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Table 1
MiaPaCa-2 cell cDNAs isolated from 3T3 transformants
Clone ID #  Gene symbol  GenBank No.  Presence of entire ORF
1 CGI-152 NM_020410 Yes
2 RAB28 NM_004249 Yes
3 MRPL43 NM_ 032112 Yes
4 LTBR NM_002342 No
5 UBQLNI1 NM_013438 Yes
6 TBC1D2 NM_018421 Yes
7 FKBP10 NM_021939 Yes
8 HCCA2 NM_053005 Yes
9 Unknown AK123415 ND
10 KRAS2 NM_004985 Yes
11 STKI11IP NM_052902 Yes
12 Unknown AA627562 ND
13 PFKP NM_002627 Yes

ORF, open reading frame; ND, not determined.

extensively investigated [3], little is known of such activity
for LTBR. We thus focused on LTBR for further analysis.

Identification of a truncated form of LTBR

Although the nucleotide sequence of both ends of our
LTBR cDNA was identical to that of human LTBR, the
size of our ¢cDNA (1452bp) was smaller than that
(2136 bp) of the full-length cDNA previously described.
We thus determined the complete nucleotide sequence of
our cDNA, revealing that it starts at nucleotide position
685 of the reported sequence (NM_002342). The longest
open reading frame in our cDNA begins at amino acid
position 221 and ends at position 435 of the previously
described LTBR protein; it therefore encodes a predicted
protein of 215 amino acids with a calculated molecular
mass of 22,692 Da (Fig. 2). Given that the nucleotide
sequence surrounding the putative translation start site of
our cDNA matches the consensus Kozak motif, the corre-
sponding mRNA likely produces this NH,-terminally trun-
cated form of L'TBR, which is hereafter referred to as
short-type LTBR.

5'-RACE analysis of LTBR mRNA

To confirm the presence of an mRNA encoding short-
type LTBR in MiaPaCa-2 cells, we performed 5'-RACE

O

ID# 4

to determine the 5’ ends of LTBR mRNAs. The first strand
of LTBR cDNAs was generated with an LTBR-specific
reverse transcription (RT) primer (Fig. 2) from RNA iso-
lated from MiaPaCa-2 cells. Poly(A) was added to the 3’
end of the cDNAs, which were then subjected to nested
PCR in order to amplify the 5’ ends. PCR products (rang-
ing from a few hundred to 2000 bp) were detected only
when reverse transcriptase was included in the procedure
(Fig. 3A), indicating that the products were synthesized
from ¢cDNA, not from genomic DNA. The nucleotide
sequence of 96 randomly chosen PCR products was deter-
mined. Sixty-eight of the 96 products matched the LTBR
c¢DNA sequence and the positions of their 5’ ends are indi-
cated in Fig. 3B. Transcription of most of the mRNAs cor-
responding to these PCR products was initiated in the
region immediately upstream of the translation start site
for short-type LTBR, indicating the existence of multiple
mRNAs for this truncated protein in vivo.

Confirmation of transforming activity of short-type LTBR

To confirm the transforming activity of short-type
LTBR, we examined its effect on anchorage-independent
growth of 3T3 cells in soft agar. Whereas cells infected with
an empty virus did not grow in soft agar, those infected
with a virus encoding short-type LTBR formed multiple
foci in repeated experiments (Fig. 4A). In addition, 3T3
cells expressing activated KRASZ readily grew in the agar.

We also injected the infected cells into nude mice.
Tumors formed at all (n = 10) sites injected with 3T3 cells
expressing short-type LTBR (Fig. 4B). Again, 3T3 cells
expressing activated KRAS2 also generated tumors at a
high frequency, whereas those infected with the empty
virus did not induce tumor formation. Together, these
results thus confirmed that short-type LTBR possesses
transforming activity.

Transforming activity of wild-type LTBR

To determine whether the full-length (435-amino acid)
LTBR protein also possesses oncogenic potential, we per-
formed the focus formation assay and in vivo tumorigenicity
assay with a recombinant retrovirus encoding the wild-type

ID# 10

Fig. 1. Identification of transforming genes of MiaPaCa-2 cells. Mouse 3T3 cells were infected with an empty retrovirus (—) or with recombinant
retroviruses harboring cDNAs corresponding to library clones ID #4 (short-type LTBR) or ID #10 (KRAS2). The cells were photographed after culture

for 2 weeks. Scale bars, 1 mm.
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acctgaggccteccggcagacccacccacccectggggetgetcagectcaggcacggac 1740
agggcacatgataccaactgctgeccactacggcacgeccgecaccggagcacggcaccgag 1800
ggagccgccacacggtcacctgecaaggacgtcacgggeccectetaaaggattegtggtge 1860
tcatccccaagettcagagacceotttggggttccacacttcacgtggactgaggtagace 1920
ctgcatgaagatgaaattatagggaggacgctectteecteccctectagaggagaggaa 1980
agggagtcattaacaactagggggttgggtaggattectaggtatggggaagagttttgg 2040
aaggggaggaaaatggcaagtgtatttatattgtaaccacatgcaaataaaaagaatggg 2100
acctaaactcgtgeegetegtgecgaattectgeag 2136

Fig. 2. Characterization of an LTBR cDNA isolated by screening for transformation activity. Amino acid residues of the full-length LTBR protein are
aligned with the previously determined nucleotide sequence of LTBR ¢cDNA (NM_002342). The cDNA isclated in the present study begins at nucleotide
position 685 (open arrow) of the reported cDNA. The putative translation start site for the truncated (short-type) LTBR protein is boxed. The positions of
primers used for 5'-RACE are indicated by closed arrows.
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Fig. 3. 5'-RACE analysis of LTBR cDNA. (A) Total RNA of MiaPaCa-2 cells was incubated with the LTBR-specific RT primer in the presence (+) or
absence (—) of reverse transcriptase, and resulting cDNA was subjected to PCR-based 5'-RACE. The PCR products were fractionated by electrophoresis
through a 1.8% agarose gel and stained with ethidium bromide. Lane M, 1-kb DNA ladder. (B) The positions of the 5’ ends of 5'-RACE products are
indicated by closed circles in alignment with the reported LTBR cDNA sequence. Numbers on the left indicate nucleotide positions relative to the
translation initiation site of the full-length (wild-type) cDNA. The arrow indicates the 5’ end of the cDNA isolated by retroviral screening in the present

study; the putative translation start codon of this cDNA is boxed.

human protein. The infected cells generated both trans-
formed foci in vitro and tumors in nude mice (Fig. 5).

