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It is generally accepted that recurrent chromosome translocations
play a major role in the molecular pathogenesis of hematological
malignancies but not of solid tumors. However, chromosome
translocations involving the e26 transformation-specific sequence
transcription factor loci have been demonstrated recently in many
prostate cancer cases. Furthermore, through a functional screening
with retroviral cDNA expression libraries, we have discovered the
fusion-type protein tyrosine kinase echinoderm microtubule-associated
protein like-4 (EML4)-anaplastic lymphoma kinase (ALK) in non-small
cell lung cancer (NSCLC) specimens. A recurrent chromosome
translocation, inv(2)(p21p23), in NSCLC generates fused mRNA
encoding the amino-terminal half of EML4 ligated to the intracellular
region of the receptor-type protein tyrosine kinase ALK. EML4-ALK
oligomerizes constitutively in cells through the coiled coil domain
within the EML4 region, and becomes activated to exert a marked
oncogenicity both in vitro and in vivo. Break and fusion points
within the EML4 locus may diverge in NSCLC cells to generate
various isoforms of EML4-ALK, which may constitute ~5% of
NSCLC cases, at least in the Asian ethnic group. In the present
review | summarize how detection of EML4-ALK ¢cDNA may become
a sensitive diagnostic means for NSCLC cases that are positive for the
fusion gene, and discuss whether suppression of ALK enzymatic
activity could be an effective treatment strategy against this
intractable disorder. (Cancer Sci 2008; 99: 2349-2355)

Chromosome translocation is the most prevalent form of
somatic changes in the cancer genome, occupying nearly
three-quarters of all genetic change analyzed in cancer cells.!)
Such translocations may lead to the generation of novel fusion
genes at the ligation points of chromosomes, or may juxtapose
growth-promoting genes to aberrant promoter or enhancer
fragments, resulting in dysregulated expression of the genes. In
either case, such fusion genes or wild-type genes with altered
expression may participate directly in the malignant transformation
of cells that harbor chromosome translocations.

An archetypal example of such tumor-related translocations
is t(9;22), which gives rise to the breakpoint cluster regio
(BCR)-Abelson murine leukemia viral oncogene homolog 1 (ABLI)
fusion gene in chronic myeloid leukemia (CML) and acute
lymphoblastic leukemia (ALL).® Ligation to BCR constitutively
elevates the protein tyrosine kinase (PTK) activity of ABLI,
and forced expression of BCR-ABLI in the hematopoietic
system induces CML and ALL in mice,®* proving that
BCR-ABLI1 plays a pivotal role in the pathogenesis of such
leukemias. Also, molecular detection of BCR-ABLI and the
development of compounds to suppress BCR-ABL1 enzymatic
activity have significantly changed the way we diagnose and treat
individuals with CML. Because reverse transcription (RT)-
polymerase chain reaction (PCR) can detect BCR-ABLI fusion
transcripts in almost 100% of individuals with CML, even
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among those without the characteristic t(9;22) translocation,
molecular detection of BCR-ABLI has become a standard tech-
nique used to diagnose CML. Given the very high sensitivity of
PCR, such a strategy is also effective to follow up the tumor bur-
den of leukemia in the patients.®

Further, the chemical compound STI571, which suppresses
ABL1 kinase activity, has substantially prolonged the survival of
patients at the chronic phase of CML, and achieved a higher
probability of complete cytogenetic response among them
compared to that with the previous treatment regimens.®?”
Therefore, if translocation-mediated fusion genes encode activated
enzymes with direct oncogenic potential, targeting such enzymes
could provide a feasible approach to treat individuals harboring
the corresponding fusion genes.

However, these fusion-type oncogenes have been reported
frequently only in hematological malignancies, and not in solid
tumors (especially in epithelial tumors).® It has been therefore
widely assumed that balanced chromosome cytogenetic aberra-
tions (and the resulting fusion genes) may be rare in the latter
conditions. As shown in Table 1, for instance, the incidence of
new cases with solid tumors in the USA is ~11 times larger than for
those with hematological malignancies.””> However, the number
of recurrent balanced cytogenetic aberrations (RBA) in solid
tumors (n = 125) is only a quarter of that in hematological
malignancies (n =495) worldwide,"? suggesting that RBA are
indeed characteristic of hematological malignancies and that
these two tumor types may occur through distinct transformation
mechanisms.

However, such a notion has been challenged recently by
Mitelman er al. who have demonstrated that the number of fusion
genes may simply be a function of the number of cases with an
abnormal karyotype in both hematological malignancies and
solid tumors.*"'? A correlation between the number of patients
with an abnormal karyotype and that of fusion genes is constant
throughout all types of cancers (R* = 0.82, P < 0.001). It is therefore
possible that infrequent reports of fusion genes in solid tumors
(especially in epithelial tumors) may have been attributable to
technical difficulties in obtaining clear karyotyping data or to
the complex chromosome rearrangements in solid tumors.

