2 domain

and the JH6 and TH7 receptor binding domain (Choi ef al,
2006; Walters ef al, 2006; De Vita et al, 2007; Kiyoi et al,
2007). However, only four activating JAK3 mutants, including
one artificially generated mutant, were verified using func-
tional assays (Choi et al, 2006; Walters et al, 2006). Among
these four mutations, three were located in the JH2 pseudo-
kinase domain and the remaining mutation was located in the
JH6 receptor-binding domain. The SH2 domain is thought to
contribute to in vivo assembly of the JAK, but the functional
role of this domain is only partly defined. This study showed,
for the first time, that a mutation in the SH2 domain
(JAK3®'™) was also an activating mutation. Interestingly, the
double mutation JAK3P*'M #04 B2 had much more potent
transforming activity than did each individual substitution,
but the mechanism behind this effect remains unknown. We
used the Ba/F3 transformation assay to examine whether each
JAK3 mutant is an activating mutation. This is a standard assay
in vitro but of limited value. JAK3 mutants are expressed at
non-physiological levels in a myelo-lymphoid cell line rather
than primary cells that have a megakaryocyte-erythroid
phenotype. To further understand the roles of JAK3 mutations
in leukaemogenesis, it is necessary to express JAK3 mutants in
primary bone marrow cells in vitro and in vivo.

Our findings, taken together with previous published data
(Walters ef al, 2006; De Vita et al, 2007; Kiyoi et al, 2007;
Klusmann ef al, 2007; Norton eral, 2007), show that the
observed incidence of JAK3 mutations in TMD and in DS-
AMKL was 5/38 patients and 6/45 patients respectively.
Although the incidences of JAK3 mutations in TMD and
DS-AMKL differ from reports in three other recent studies (De
Vita et al, 2007; Klusmann et al, 2007; Norton et al, 2007),
these results indicate that the frequency of JAK3 mutations in
TMD and DS-AMKL is similar, This suggests that JAK3
mutations are very early events that can cooperate with GATAI
mutations during the development of TMD. However, the fact
that JAK3 mutations occurred in TMD patients and in DS-
AMKL patients only at a low frequency suggests that other
distinct genetic changes probably contribute to the develop-
ment of TMD, and to the progression to AMKL from TMD.

This study has shown for the first time that a TMD patient-
derived JAK mutation was also an activating mutation. The
N-terminal portion of the JAK3 JH5-TH7 domain, which has
homology to a band four-point-one, ezrin, radixin, soesin
(FERM; Girault er al, 1999), is required for receptor binding
and maintenance of a functional kinase domain (Zhou et al,
2001). Severe combined i Jeficiency (SCID) patient
derived mutations within the JAK3 FERM domain impair the
kinase-receptor interaction and abrogate JAK3 catalytiic activ-
ity, In this study, we showed that the TMD patient-derived
JAK3"™T, which leads to an amino-acid substitution in the JH7
FERM domain, is an activating mutation, like the substitution
JAK3™P2T which was found in a non-DS-AMKL patient
(Walters et al, 2006).

Functional analysis of JAK3 mutations in this study indicates
the possibility that JAK3 mutations are the cause of
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