Discussion

In the present study, we constructed a retroviral cDNA
expression library for a PDC cell line. Given that 80% (24/
30) of the viral plasmids contained cDNA inserts and that
the overall clone number was >1 million, this library
should represent most of the mRNAs in MiaPaCa-2 cells.
We infected 3T3 mouse fibroblasts with this recombinant
library to screen for transforming genes with a focus for-
mation assay. This screen identified KRAS2 with an acti-
vating mutation as a transforming gene of MiaPaCa-2
cells, supporting the fidelity of our approach.

Our screen also identified a transforming cDNA that
encodes an NH,-terminally truncated form of LTBR. 5'-
RACE analysis revealed the existence of mRNAs for this
short-type LTBR in MiaPaCa-2 cells, and retrovirus-med-
iated expression of the isolated cDNA in 3T3 cells con-
ferred the ability to grow in soft agar in vitro as well as
the ability to form tumors in vivo.

LTBR belongs to the tumor necrosis factor (TNF)
receptor superfamily [9] and binds two functional ligands,

lymphotoxin-a132 and LIGHT [10,11]. LTBR is expressed
by many cell types (but not by lymphocytes), whereas
expression of the LTBR ligands is restricted to activated
lymphocytes [11]. Signaling by LTBR is important in the
development of lymphoid tissue and in generation of adap-
tive humoral immune responses [12,13]. In general, LTBR
function is thought to be linked to apoptosis. Indeed, acti-
vation of LTBR by its endogenous ligands or by anti-re-
ceptor antibodies triggers the death of various tumor cell
lines [14,15]. Activation of the LIGHT-LTBR signaling
pathway in tumor cells also induces marked chemokine-de-
pendent recruitment of T cells to tumors, resulting in the
rejection of established tumor cells [16].

LTBR activation has also been linked to tumor develop-
ment, however. Its activation in fibrosarcoma cells thus
induces angiogenesis and tumor growth by triggering the
release of macrophage inflammatory protein-2, an angiogen-
ic CXC chemokine [17]. Although oncogenic potential has
not previously been demonstrated for LTBR, our data
now show that both the full-length and truncated forms of
this protein possess transforming activity even in the absence
of exogenous cognate ligands. A high level of expression of
LTBR conferred by the retroviral long terminal repeat in
our experiments might have resulted in self-oligomerization
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Fig. 4. Transforming activity of short-type LTBR. (A) Focus formation assay. 3T3 cells infected either with empty retrovirus (pMXS) or with retroviruses
encoding short-type LTBR (pMXS-sLTBR) or activated KRAS2 (pMXS-KRAS2) were seeded into soft agar and incubated for 2 weeks. Scale bars,
100 pum. (B) Tumorigenicity assay. Cells infected as in (A) were injected into the shoulder of nude mice and tumor formation was examined after 3 weeks.
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Fig. 5. Transforming activity of full-length LTBR. The transforming activity of a retroviral vector encoding full-length (wild-type) LTBR was evaluated
by the focus formation assay (left) or the in vivo tumorigenicity assay (right). Scale bar, 1 mm.

of the protein. It is thus likely that LTBR exerts its oncogenic
function in a tissue- and context-dependent manner. As
shown here for PDC, it will be important to determine
whether LTBR also contributes to the mechanism of trans-
formation in other human malignancies.
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Pancreatic ductal carcinoma (PDC) remains one of the most intractable
human malignancies, mainly because of the lack of sensitive detection
methods. Although gene expression profiling by DNA microarray
analysis is a promising tool for the development of such detection
systems, a simple comparison of pancreatic tissues may vyield
misleading data that reflect only differences in cellular composition.
To directly compare PDC cells with normal pancreatic ductal cells, we
purified MUC1-positive epithelial cells from the pancreatic juices of
25 individuals with a normal pancreas and 24 patients with PDC. The
gene expression profiles of these 49 specimens were determined
with DNA microarrays containing >44 000 probe sets. Application of
both Welch’s analysis of variance and effect size-based selection to
the expression data resulted in the identification of 21 probe sets
corresponding to 20 genes whose expression was highly associated
with clinical diagnosis. Furthermore, correspondence analysis and
3-D projection with these probe sets resulted in separation of the
transcriptomes of pancreatic ductal cells into distinct but over-
lapping spaces corresponding to the two clinical classes. To establish
an accurate transcriptome-based diagnosis system for PDC, we
applied supervised class prediction algorithms to our large data set.
With the expression profiles of only five predictor genes, the
weighted vote method diagnosed the class of samples with an
accuracy of 81.6%. Microarray analysis with purified pancreatic
ductal cells has thus provided a basis for the development of a
sensitive method for the detection of PDC. (Cancer Sci 2005; 96:
387-393)

Pancreatic ductal carcinoma (PDC), arising from the
pancreatic ductal cells, accounts for more than 85% of all
pancreatic malignancies, and is one of the most intractable
malignancies in humans.!"? Effective therapy for PDC is
hampered by the lack of specific clinical symptoms, with a 5-year
survival rate of only 20 to 30%. An increase in the serum
concentration of the protein CA19-9 is a reliable marker for
PDC, but such an increase is only apparent in the advanced
stages of disease.® Furthermore, although activating mutations
of the KRAS oncogene have been detected in PDC cells, such
mutations are also associated with other conditions, including
chronic pancreatitis.*

DNA microarray analysis allows the simultaneous mon-
itoring of the expression level of thousands of genes®”
and is therefore a potentially suitable approach for the iden-
tification of novel molecular markers for detection of the early
stages of PDC. However, caution is warranted in simple com-
parisons between normal and cancerous pancreatic tissues.
Because normal pancreatic tissue is composed mostly of
exocrine and endocrine cells, and cancerous pancreatic
tissue consists mostly of tumor cells that arise from ductal
epithelial cells, a simple comparison between these two