If this is the case, many more fusion-type oncogenes may
await discovery in solid tumors. Indeed, evidence in support of
this prediction has been provided recently both by our discovery
of the fusion-type PTK echinoderm microtubule-associated
protein like-4 (EML4)-anaplastic lymphoma kinase (ALK),
associated with lung cancer,"*'® and by the detection of recur-
rent e26 transformation-specific sequence (ETS) fusion genes in
prostate cancer.!¢1®
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Table 1. Number of recurrent balanced cytogenetic aberrations (RBA)
in cancer

Cancer type No. RBA* Annual no. new cases in USA?
Leukemia 336 44 240
Lymphoma 159 71380
Solid tumors 125 1329300

*Calculated from data reported previously.®'®

How to screen for oncogenes

Given the marked therapeutic efficacy of STI571 in CML,
chemical inhibitors of epidermal growth factor receptor (EGFR)
in lung cancer with activated EGFR, and specific antibodies
to HER2 in breast cancers with amplification of the HER2
locus,® it is necessary to identify pivotal oncogenes in every
cancer and to target these ‘Achilles’ heels’® for developing
effective treatment strategies. We therefore tried to establish
a functional screening system for transforming genes among a
wide variety of cancer specimens.

The focus formation assay with 3T3 or RAT1 fibroblasts®®
has been used extensively to screen for oncogenes from clinical
specimens. In such screening, genomic DNA is extracted from
samples and transfected into the recipient fibroblasts. Because
protein products of oncogenes can interfere with contact inhibi-
tion in fibroblasts, cell clones that have received oncogenes may
keep growing even after the cells become confluent in culture.
Such piled-up foci of cell clones (transformed foci) can be
readily identified by visual inspection and subjected to the recovery
of incorporated oncogenes. Application of such technologies has
indeed succeeded in the isolation of a variety of transforming
genes, such as mutated RAS family genes, activated RAF family
genes, and a number of activated PTK genes.®

However, we have noticed that this type of screening system
has a strong tendency to isolate the same sets of genes among
different types of cancer (i.e. activated RAS family proteins and
guanine nucleotide exchange factors). This could be due to an
intrinsic property of the assay system, which isolates genes
overriding growth inhibition mediated by cell-to-cell contact in
fibroblasts. Another reason may be related to promoter specificity
(Fig. 1a). In the screening systems where genomic DNA is used
for transfection, any oncogene is controlled transcriptionally in
the recipient cells by its own promoter and enhancer fragments.
Therefore, if a promoter fragment of a given oncogene is active
only in a tissue-specific manner (hematopoietic cell-specific, for
instance), that gene would not be transcribed in fibroblasts, and
thus could not be captured in the assay. Therefore, a genomic
DNA-mediated screening system can only identify oncogenes
with promoter fragments that are active in the recipient cells.

To overcome this limitation, it would be desirable to express
every oncogene using an exogenous promoter fragment that allows
abundant expression in any type of assay cell. For this purpose, we
have developed a method to construct retrovirus-based cDNA
expression libraries,"*?*?? which can express any incorporated
c¢DNA using a strong promoter fragment, long-terminal repeat
(LTR), of the retroviral genome (Fig. 1b). Our system is so
sensitive that we can generate libraries from small quantities of
clinical specimens (such as <1 x 10° cells). Further, given the
high infection efficiency of retrovirus to dividing cells, any type
of functional assay can be conducted in any proliferating cell
‘with retroviral libraries, %3

Discovery of a fusion-type PTK, EML4-ALK

Lung cancer remains the leading cause of cancer death, with an
estimated ~1.3 million deaths worldwide each year.®? Although
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Fig. 1. Development of retroviral cDNA expression libraries for oncogene
screening. (a) Although oncogenes controlled by a constitutive promoter
or enhancer are expressed when introduced into fibroblasts, those
controlled by a tissue-specific promoter-enhancer (e.g. specific to the
hematopoietic system) are not transcribed in fibroblasts and will therefore
not be detected by such functional screening. (b) To overcome this
limitation, we synthesized cDNA from small quantities of clinical specimens,
inserted them into a retroviral plasmid, and generated recombinant
retroviral libraries. Theoretically, any type of dividing cell can be infected
with such libraries, with the incorporated cDNA being expressed at a
high level in the recipient cells under the control of the viral long
terminal repeat (LTR).

activated EGFR has been identified in non-small cell lung
cancer (NSCLC), the major subtype of lung cancer, and specific
inhibitors against EGFR provide effective treatment modalities,
this type of genetic mutation is found preferentially in non-
smokers, young women, and the Asian ethnic group.®® For
other NSCLC patients who are not eligible for the anti-EGFR
treatments, there are currently few effective treatments to improve
their outcome, unless cancer cells are completely removed by
surgery.®¥

‘We have therefore chosen NSCLC as the target of our retroviral
screening system. First, among our consecutive panel of NSCLC
specimens, we examined the presence of known transforming
genes in lung cancer; that is, mutated KRAS and mutated EGFR.
To raise a retroviral library, from the specimens negative for
either mutation we chose a sample of lung adenocarcinoma
resected from a 62-year-old man with a smoking history. A total
of >1.4 x 10° independent retroviral clones (with a mean cDNA
size of 1.81 kb) were obtained from the specimen, and were
used to infect 3T3 cells for the focus formation assay.

Dozens of transformed foci were readily identified in the
assay, from which retroviral insert cDNA was rescued by PCR.
Surprisingly, nucleotide sequences of the 5" and 3’ parts of one
c¢DNA corresponded to two different genes; one for microtubule-
associated EML4,%% and the other for the receptor-type PTK
ALK.®9 Nucleotide sequencing of the cDNA revealed that the
cDNA was a fusion between exons 1-13 of EMI4 and exons
20-29 of ALK (transcript ID ENST00000389048 in the Ensembl
database; http://www.ensembl.org/index.html), thus encoding a
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Fig. 2. Anaplastic lymphoma kinase (ALK) fusion proteins. Chromosome
rearrangements result in the generation of fusion genes that encode
an oligomerization domain (including the coiled coil domain) of
nucleophosmin (NPM), tropomyosin (TPM3) or echinoderm microtubule-
associated protein like-4 (EML4) fused to the intracellular region of the
receptor-type protein tyrosine kinase ALK. WD, WD-repeat domain.

fusion-type PTK between the amino-terminal half of EML4 and
the intracellular region of ALK (Fig. 2).1®

Anaplastic lymphoma kinase was originally identified in
anaplastic large cell lymphoma with t(2;5), as a fusion protein
to nucleophosmin (NPM).®7*® NPM-ALK plays an essential
role in the lymphomagenesis of this subtype, and is a promising
target for therapeutic compounds,®>*? as is the case for BCR-
ABL. In addition to NPM-ALK, ALK kinase may be fused,
albeit at a lower frequency, to different partner proteins in the
lymphoma through various chromosome translocations, giving
rise to TRK-fused gene (TFG)-ALK, 5-aminoimidazole-4-
carboximide ribonucleotide formyltransferase/IMP cyclohy-
drolase (ATIC)-ALK, clathrin, heavy chain (CLTC)-ALK,
and others.*? Subsequently, a non-hematological neoplasm,
inflammatory myofibroblastic tumor (IMT) was also shown to
harbor ALK fusion proteins such as TPM3—-ALK, tropomyosin
(TPM)4-ALK, and CLTC-ALK.“Y However, any recurrent
translocation involving the ALK locus had not been reported for
epithelial tumors before our discovery of EMI4-ALK.

Interestingly, the ALK part of our EML4-ALK cDNA starts
from exon 20 of ALK, which is also the fusion point in the vast
majority of the other ALK fusion cDNA molecules, suggesting
the presence of a common fragile locus within intron 19 of the
ALK gene (Fig. 2). Both the EMI4 and ALK genes are mapped
closely to the short arm of human chromosome 2 in opposite
directions (Fig. 3a). Therefore, a chromosome segment encom-
passing the EML4 and ALK loci has to become inverted to
produce EMI4-ALK cDNA. We have indeed succeeded to amplify
by PCR a genome fragment from a NSCLC specimen that con-
tained the fusion point between the EML4 and ALK genes."® In
this adenocarcinoma, the EML4 gene was disrupted at a position
3.6 kb downstream of exon 13, and inverted to become ligated
to a position ~300 bp upstream of ALK exon 20, proving the
presence of inv(2)(p21p23) in the cancer cells.

Therefore, despite the previous notion that epithelial tumors
seldom carry fusion-type oncogenes, we discovered an example
of a fusion-type PTK with marked oncogenic activity in lung
cancer, generated through a chromosome translocation, as is the
case for BCR-ABL1, NPM-ALK, and translocation, ETS,
leukemia (TEL)-Janus kinase 2 (JAK2) in hematological
malignancies.“? Because mutated EGFR and KRAS have been
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Fig. 3. Diversity in the fusion points between echinoderm
microtubule-associated protein like-4 (EML4) and anaplastic lymphoma
kinase (ALK). (@) EML4 and ALK map in opposite orientations to the
short arm of human chromosome 2 (shown in the genome browser of the
University of California, Santa Cruz; http://genome.ucsc.edu/cgi-bin/
hggateway). Intron 13 of EML4 is ligated to intron 19 of ALK through
a chromosome rearrangement, inv(2)(p21p23), generating the EML4-ALK
(variant 1) fusion gene. Primers flanking the fusion point can be used for
the molecular detection of EML4-ALK-positive tumors by polymerase
chain reaction. Arrows indicate the direction of transcription. (b) Exon
boundaries of EML4 for possible in-frame fusion to exon 20 of ALK
are shown as vertical bars together with the exon numbers at the
corresponding positions in the EML4 protein. Reverse tramscription—
polymerase chain reaction screening has identified variants (V) 1, 2, 3,
and 5 of EML4-ALK, in which exons 13, 20, 6, and 2, respectively, of
EML4 cDNA are fused to exon 20 (e20) of ALK cDNA. Unexpectedly,
another in-frame fusion was identified in variant 4 ¢cDNA, in which
exon 14 of EML4 was fused via an 11-bp sequence of unknown origin
to the nucleotide at position 50 of ALK exon 20. CC, coiled coil domain;
HELP, hydrophobic EMAL-like protein domain; WD, WD-repeat domain.

found recurrently in NSCLC cells, it is of clinical relevance
whether EML4-ALK coexists in cancer cells with active EGFR
or KRAS. Interestingly, the presence of EML4-ALK seems to be
mutually exclusive to that of EGFR or KRAS mutations in
NSCLC, 13154349 albeit with some exceptions.*> Therefore, it is likely
that EMIA-ALK-positive lung cancer forms a subgroup among
NSCLC, distinct from that positive for mutated EGFR or KRAS.