© Japanese Cancer Association doi:10.1111/j.1349-7006.2005.00064.x

tissues tends to identify cell lineage-dependent gene expression
differences.®

To minimize such misleading data that are attributable to
population-shift effects, we have set up a depository for pan-
creatic ductal cells purified from pancreatic juice collected from
patients during endoscopic retrograde cholangiopancreatography
(ERCP). Comparison of such pancreatic ductal cell preparations
between control individuals and PDC patients by DNA micro-
array analysis has the potential to identify specific gene markers
for the latter. Indeed, an initial screening of a limited number of
samples (from three individuals with a normal pancreas and six
with PDC) with a DNA microarray of 3456 genes yielded candidates
for new PDC marker genes.®

We have now expanded this project by using a larger number
of specimens: 25 from individuals with a normal pancreas and
24 from PDC patients. Bach purified preparation of pancreatic
ductal cells was subjected to microarray experiments with
Affymetrix HGU133 A&B GeneChips, which contain >44 000
probe sets corresponding to ~33 000 human genes. The applica-
tion of sophisticated bioinformatics techniques to this large data
set (a total of 2 156 000 data points) resulted in the establish-
ment of an algorithm to differentiate transformed ductal cells
from normal ones.

Materials and Methods

Preparation of pancreatic ductal cells. The study subjects comprised
individuals who underwent ERCP and collection of pancreatic
juice for cytological examination. The subjects gave informed
consent and the study was approved by the institutional review
board of Jichi Medical School. Diagnosis of patients was
confirmed on the basis of the combination of results obtained
by ERCP, cytological examination of pancreatic juice, abdominal
computed tomography, and measurement of the serum
concentration of CA19-9, as well as of follow-up observations.
Approximately one-third of each specimen of pancreatic juice
was used to purify MUC1* ductal cells.®

Cells were collected from the pancreatic juice by centrifuga-
tion and were resuspended in 1 ml of MACS binding buffer
(150 mM NaCl, 20 mM sodium phosphate [pH 7.4], 3% fetal
bovine serum, 2 mM ethylenediamine tetraacetic acid). They
were then incubated for 30 min at 4°C with 0.5 yug of a mouse

“To whom correspondence should be addressed. E-mail: hmano@jichi.ac.jp
Abbreviations: ACTB, B-actin; EPPK1, epiplakin 1; ERCP, endoscopic retrograde
cholangiopancreatography; H2BFB, H2B histone family, member B; KNN, k nearest
neighbor; NRCAM, neuronal cell adhesion molecule; PCR, polymerase chain reac-
tion; PDC, pancreatic ductal carcinoma; PLOD2, procollagen-lysine, 2-oxoglutarate
5-dioxygenase 2; RASAL2, RAS protein activator-like 2; SCGB3A1, secretoglobin,
family 3A, member 1; SST, somatostatin; WV, weighted vote.
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monoclonal antibody to MUC1 (Novocastra Laboratories, New™ -

castle upon Tyne, UK), washed with MACS binding buffer, and
mixed with MACS MicroBeads conjugated with antibodies to
mouse immunoglobulin G (Miltenyi Biotec, Auburn, CA, USA).
The resulting mixture was subjected to chromatography on a
miniMACS magnetic cell separation column (Miltenyi Biotec),
and the eluted MUCT* cells were divided into portions and
stored at —80°C. Portions of the unfractionated cells as well as
the isolated MUC1* cells of each individual were stained with
Wright—Giemsa solution to examine the purity of the ductal
cell-enriched fractions.

Microarray experiments. Total RNA was extracted from the
MUCI"* cell preparations with the use of an RNeasy Mini
column and RNase-free DNase (Qiagen, Valencia, CA, USA)
and was subjected to two rounds of mRNA amplification with
T7 RNA polymerase.!'” The high fidelity of the amplification
step has been demonstrated previously.*? One microgram of the
amplified cRNA was then converted to double-stranded cDNA
by PowerScript reverse transcriptase (BD Biosciences Clontech,
Palo Alto, CA, USA), and the cDNA was used to prepare biotin-
labeled cRNA with an ENZO BioArray Transcript Labeling Kit
(Affymetrix, Santa Clara, CA, USA). Hybridization of the
Iabeled cRNA . with GeneChip HGUI133 A&B microarrays,
which contain >44 000 probe sets, was performed with the
GeneChip system (Affymetrix). The mean expression intensity
of the internal positive control probe sets'? was set to 500
arbitrary units (U) in each hybridization, and the fluorescence
intensity of each test gene was normalized accordingly. All
normalized array data are available at the Gene Expression
Omnibus web site (http://www.ncbi.nlm.nih.gov/geo) under the
accession number GSE1542.

Statistical analysis. Hierarchical clustering of the data set,
Welch’s analysis of variance (ANOvVA), and k nearest neighbor
(KNN) method-based class prediction were performed with
GeneSpring 6.2 software (Silicon Genetics, Redwood, CA).
The weighted vote (WV) method™ was performed with
GeneCluster 2.1.7.%9 Correspondence analysis™> for all genes
showing a significant difference in expression was performed by
using ViSta software.!® Each sample was plotted in three
dimensions based on the coordinates obtained from the
correspondence analysis. With the exception of the effect-size
selection, in which linear values were used for calculation, all
normalized expression values were transformed to logarithms
prior to analyses.

Real-time PCR analysis. Portions of nonamplified cDNA were
subjected to PCR with a QuantiTect SYBR Green PCR Kit
(Qiagen). The amplification protocol comprised incubations at
94°C for 15 s, 57°C for 30 s, and 72°C for 60 s. Incorporation
of the SYBR Green dye into PCR products was monitored in
real time with an ABI PRISM 7900 HT sequence detection
system (PE Applied Biosystems, Foster City, CA, USA),
thereby allowing determination of the threshold cycle (C;) at
which exponential amplification of products begins. The C;
values for cDNA corresponding to the B-actin gene (ACTB)
and to the target genes were used to calculate the abund-
ance of target gene mRNA relative to that of ACTB
mRNA. The oligonucleotide primers for PCR were as follows:
5’-CCATCATGAAGTGTGACGTGG-3’ and 5'-GTCCGCCTAG-
AAGCATTTGCG-3" for ACTB, 5-CCCGTGAACCACC-
TCATAG-3" and 5-AGCGTCTTGTCCTCAGGTGTA-3’ for the
secretoglobin, family 3A, member 1 gene (SCGB3AI), and
5-GATGAAATGAGGCTTGAGCTG-3" and 5-GTTTCTAA-
TGCAAGGGTCTCG-3’ for the somatostatin gene (SST).