Molecular detection of EML4-ALK-positive NSCLC

One of the main reasons for the poor prognosis in lung cancer
is the lack of sensitive detection methods that can capture tumor
cells at early clinical stages (where tumors may be surgically
removed). Although pathological examination of sputa and other
clinical specimens is used routinely for the diagnosis of lung
cancer, reliable detection with such systems usually requires that
cancer cells occupy at least a small percentage of the total
cells in these specimens. Therefore, patients diagnosed with this
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technique as having lung cancer are often at advanced clinical
stages already.

In contrast, EML4-ALK-positive cells may be detected in a very
sensitive way. As EMI4 and ALK are mapped to chromosome
2p in opposite directions in normal cells, a set of PCR primers
(one at exon 13 of EML4 and the other at exon 20 of ALK,
Fig. 3a) will not generate any specific PCR products from cDNA
of normal cells or of cancer without inv(2)(p21p23). Therefore,
RT-PCR of the cDNA (or PCR of the genome fusion points)
should become a highly sensitive yet reliable detection method
for EML4-ALK-positive tumors. Given the high sensitivity of
PCR, it is even expected that one cancer cell out of 10°~10¢ normal
cells in sputa may be detected, which would significantly help
to identify individuals with lung cancer at early resectable
stages. Soda et al. indeed succeeded in capturing 10 cells/mL of
EML4-ALK-positive cells in sputum by RT-PCR."® It would
therefore be of great importance to test the idea that such RT-PCR-
based detection with sputa may be useful as a general screening
method for early stages of NSCLC (among individuals with chronic
cough or sputa, for instance).

Once detected with such screening systems, individuals positive
for EMIL4-ALK may undergo surgical resection of tumors or
receive chemotherapies with compounds that specifically suppress
ALK activity. Just like the case of BCR-ABLI in CML, EML4—
ALK detection will likely play a pivotal role in the diagnosis of
NSCLC positive for the fusion gene. In this regard, it is mandatory
that every EMIA-ALK-positive tumor be identified accurately
by the diagnostic PCR system. There is a caveat, however, that
the break and fusion points within the EMI4 and ALK loci may
be more divergent than previously appreciated.

Soda et al. first discovered two variants of EML4-ALK: exon
13 of EMIA4 fused to exon 20 of ALK in variant 1, and exon 20
of ELM4 fused to exon 20 of ALK in variant 2.%"® In addition,
we and Pasi A. Janne and colleagues (Dana-Farber Cancer
Institute) have recently identified two more variants (variants 3a
and 3b, which connect exons 6a and 6b, respectively, of EML4
to exon 20 of ALK) (Fig. 3b).%**9 Further variants that connect
various exons of EML4 to ALK are being identified by a number
of groups worldwide. 9

In addition to exons 6 (variant 3), 13 (variant 1), and 20 (variant
2) of EMIA4, an in-frame fusion to exon 20 of ALK can occur
with exon 2, 18, or 21 of EML4 (Fig. 3b). Given that the amino-
terminal coiled coil domain of EML4 is responsible for the
oligomerization of EML4-ALK (see below) and that exon 2 of
EMI4 encodes the entire coiled coil domain, all of these possible
fusion genes would encode EML4-ALK proteins containing the
coiled coil domain and therefore likely produce oncogenic
EML4-ALK kinases. To screen for all variants (both known and
unknown) of EML4-ALK and to estimate the frequency of such
oncogenes in human cancers, Takeuchi et al. have developed a
single-tube multiplex RT-PCR system that captures all possible
in-frame fusions between EML4 and ALK.“® From screening of
lung adenocarcinoma specimens (n = 253), they have identified a
total of 11 samples (4.35%) carrying variants 1, 2, 3, or unknown
isoforms (referred to as variants 4 and 5) of EMI4-ALK.

Unexpectedly, in one of the new isoforms (variant 4), exon 14
of EMIA is connected to an unknown sequence of 11 bp, and
further fused to a nucleotide at position 50 of exon 20 of ALK.
Although exon 14 of EML4 is not expected to produce an in-
frame fusion to exon 20 of ALK, insertion of the unknown 11-
bp sequence and its ligation to a position within the ALK exon
allows an in-frame connection between the two genes.

Additionally, exon 2 of EMIA4 is fused to exon 20 of ALK or
to a nucleotide 117 bp upstream of exon 20 of ALK, giving rise
to variants 5a and 5b of EML4-ALK, respectively. Takeuchi
et al. further successfully isolated full-length cDNA for variants
4, 5a, and 5b of EML4-ALK, and confirmed the transforming
potential of all isoforms.“® Takeuchi et al. have also screened
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for EML4-ALK cDNA, with the same multiplex RT-PCR tech-
nique, among other solid tumors (n =403) including squamous
cell carcinoma (n = 71) and small cell carcinoma (n = 21) of the
lung. Interestingly, none of these tumors were positive for the
fusion cDNA, indicating specificity of the EML4-ALK oncogene
to lung cancer (especially adenocarcinoma).

Similarly, Wong et al. have tried to identify all possible in-frame
fusions between EML4 and ALK among a panel of NSCLC
specimens (n = 240), discovering 13 cases (5.42%) positive for
variants 1, 2, 3, and an unknown isoform of EMI4-ALK.“Y
Notably, variant 3 was the most frequent isoform (n = 8) in their
Chinese cohort. Based on these data, the proportion of EML4—
ALK-positive tumors in NSCLC seems to be ~5% in the Asian
ethnic group, and may be lower in the others 44647

It should be noted that all subtypes of EML4-ALK have not
always been assayed in the published screenings and, further,
that there may still be other variants not yet discovered. Therefore,
to estimate the true prevalence of EML4-ALK-positive tumors
within a given ethnic group, it is necessary to examine, in large
cohorts, all possible in-frame fusions between EML4 and ALK
among the subjects. Additionally, given the increasing number
of EMI4—-ALK variants, I personally hope that researchers may,
in the near future, develop a more reasonable and uniform
nomenclature system for such variants (E13; A20 for variant 1,
and E6a; A20 for variant 3a, for instance) than the current one
(variants 1, 2, 3, etc).

With regard to other diagnostic tools for EML4-ALK-positive
tumors, immunohistochemical detection of EML4-ALK proteins
in specimens obtained by biopsy or surgical resection would be
a convenient screening system in clinics. In anaplastic large cell
lymphoma, such screening with antibodies to the intracellular
region of ALK has been used routinely to detect lymphoma
positive for NPM-ALK.“® Unfortunately, however, it is often
difficult to stain EML4-ALK with such antibodies in NSCLC
that are positive for EMI4-ALK mRNA (K. Takeuchi and K.
Inamura, personal communication). This discrepancy may be
due to: (i) the weaker promoter activity of the EMIL4 gene
(which drives the expression of EMIL4-ALK) compared to that
of NPM (which drives the expression of NPM-ALK), or (ii) a
lower stability of the EML4-ALK protein than that of NPM—
ALK. Further improvements in the sensitivity of immunohisto-
chemical detection of EML4-ALK would be desirable to apply
such systems to routine pathological screenings.

Transforming activity of EML4-ALK

How does fusion to EML4 induce a marked transforming potential
in ALK? A number of fusion-type PTK carry an oligomerization
motif within the fusion partner regions, which thereby leads to
dimerization and autophosphorylation of the corresponding
kinase domain.“**® Consistent with this notion, the NPM region
in the NPM-ALK protein was shown to be essential in the
oligomerization and transforming potential of this fusion kinase
(Fig. 2).%Y Similarly, TPM3-ALK and TPM4-ALK found in
IMT and EML4-ALK in NSCLC all carry a coiled coil domain
within the fusion partners, which may act as an oligomerization
motif. Indeed, EML4-ALK homodimerizes in cells, but internal
deletion of the basic domain of EML4 (which contains the
coiled coil domain) severely hampers such physical association.
Accordingly, this mutant form of EML4-ALK loses its marked
tumor-formation activity invivo, and has decreased tyrosine
kinase activity in vitro.*® It should be noted, however, that
truncation of subdomains other than the coiled coil domain of
EMLA-ALK also affects its transforming potential, suggesting
that self-oligomerization is not the only mechanism to induce
oncogenic potential in EML4-ALK.»

As wild-type ALK is a PTK with a single transmembrane
region, it is presumed that the in vivo function of ALK is that of
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Fig. 4. Activation mechanisms for anaplastic lymphoma kinase (ALK)
and echinoderm microtubule-associated protein like-4 (EML4)-ALK.
Wild-type ALK is thought to undergo transient homodimerization in
response to binding of a specific ligand, resulting in its activation and
mitogenic signal transduction. In contrast, EML4-ALK is constitutively
oligomerized via the coiled coil domain (CC) of EML4, resulting in
persistent mitogenic signaling that eventually leads to malignant
transformation.

a cell surface receptor for specific ligands (probably growth
factors). Unfortunately, however, such ligands have not been
isolated in mammals. In Drosophila melanogaster, a protein
homologous to human and mouse ALK is expressed in visceral
mesoderm in the embryo, and malfunctions in Alk lead to visceral
mesoderm defects in early embryogenesis, which resembles
the phenotype of dysfunction in a secreted protein, jelly belly
(Jeb). Upon binding to Jeb, Alk becomes activated to trigger the
Ras—mitogen-activated protein kinase cascade and transcrip-
tional activation of a subset of genes,®? suggesting that Jeb is
the ligand of Alk in fly.