Results

Transcriptome of pancreatic ductal cells. As demonstrated previ-
ously, affinity purification with antibodies to MUCI yielded an
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Table 1. Clinical characteristics of patients with PDC -
patient Age Sex Cytol'ogigal Atypical' cell  Clinical
(years) examination  proportion* stage’
D073 74 Male \% H IVa
1D086 72 Female \ M IVa
1D088 65 Male \% L Vb
1D089 70 Female 1 L ]
1D090 72 Male ] L IVa
1D095 85 Female i L 0
1D0% 76 Female v L IVa
1D098 61 Female v L Va
D103 65 Male A H Vb
D117 76 Female \% L IVa
D119 73 Female \Y% L Va
D120 70 Female ] M 0
D125 75 Male il L 1
D131 67 Female il L IVa
D142 69 Male 1] H 1
D147 51 Male v L Vb
1D202 56 Female 1l M IVa
1D203 73 Male 1] M 1
D218 51 Male 1] L 0
D224 71 Male \ L Va
D225 50 Female 1 L IVa
D227 65 Male 1 L m
D229 60 Female v M IVa
D234 71 Male n L - IVa

*Isolated ductal cells contained <20% (L), 20~-40% (M) or = 40% (H) of
atypical cells. 'Clinical stage was determined according to the proposal
of Isaji et al.®®

apparently homogeneous preparation of pancreatic ductal cells.®
With this approach, we purified pancreatic ductal cell specimens
from 25 individuals with a normal pancreas and 24 patients
with PDC. Clinical characteristics for the latter individuals are
summarized in Table 1. All 49 specimens were each subjected
to DNA microarray analysis with Affymetrix HGU133 A&B
GeneChips, which contain >44 000 probe sets. E

For analysis of the gene expression data, we first set the con-
dition that the expression level of a given probe set should
receive the ‘Present call’ (from Microarray Suite 5.0 software)
in at least 30% (n = 15) of the samples in order to exclude tran-
scriptionally silent genes from the analysis. A tdtal of 7778
probe sets fulfilled this selection criterion. Unsupervised two-way
hierarchical clustering analysis"” was then applied to the 49
specimens based on the expression profiles of these 7778 probe
sets, generating a dendrogram in which the samples are clustered
according to the similarity in expression pattern of the probe sets
(Fig. 1). Although this dendrogram contained a large branch
consisting mostly of PDC patients, normal and cancer specimens
did not form separate, diagnosis-dependent branches. The transcrip-
tome of virtually all expressed genes thus did not differ sufficiently
between normal and cancerous ductal cells to allow diagnosis.

PDC-specific molecular signature. To capture a PDC-specific
molecular signature, we next identified genes whose expression
level differed significantly between the normal and cancerous
ductal cells. Application of Welch’s anova (P < 0.001) for this
purpose yielded 26 out of the 7778 probe sets examined.
However, some of the probe sets thus identified had low
absolute expression levels throughout the samples, even though
the ratio of the expression levels between the two classes was
relatively large. To eliminate such ‘nearly silent’ genes and to
enrich genes whose expression level was markedly increased in
at least one of the classes, we further selected those whose effect
size (absolute difference in mean expression intensities)®
between the two classes was = 50 U.

© Japanese Cancer Association  doi:10.1111/].1349-7006.2005.00064.x
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Fig. 1.
Hierarchical two-way clustering of the study subjects (normal ductal
cell specimens [green] and PDC specimens [red}) was performed on the
basis of the expression profiles of 7778 probe sets. Each column
corresponds to a single probe set, and each row corresponds to a
separate subject. The expression level of probe sets is color-coded
according to the indicated scale.

Gene expression profiles of the purified pancreatic ductal cells.

With this approach, we identified 21 probe sets (correspond-
ing to 20 independent genes) whose expression levels differed
significantly between the two clinical conditions. Construction
of a dendrogram for the expression profiles of these 21 probe
sets revealed that the subjects were grouped into two major

Ishikawa et al.

branches (Fig. 2a). Although each branch corresponded approx-
imately to the two clinical classes, a few subjects were still mis-
classified in both branches. It was not clear, however, whether
this failure to clearly separate the two clinical classes was due
to an inadequacy of the separation power of the clustering
method or to the heterogeneity of the samples within each clin-
ical class. Furthermore, these results did not address whether
normal and cancerous ductal cells are truly distinct from each
other from the point of view of gene expression profiles.

To address these issues, we attempted to visualize the similar-
ity or difference between the two classes. Correspondence ana-
lysis is a relatively new approach to the decomposition of
multidimensional data.!¥ It allows not only a low-dimensional
projection of expression profiles for numerous genes, but also
measurement both of the contribution of each gene to a given
extracted dimension and of the contribution of each extracted
dimension to the total complexity. Correspondence analysis of
the expression data of the 21 probe sets shown in Fig. 2a
reduced the number of dimensions from 21 to three. On the
basis of the calculated 3-D coordinates for each sample, the
specimens were then projected into a virtual space (Fig. 2b).
Although most of the normal samples were positioned in a
region of the space distant from that occupied by the PDC spec-
imens, the two groups were not separated completely. Decom-
position of the data set was thus not sufficiently effective to
achieve a high accuracy in differential diagnosis.

Supervised class prediction. We next attempted class prediction
by using two supervised algorithms. The WV method was
recently developed to assign binary classes based on gene
expression profiles.'> A defined number of ‘class predictor’
genes whose expression contrasts the two classes most
effectively are first selected in a training data set. A weight-
ing factor, which reflects how well a gene is correlated with
the class distinction, is also calculated for each gene. The
expression levels of the class predictors are then quantitated
in the test data set, and the ‘prediction strength’ is determined
on the basis of the expression intensities and weighting factors
of the predictors. The WV method has been successfully used
to differentiate acute myeloid leukemia from acute lymphoid
leukemia,"® as well as diffuse large B cell lymphoma with poor
prognosis from that with good prognosis.®”

The KNN method, like the WV method, first involves the
selection of a defined number of predictor genes. It then finds
nearest neighbors to the classes based on a distance function for
pairs of observations. The KNN method predicts the class of a
given test sample based on the majority of votes among the
nearest neighbors.@®

To measure precisely the class prediction ability of these two
methods, we performed a cross-validation trial for each with our
data set: One sample was therefore set aside and the program
was trained with the remaining 48 samples; the class of the
withheld test sample was then predicted by the program, and
the trial was repeated for each of the 49 samples to calculate the
overall accuracy of the program.