In mammals, however, pleiotrophin®® and midkine®® are
proposed ligands of ALK and are expressed specifically in brain
and spinal cord.®>5® Pleiotrophin may bind ALK at a low dis-
sociation constant and induce tyrosine phosphorylation on ALK
as well as putative downstream effector molecules.*> However,
other cellular receptors for pleiotrophin have also been identified
and, hence, it is not yet clear if the observed effects of pleiotrophin
are mediated mainly through ALK.67®

Although it is theoretically possible that the extracellular
region of ALK may act as its own ligand, the Jeb—Alk interaction
in fly suggests that ALK likely functions as a cellular receptor
for specific ligands in mammalian cells as well. Presumably, upon
ligand binding (and only upon such binding), ALK becomes
oligomerized and activated to trigger a transient growth signal in
cells (Fig. 4). However, EML4-ALK and other ALK fusion
proteins are constitutively oligomerized through the binding
motif within the corresponding fusion partners, and activated to
maintain a persistent mitogenic signal that finally leads to tumor
formation.

A pivotal role of ALK fusion proteins in malignant transfor-
mation has been demonstrated clearly in the case of NPM-ALK.
Retroviral transduction of NPM-ALK mRNA in bone marrow
cells induces lymphoma-like disorders in mice,***? and transgenic
mice with Vav promoter-driven expression of NPM-ALK results in
the generation of lymphoma.®” Furthermore, injected lymphoma
cells positive for NPM-ALK were effectively eradicated from
mice by treatment with a specific inhibitor against ALK,“?
suggesting that the activated kinase potential of NPM-ALK is
central to the lymphomagenesis.

A few experiments also support such a pivotal role for EMLA—
ALK in lung cancer. Koivunen et al. have found that treatment
with a specific inhibitor for ALK (TAE684) induces rapid cell
death of one NSCLC cell line (NCI-H3122) in culture, which
harbors variant 1 of EML4-ALK.“> Another NSCLC cell line,
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Fig. 5. Suppression of the growth of an echinoderm microtubule-
associated protein like-4 (EML4)-anaplastic lymphoma kinase (ALK)-
positive cell line with an ALK inhibitor. The non-small cell lung cancer cell
line NCI-H2228, which is positive for EML4-ALK (variant 3), was
maintained in spheroid culture for 2 days and was photographed after
an additional 5 days of incubation in the absence (upper panel) or
presence (lower panel) of 5 nmol/L 2,4-pyrimidinediamine.® Scale
bars =4 mm.

NCI-H2228, was shown to be positive for variant 3 of EMI4-ALK,
but TAE684 treatment failed to induce drastic effects in this these
cells. However, McDermott et al. did find partial inhibition of
cell viability (66% reduction compared to the control experi-
ments) in NCI-H2228 after treatment with TAE684, as well as
in NCI-H3122 (75% reduction).® Similarly, we found marked
growth suppression of NCI-H2228 with an ALK inhibitor only
in a spheroid culture system (Fig. 5),* not in a regular in vitro
culture. These data thus indicate that EML4-ALK may be the
principle transforming protein in some NSCLC cells (such as
NCI-H3122) that are therefore fully sensitive to ALK inhibitors.
However, it is likely that at least one other potential transforming
protein-is present with EML4-ALK in other NSCLC (e.g. NCI-
H2228), and thus inhibition of ALK enzymatic activity provides
significant but incomplete growth suppression.

With regard to the in vivo role of EMLA-ALK, it is important
to test if EML4-ALK activity can induce lung cancer in vivo. To
address this issue, Soda et al. have recently generated transgenic
mice in which EML4-ALK mRNA is transcribed specifically in
lung epithelial cells by the use of a promoter fragment of the
surfactant protein C gene.®® Surprisingly, all independent lines
of such mice develop hundreds of adenocarcinoma nodules in
both lungs at only a few weeks after birth, proving for the first
time the marked transforming activity of EML4-ALK in vivo
(Soda et al., unpublished data). More importantly, treatment of
such mice with a chemical compound that suppresses ALK
activity rapidly cleared those nodules from the lungs. Therefore,
it is likely that EML4-ALK-positive lung cancer cells are at
least partially dependent on their PTK activity for growth, and any
means to suppress this activity would be a promising strategy
for treating this intractable disorder.

Concluding remarks

The data from EMI4-ALK transgenic mice clearly show the
central role of this fusion kinase in lung cancer, and such mice also
provide an efficient in vivo screening system for ALK inhibitors.
Recently, treatment with an ALK inhibitor was shown to suppress
or inhibit the growth of some neuroblastoma cell lines, in
addition to NSCLC and anaplastic large cell lymphoma.©>%
Because the EMLA-ALK and NPM-ALK fusion genes are present
in the latter two, such inhibitor-sensitive neuroblastoma cell
lines may also possess other ALK mutants. These data suggest
that tumors of any tissue origin may be treated with the same
ALK inhibitors provided that they carry any one of the
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oncogenic ALK mutants. Therefore, ‘ALKoma’¢>%® may form a
novel clinical entity as is the case for v-kit Hardy-Zuckerman 4
feline sarcoma viral oncogene homolog (KIT) mutant-positive
tumors in acute myeloid leukemia, mastocytosis,®>%® and
gastrointestinal stromal tumor.®”

However, given the marked diversity in the sensitivity of EML4—
ALK-positive cell lines to ALK inhibitors,***? identification of
coexisting oncogenes in ALK mutant-positive tumors would be
valuable to increase the efficacy of treatments with ALK inhibitors.

Furthermore, as various ALK fusion proteins have divergent
subcellular localizations (probably dependent on the nature of
fusion partner proteins), ¢’ downstream signaling pathways
may vary among them. Indeed, although signal transducer and
activator of transcription (STAT) proteins likely play a key role
in the mitogenic signaling of NPM-ALK, such a role is
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unlikely for EML4-ALK“"" and some other ALK fusions." It
is therefore of great clinical relevance to decipher the profiles of
oncogenes or tumor-suppressor genes and downstream proteins
for each ALK fusion in each cancer subtype.
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Epigenetic alterations are implicated in the development of cardiac hypertrophy and heart failure,
but little is known of which epigenetic changes in which regions of the genome play such a role.
We now show that trimethylation of histone H3 on lysine-4 (K4TM) or lysine-9 (K9TM) is markedly
affected in cardiomyocytes in association with the development of heart failure in a rat disease
model. High-throughput pyrosequencing performed with ChIP products for K4TM or K9TM
prepared from human left ventricular tissue with retained or damaged function also revealed that
protein-coding genes located in the vicinity of K4TM marks differ between functional and disabled
myocytes, yet both sets of genes encode proteins that function in the same signal transduction
pathways for cardiac function, indicative of differential K4TM marking during the development
of heart failure. However, K9TM mark-profile was less dependent on the disease status compared
to that of K4TM. Our data collectively reveal global epigenetic changes in cardiac myocytes

associated with heart failure.

Introduction

A variety of conditions, including pressure or volume
overload in the cardiovascular system and remodeling of
the left ventricle of the heart after ischemic damage,
result in heart failure, which is characterized by a reduction
in contractile ability and a decrease in the number of
viable myocytes in the heart (James et al. 2000). Treatment
of heart failure remains problematic, and this condition
is thus still one of the leading causes of human death
(Braunwald 1997).

Epigenetic status has been linked to cardiac hypertrophy
and heart failure. The histone acetyltransferase activity of
CREB-binding protein (CBP) and p300 is thus required
for the induction of hypertrophic changes in cardiac
muscle cells by phenylephrine (Gusterson et al. 2003).
Consistent with this observation, inhibition of histone
deacetylase (HDAC) activity results in an increase in the
size of cardiac muscle cells (Iezzi et al. 2004). Furthermore,
HDAGC: of class II (HDAC4, -5, -7, and -9) suppress cardiac
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hypertrophy in part by binding to and inhibiting the
activity of myocyte enhancer factor 2 (Zhang et al.
2002). Induction of the atrial natriuretic peptide gene is
associated with acetylation of histones (H3 and H4)
located in the 3" untranslated region of the gene (Kuwahara
et al. 2001). Histones bound to the B-myosin heavy chain
gene have also been shown to be targeted by histone
acetyltransferases in cardiomyocytes (Zhang et al. 2002).
Moreover, dynamic regulation of other histone modifi-
cations has been demonstrated in cardiac myocytes (Illi
et al. 2005; Bingham et al. 2007).

It remains to be established, however, (i) which epigenetic
marks are dysregulated in association with heart failure
in vivo, (ii) which regions of the human genome are suscep-
tible to such epigenetic changes, and (iii) how epigenetic
dysregulation affects the expression of protein-coding or
other genes. To address these issues, we have now studied
an animal model of congestive heart failure (CHF), the
Dahl salt-sensitive rat (Rapp et al. 1989), and found that
two histone modifications are markedly affected in cardiac
myocytes during the development of CHE We further
confirmed our findings in human left ventricular (LV)
myocytes with the use of chromatin immunoprecipitation

Genes to Cells (2009) 14, 69-77
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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 et 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-9 (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 (n = 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), little 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 Disease Age (years) Sex LVEF (%)
HighEF PM 8 HVD (MSR, ASR) 59 F 65

PM12 HVD (MSR) 73 F 58

PM13 HVD (MS) 55 F 76

PM14 HVD (MS) 62 F 63
CHF LV13 DCM 52 M 17

LV14 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; E female; M, male.
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Figure 1 Comparison of epigenetic profiles between normal and failed rat hearts. The expression level of each probe set on oligo-
nucleotide microarrays was compared between total cRNA from normal (x axis) or failed (y axis) hearts by calculation of Pearson’s
correlation coefficient (r). ChIP-on-chip data for H3Ac, H4Ac, K4DM, K4TM, KODM, 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 CHE the K9TM products for HighEE
and the K9TM products for CHE respectively. After
quality-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 hg18 assembly of the Genome Bioinformatics
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 > 1
sample (see Table S2 in Supporting Information).