For both WV and KNN methods, the cross-validation was
performed with the 49 specimens and with different numbers of
class predictor genes (n =1 to 20, 30, 40, 50, 60, 70, 80, 90, or
100). Both methods had similar error rates, with the WV method
having a slightly lower error rate than the KNN method
(Fig. 3a). The best prediction accuracy (81.6%) was obtained by
the WV method with five class predictor genes. In this cross-
validation, different sets of five predictors were selected for each
leave-one-out trial, with a total of 11 probe sets (corresponding
to 10 genes) used as predictors. Two-way clustering of the
expression profiles of these 11 probe sets yielded the dendro-

gram shown in Fig. 3b. It should be noted that two probe sets
(DKFZp564II922 and EPPK1) were selected as the predictors
in all 49 leave-one-out trials.

i
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Isolation of a PDC-specific molecular signature. (a) Dendrogram of the 21 probe sets whose expression level differed significantly (Welch's
anova, P < 0.001) with an effect size of = 50 U between normal and cancerous specimens. Each row corresponds to a separate subject, and each
column to a probe set whose expression is color-coded according to the scale in 1. Gene symbols are shown at the top; 229860_x_at, 228088 _at,
214036_at, 230296_at, and 240770_at are expressed sequence tag IDs designated by Affymetrix. Detailed information on the genes and their
expression levels is provided in Supplementary Information at the Cancer Science web site. (b} Correspondence analysis of the 21 probe sets
identified three major dimensions in their expression profiles. Projection of the specimens into a virtual space with these three dimensions revealed
that those from individuals with a normal pancreas and those from patients with PDC were partially separated.
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Fig. 3. Supervised class prediction. (a) Cross-
validation trials for class prediction of normal or
PDC specimens based on various numbers of
predictor genes were performed with the WV or
KNN methods. Correct prediction rate (%) is plotted
for each trial. (b) Expression profiles of 11 probe
sets identified by the WV method with five
predictors. Samples are clustered according to the
similarity in the expression pattern of the 11 probe
sets. Asterisks indicate the two probe sets selected
in all trials. Detailed information on the genes and
their expression levels is provided in Supplementary
Information at the Cancer Science web site.

Ishikawa et al.

(@ %

=
5]
=
9
ke
o
[«3
8]
(3]
=
o
&)
50 T T T T T T T T T T
0 20 40 60 80 100
Gene number
(o) . |
y
@
5
[2s) el =
N - s
Yo N O O o o4 v o
T 598882 R0
shwaEan dZ% B O Q
N ] | 1
e -
B ||
o ]
L]
—+ o
CanerSci | July2005 | vol.96 | no.7 | 391



100 000 10000 -
o
1000 - 0] %50
LS 100 | —m e @ g i
g oo = e °8 00
° 10 ——— e —— 3 @
% ° o F T T
a ° o
iR Ot e e T 0.
i =
SST & ot SCGB3A1T _
001 oo r=0.596 r=0.953
0.00001 Lt Qb QDGO O O] 0.0001 O
Microarray data Microarray data
14 100
e L]
I Ity wl__. EPPK1T _________|
B o r=0633
Y o---° g w
5 [ e : g
o £ w
= =
) — KIAA1324 - &
Pl
o r=0.624 _ ° J
[ Ot P> 0 lom-e00-ee-0-0 08— —o—

Microarray data Microarray data

Fig. 4. Validation by reverse transcription and real-time PCR analysis
of gene expression profiles obtained by microarray analysis. The
relative amounts of mRNA corresponding to SST, SCGB3A1, KIAA1324
or EPPK1 in the MUC1* cells derived from (O) healthy individuals or
(@) patients with PDC were determined by reverse transcription and
real-time PCR with ACTB transcripts as the internal standard. The
resulting values are plotted against those obtained by microarray
analysis. Pearson’s correlation coefficient () values are provided for
each comparison.

Confirmation of expression data. To confirm the gene expression
profiles obtained by microarray analysis, we measured the mRNA
levels of some genes by reverse transcription and quantitative real-
time PCR analysis. The relative amounts of mRNA derived from
the SST (GenBank accession number NM_001048) or SCGB3AI
(GenBank accession number AA742697) genes, for example,
determined by this latter approach were highly correlated with
those quantitated by microarray analysis (Fig. 4).

Discussion

In the present study, we constructed the largest gene expression
database available to date for pancreatic ductal cells. Our
statistical approach to identify genes associated with a diagnosis
of PDC resulted in the extraction of 21 probe sets, three of
which were preferentially expressed in normal ductal cells
and the remaining 18 were preferentially expressed in
cancerous ductal cells. The latter group contained the genes
for H2B histone family member B (H2BFB; GenBank
accession number BC002842), RAS protein activator-like 2
(RASALZ; GenBank accession number NM_004841), procollagen-
lysine, 2-oxoglutarate 5-dioxygenase 2 (PLOD2; GenBank
accession number NM_000935), adlican (DKFZp56411922;
GenBank accession number AF245505), and epiplakin 1
(EPPKI; GenBank accession number AL137725). H2BFB
functions as a linker histone in nucleosome compaction.®” The
increased expression of H2BFB in PDC cells therefore
probably reflects the increased proliferation rate of these cells.
RASAL2 shares a GTPase-activating protein (GAP)-related
domain with members of the RAS-GAP family of proteins
and is thought to contribute to the regulation of small GTP-
binding proteins. RASAL2 is localized within the prostate
cancer susceptibility locus at chromosome 1g25%%, so an
altered activity of the encoded protein might thus be directly
linked to carcinogenesis.
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The expression profile of these disease-associatéd genes was
not, however, sufficient to separate the specimens into the
normal or cancer class with a high accuracy. We therefore applied
sophisticated algorithms in the supervised mode in an attempt to
achieve this goal. In our trials of the WV and KNN methods
with various numbers of predictor genes, the WV method
trained with five genes gave the best result. The accuracy of cor-
rect diagnosis achieved (81.6%) is higher than that obtained by
cytological examination of pancreatic juice.®)