We then examined histone modification at the high
clusters for specificity of the epigenetic mark (K4TM or

Genes to Cells (2009) 14, 69-77
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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 clusteris>2in21
sample. (B) Numbers of high clusters with a read number of > 5 for K4TM or K9TM in 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 high 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
K4TM HighEF 25, CHF< 1 836 407 129

HighEF <1, CHF 25 786 432 163
K9TM HighEF 2 5, CHF< 1 220 75 18

HighEF <1, CHF 25 196 69 10

K9TM) and disease status (HighEF or CHF). Among the
high clusters, 875 had 2 5 reads in the K4TM product
for HighEE, 818 had 2 5 reads in the K4TM product
for CHE 269 had 25 reads in the K9TM product for
HighEE 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 a 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. 81 in Supporting
Information. In contrast, the profile of read number per
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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 K4ATM
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 > 5 reads in those
for CHF). Smaller numbers of 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 CHEF status and those encoded by genes that map within a distance 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; http://
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

KA4TM 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. S4 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 CHF set
(CALMS3).
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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 CHE-K9TM clusters (Fig. 3B). The network
containing the most disease-dependent K9TM-associated
gene products is centered on transforming growth factor
B1 (TGFB1) and the tumor suppressor p53 (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 > 3, and (ii) the mean expression level in HighEF
was = 10 arbitrary units (U). These criteria resulted in
the isolation of 67 probe sets (see Table S3 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
> 10 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 profle and mRNA abundance for
FER1L3. Six sequence reads were selectively identified 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, as judged from
the microarray data (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 K4ATM
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 et 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 et 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 HeLa 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 ef al. 2005; Phan et al. 2005; Bingham et 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, CACNA2D1, and CACNB2
genes, the products of which directly participate in the
regulation of intracellular calcium concentration and in
muscle contraction (Cataldi et al. 1999; Marx et 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 epigenetic 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 to 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 rats with
antibodies specific to H3Ac (Upstate, #17-245), H4Ac (Upstate,
#17-229), KADM (Abcam, #ab7766), K4TM (Abcam, #ab8580),
K9DM (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 et al. 2007). Total genomic
DNA (Pre-ChIP) and cRNA prepared from the LV tissue 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 at the Gene
Expression Omnibus web site (http:/www.ncbi.nlm.nih.gov/
geo) under the accession numbers GSE8341 and GSE8331,
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 in 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 converted to cRNA and amplified as
described above for ChIP-on-chip experiments. The cRINA was
then used to generate double-stranded DNA, which was subjected
to pyrosequencing with a Genome Sequencer 20 system (Roche
Diagnostics). 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 assembly)
for each readout with the following parameter set: —e 2e-19 —v 50
5500 -TF-FF-m38.
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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 network 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.
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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 epigenetic 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.

H. Mano (X))

Division of Functional Genomics, Jichi Medical University,
3311-1 Yakushiji, Shimotsuke, Tochigi 329-0498, Japan
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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 (S), 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 (HATSs), whose activity in cells is rapidly
counteracted by that of histone deacetylases (HDACsS) [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

‘2_) Springer
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Unmethylated DNA

Met ‘/

Methylated DNA

Met Ac

Deacetylated histone Acetylated histone

Methylated H3-K9 Methylated H3-K4

X J/ g

Fig. 2 Epigenetic changes and transcriptional activity. Suppression
of gene expression (OFF) is correlated with the methylation (Mef) 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 HDACSs
(HDACH4, -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 S-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, it is 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 (“ChIP-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-
tion 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 to 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 is
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
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Fig. 3 The differential chromatin scanning (DCS) method. DNA
fragments bound to acetylated (Ac) histones are purified by immu-
noprecipitation (/P) and subjected to TAG adaptor ligation (green
bars) and PCR amplification. The tester DNA is then digested with
Xmal, ligated to 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 amplifies these fragments. The products are subjected to a
second round of subtraction PCR with the second subtraction adaptor
and primer to 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].

@ Springer

— 496 -




28

Environ Health Prev Med (2008) 13:25-29

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, HOC2, 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 Itpr3
(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
thythm and is a determinant of myocyte hypertrophy and
heart failure [20]. The amount of the genomic fragment
corresponding to the H9C2T-2_DO09 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 driver cells. Fur-
thermore, inhibition of HDAC activity was accompanied
by an increase in the amount of Jtpr3 mRNA [18]
(Fig. 4c). These data suggest that HDAC actively de-
acetylates a chromosomal region corresponding to Itpr3
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 5q36, 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 Identification of Ipr3 as a target of histone deacetylase
(HDAC) in cardiomyocytes. a One of the DCS clones (H9C2T-
2_D09; red rectangle) was mapped to chromosome 20p12, spanning
intron 21 and exon 22 of Izpr3. Exons are denoted by black boxes, the
arrow indicates the direction of transcription, and blue triangles
depict distance markers separated by 50 kbp. b Chromatin immuno-
precipitates were prepared from H9C2 cells treated (+) or not (—)
with 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 Itpr3 mRNA
relative to that of Gapdh mRNA in HIC2 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 ¢ 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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