In the ‘leave-one-out’ trials for all 49 samples, a total of 11
probe sets were chosen by the WV algorithm as the class
predictors. These probe sets corresponded to 10 genes, includ-
ing those for EPPK1, DKFZp56411922, PLOD2, SCGB3A1l,
SST, and neuronal cell adhesion molecule (NRCAM; GenBank
accession number NM_005010). NRCAM belongs to the immuno-
globulin (Ig) superfamily of proteins, contains multiple repeats
of the Ig domain in its extracellular region, and is expressed at
the surface of neuronal cells. The DKFZp56411922 protein also
contains 12 repeats of the Ig domain. Increased expression
of these Ig domain-containing proteins may thus be a specific
property and a novel molecular marker of PDC.

Among the 10 genes used in the WV analysis, only two
(those for EPPK1 and DKFZp56411922) were chosen as predic-
tors in all 49 trials. In addition, the Welch’s ANOvaA strategy and
the WV method selected five probe sets in common, including
two sets for EPPK1, one for SCGB3A1, one for PLOD2, and
one for DKFZp56411922.

Cytological examination revealed that, among the individuals
with PDC in our study, 16 patients had <20% of atypical cells
in the purified ductal cell specimens (‘L in Table 1), three
patients had = 40% of such cells (‘H”), and the other five
patients had 20-40% of such cells (‘M’). We thus examined
whether the proportion of atypical cells in the specimens
affected the expression intensities of the selected genes. The
expression levels of the genes in Fig. 2a was, for ingtance, com-
pared by Student’s #-test between the individuals in the L and M
groups, and between those in the M and H groups. Surprisingly,
none of the genes in Fig. 2a were differentially expressed in
a significant manner between these groups (data not shown).
Therefore, our microarray-based prediction scheme should be of
clinical importance even for patients with pancreatic juice
containing small amounts of cancer cells.

Our strategy to identify a PDC-specific gene expression
profile for purified pancreatic ductal cells should provide the
basis for several possible scenarios for the early detection of
PDC in the clinical setting. One scenario would be a microarray-
based diagnosis of PDC with a sophisticated algorithm for
analysis of the expression of a limited number of genes (as
demonstrated in the present study). A second scenario would
require an extension of our project to isolate single gene markers
specific to PDC; the expression of such genes should be negli-
gible in non-cancerous cells but would be markedly increased in
cancerous cells. Such PDC-specific single gene markers would
be good candidates for the construction of a sensitive PCR-
based detection system for PDC. A third scenario may involve
the identification of soluble proteins among the products of
PDC-specific genes that could be detected in the serum of
patients. Further expansion of our gene expression database
would probably facilitate the development of such detection
systems for PDC, which would improve the long-term prognosis
of individuals with this intractable disease.
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Genome-Wide Screening for Target Regions of Histone
Deacetylases in Cardiomyocytes

Ruri Kaneda, Shuichi Ueno, Yoshihiro Yamashita, Young Lim Choi, Koji Koinuma, Shuji Takada,
: Tomoaki Wada, Kazuyuki Shimada, Hiroyuki Mano

Abstract—The acetylation status of core histones in cardiomyocytes has been linked to the development of cardiac
hypertrophy and heart failure. Little is known, however, of the genes affected by abnormal histone acetylation in such
pathological conditions. We recently developed a genome-wide screening method, differential chromatin scanning
(DCS), to isolate genomic fragments associated with histones subject to differential acetylation. We have now applied
DCS to H9C2 rat embryonic cardiomyocytes incubated with or without trichostatin A (TSA), a specific inhibitor of
histone deacetylase (HDAC) activity. About 200 genomic fragments were readily isolated by DCS on the basis of the
preferential acetylation of associated histones in TSA-treated cells. Quantitation of the amount of DNA in chromatin
immunoprecipitates prepared with antibodies to acetylated histone H3 revealed that 37 of 38 randomly chosen DCS
clones were preferentially precipitated from the TSA-treated cells, thus verifying the high fidelity of DCS. Epigenetic
regulation of DCS clones was further confirmed in cells treated with sodium butyrate, another HDAC inhibitor, as well
as in cardiac myocytes isolated from neonatal rats. The mRNA level of 9 (39%) of 23 genes corresponding to DCS
clones changed in parallel with the level of histone acetylation in H9C2 cells. Furthermore, a physiological hypertrophic
stimulus, cardiotrophin-1, affected the acetylation level of histones associated with genomic regions corresponding to
certain DCS clones. Our data thus establish a genome-wide profile of HDAC targets in cardiomyocytes, which should
provide a basis for further investigations into the role of epigenetic modification in cardiac disorders. (Circ Res.
2005;97:210-218.)

Key Words: epigenetics ® histone acetylation ® trichostatin A ® cardiomyocyte

pigenetic modification of chromatin includes methyl-

ation of genomic DNA as well as acetylation, methyl-
ation, and phosphorylation of histone proteins. Such epige-
netic changes play important roles in the regulation of gene
transcriptional activity associated with cell growth and dif-
ferentiation as well as with organ development.!-3 Acetyla-
tion of core histones is mediated by histone acetyltransferases
(HATs) and, in many instances, results in relaxation of
chromatin structure and transcriptional activation of associ-
ated genes.* Histone deacetylases (HDACs) counteract HAT
activity by catalyzing the removal of acetyl moieties from
lysine residues in histone tails, thereby inducing chromatin
condensation and transcriptional repression.’

Regulation of histone acetylation has been linked to car-
diac hypertrophy. The HAT activity of CREB-binding protein
(CBP) and p300 is thus required for the induction of hyper-
trophic changes in cardiac muscle cells by phenylephrine.6
Consistent with this observation, inhibition of HDAC activity
results in an increase in the size of muscle cells.” Further-
more, HDACs of class II (HDAC-4, -5, -7, and -9) suppress
cardiac hypertrophy in part by binding to and inhibiting the

activity of myocyte enhancer factor 2 (MEF2).8 In contrast,
however, HDAC2 together with Hop was found to promote
cardiac hypertrophy in vivo in a manner sensitive to systemic
administration of the HDAC inhibitor trichostatin A (TSA).°
Moreover, HDAC inhibitors prevent hypertrophy and sarco-
mere organization in cultured cardiac myocytes,'° 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 hypertrophy
or to a dissociation between the deacetylase activity of
HDACS and a prohypertrophic function.® Clarification of the
role of HATs and HDAC:s in hypertrophy would be facilitated
by identification of the genes targeted by these enzymes
during the induction of hypertrophic changes. Little is known,
however, of the genes regulated by HATs or HDACs in
myocytes. Induction of the atrial natriuretic peptide (ANP)
gene is associated with acetylation of histones (H3 and H4)
located in the 3’ untranslated region of the gene.!! Histones
bound to the B-myosin heavy chain gene have also been
shown to be targeted by HATs in myocytes.®
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We have recently established a new technique, differential
chromatin scanning (DCS),'? for genome-wide screening of
DNA regions associated with histones that are differentially
acetylated between a given pair of cell or tissue samples. To
isolate target genes of HDACS in cardiac myocytes, we have
now applied DCS to a rat embryonic heari—derived myogenic
cell line, HOC2, treated or not with TSA. More than 200
genomic fragments were readily isolated by DCS, and
genomic regions corresponding to 37 clones of 38 examined
were confirmed to be associated with differentially acetylated
histones. Furthermore, the expression of genes located in or
close to such regions paralleled the associated level of histone
acetylation.

Materials and Methods

Cell Culture

HSC2 cells were obtained from American Type Culture Collection
(Rockville, Md) and were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen) supplemented with 10% fetal
bovine serum (Invitrogen) and 2 mmol/L L-glutamine. For prepara-
tion of the tester sample, cells were incubated for 24 hours with 300
nM TSA (Wako). For other treatments, cells were incubated with 2
or 4 mmol/L. sodium butyrate (Sigma) for 24 hours or with 1 nM
cardiotrophin-1 (Calbiochemy) for the indicated times.

Neonatal cardiac myocytes were prepared as described previous-
ly.13 In brief, ventricular tissue was dissected from newborn rats and
subjected to digestion overnight at 4°C with trypsin (1 mg/mL;
Invitrogen) in Hanks’ balanced salt solution (Invitrogen). Myocytes
were harvested by subsequent digestion of the tissue with collage-
nase (Worthington,) and were centrifuged twice at 50g to remove
less dense cells such as fibroblasts. Myocytes were then cultured in
DMEM-F12 (Invitrogen) supplemented with 10% fetal bovine serum
and 2 mmol/L 1-glutamine.

Differential Chromatin Scanning

HDAC targets were screened in H9C2 cells by DCS as described
previously.!? In brief, both tester and driver cells were fixed and
subjected to immunoprecipitation with antibodies to acetylated
histone H3 with the use of a chromatin immunoprecipitation (ChIP)
assay kit (Upstate Biotechnology). DNA fragments recovered from
the immunoprecipitates were digested with Rsal (New England
Biolabs), and the digestion products were ligated to the TAG adapter
(5'-CCACCGCCATCCGAGCCTTTCTGCCCGGG-3'/3'-GA-
AAGACGGGCCC-5"). After polymerase chain reaction (PCR)-
mediated amplification with the TAG primer (5'-CCACCGCC-
ATCCGAGCCTTTCTGC-3"), the tester and driver DNA samples
were digested with Xmal and Smal, respectively. The tester DNA
(0.5 ng) was ligated to the first subtraction adapter (5'-
GTGAGGGTCGGATCTGGCTGGCTC-3'/3'-CGACCGAGG-
GCC-5'), annealed with 40 ug of the driver DNA at 67°C for 20 to
24 hours, and then subjected to PCR with the first subtraction primer
(5'-GTGAGGGTCGGATCTGGCTGGCTC-3"). After digestion of
single-stranded DNA with mung-bean nuclease (New England Bio-
labs), the amplified products were subjected to digestion with Xmal
followed by a second round of subtraction PCR with the second
subtraction adapter (5'-GTTAGCGGACACAGGGCGGGTCAC-3'/
3'-GCCCAGTGGGCC-5") and second subtraction primer (5'-
GTTAGCGGACACAGGGCGGGTCAC-3"). The final products
were digested with Xmal and ligated into pBlueScript (Stratagene).
Escherichia coli DH5« cell clones transformed with the resuiting
recombinant plasmids were grown in 96-well plates and subjected to
direct plasmid purification in the plates with the use of a Montage
Plasmid Miniprepys Kit (Millipore). The nucleotide sequences of the
purified plasmids were then determined by Dragon Genomics Center
(Mie) and were used to screen, with the BLAT search program,4 the
nucleotide sequence database (http://genome.ucsc.edu/) assembled
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in June 2003 by the Genome Bioinforfnatics Group of the University
of California at Santa Cruz (UCSC).

Quantitation of DNA

Genomic fragments immunoprecipitated by antibodies to acetylated
histone H3 (Upstate Biotechnology) were subjected to PCR with a
QuantiTect SYBR Green PCR Kit (Qiagen). The amplification
protocol comprised incubations at 94°C for 15 s, 60°C for 30 s, and
72°C for 1 minute. Incorporation of the SYBR green dye into PCR
products was monitored in real time with an ABI PRISM 7700
sequence detection system (PE Applied Biosystems), thereby allow-
ing determination of the threshold cycle (Cy) at which exponential
amplification of PCR products begins. The C; values for DNA
molecules in the immunoprecipitates and for those in the original
sample before immunoprecipitation were used to calculate the
abundance of the former relative to that of the latter. The oligonu-
cleotide primers for PCR were 5'-CCGGAAGAGGTGGTTAT-
GTAAA-3' and 5'-GCTAAGAAGGGACAGGGCTAAC-3' for the
HOC2T-2.D09 clone, 5'-GTTTGTCTGGAGCCTGTACTCTC-3"
and 5'-AAGTTCTCCGTTTCAGGATTCAC-3' for the HOC2T-
2_C06 clome, 5'-CACATCCTTGGTGCTTCTGA-3" and 5'-
GAGGAGGGTGAGGAGCTGAG-3' for the H9C2T-1_E03-1
clone, and 5-CCCGGTGTTCTGTACGTAGG-3' and 5'-
ACTGATGGAGCATCCACATTCT-3' for the HOC2T-S-1-8 clone.,

Quantitation of mRNA

Total RNA was prepared from the tester and driver cells with an
RNeasy Mini column (Qiagen) and was subjected to reverse tran-
scription (RT) with PowerScript reverse transcriptase (BD Bio-
sciences Clontech) and an oligo(dT) primer. Portions of the resulting
cDNA were subjected to PCR with a QuantiTect SYBR Green PCR
Kit. The amplification protocol comprised incubations at 94°C for
155, 60°C for 30 s, and 72°C for 1 minute. The C; values for cDNAs
corresponding to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA and the mRNAs of interest were used to calculate
the abundance of the latter relative to that of the former. The Cq
values for GAPDH mRNA determined with 10 pg of total RNA
from TSA-treated or nontreated cells were 18.5+0.8 and 18.2+0.2
(mean=*SD), respectively, validating the use of GAPDH mRNA as
an internal control.

The oligonucleotide primers for PCR were 5'-AATGTATCC-
GTTGTGGATCTGAC-3' and 5'-ATTGTCATACCAGGAAAT-
GAGCTT-3’ for GAPDH, 5'-GCCTGTGATACTCTGCITATG-
TGT-3' and 5'-CTTGAGGATTTCCTCTTTCTTCTG-3' for the
inositol 1,4,5-trisphosphate receptor type 3 gene (Itpr3), 5'-
CAGTACCCTGTTGAGTCATCTCTG-3' and 5'-GAAAGC-
AAGGTCTTCTTATTCTGG-3' for the NAD(P)H dehydrogenase,
quinone 1 gene (Nqol), 5'-GCCTTCTACCTGCATACTACC-
AAG-3' and 5'-AGTCTCAAGATACCGGAGCACA-3' for the
metastasis-associated 1 gene (Mtal), and 5'-CTGTTGGTACCTG-
TGCTGTGTAG-3" and 5'-ACTGGTAGAGTACGTCCTTG-
TGG-3" for the Jagged2 precursor gene (Jag?2).

Statistical Analysis

Quantitation of DNA or mRNA was performed in triplicate in at least
2 independent experiments, and data are presented as mean*SD.
The statistical significance of differences was analyzed by Student ¢
test, with a probability value of <0.05 being considered significant.

Results

DCS in H9C2 Cells

Given that the ANP gene is a known target of HDAC in
myocytes,!! we first examined the effect of TSA on the
acetylation level of histones bound to this gene in H9C?2 cells.
Real-time PCR analysis revealed that the amount of the 3
untranslated region of the ANP gene that was precipitated by
antibodies to acetylated histone H3 from TSA-treated cells
was 7.85 times that precipitated from nontreated cells (data
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not shown), indicating that the ANP gene is indeed a target of
HDAC activity in HOC2 cells.

With the use of TSA-treated cells as the tester and
nontreated cells as the driver, we then performed DCS, which
in effect couples ChIP with subtraction PCR. After the second
round of subtraction PCR, we sequenced the isolated genomic
clones in a 96-well plate format. Analysis of 3 such plates
thus yielded the nucleotide sequences of 288 DCS products.
Among these randomly selected products, 222 clones con-
tained >50 bp and were used to screen the nucleotide
sequence database of UCSC with the use of the BLAT
program.

A total of 195 clones showed >95% sequence identity to
the rat genome sequence, and 178 of these clones were
located either within protein-coding genes (demonstrated or
predicted) or in the vicinity (within 10 kbp) of such genes
(119 independent genes) (Table 1; Table SI available in the
online supplement at http://circres.ahajournals.org). Forty-
two (23.6%) of the 178 clones were assigned to a region
spanning the promoter (0 to —2000 bp relative to the
transcriptional start site), the first exon, and the first intron of
the corresponding genes. Given that protein-coding genes
account for only a few percent of the rat genome,!> our data
suggest that histone acetylation occurs preferentially at re-
gions of the genome involved directly in transcriptional
regulation.

Eleven DCS clones were assigned to overlapping se-
quences upstream of the Octll gene, and 7 clones were
mapped to overlapping sequences at chromosomal position
8924, a region with no annotation information (data not
shown). The isolation of such multiple clones for individual
genomic regions suggests that the DCS products isolated may
represent most HDAC targets in H9C2 cells.

HDAC Targets in a Cardiomyocyte Cell Line

To verify the fidelity of DCS, we randomly selected 38 DCS
clones and quantified the corresponding genomic fragments
in immunoprecipitates prepared from both tester and driver
cells with antibodies to acetylated histone H3. The amount of
each DNA fragment in the immunoprecipitate relative to that
in the original sample before ChIP was determined by
real-time PCR. Selective amplification by DCS proved to be
highly reliable (Table 1), with 37 of the 38 clones exhibiting
tester-selective precipitation (tester/driver ratio of =1.5). It is
therefore likely that DCS indeed identified targets of HDAC
in myocytes.

To visualize directly the genome-wide distribution of
HDAC targets, we mapped to rat chromosome figure our
genomic clones whose chromosomal positions were known
(Figure 1). The HDAC targets were distributed widely
throughout the rat genome, although some “hot spots” for
deacetylation were apparent. For example, 7 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 possible that regional
alterations of chromatin structure result in coordinated tran-
scriptional regulation of genes within the affected region.

Some of the clones listed in Table 1 correspond to loci
within or close to rat gemes whose products function in

intracellular calcium mobilization or antioxidant processes.
One such clone (H9C2T-2_ID09), for instance, mapped to a
region encompassing intron 21 and exon 22 of Ttpr3 (Figure
2A), which encodes a receptor for inositol 1,4,5-trisphosphate
that plays an important role in Ca’*-mediated signal trans-
duction. The cytosolic concentration of Ca®* directly regu-
lates muscle contraction and cardiac thythm and is a deter-
minant of myocyte hypertrophy and heart failure.!’® The
amount of the genomic fragment corresponding to the
HO9C2T-2_D09 clone was 6.6-fold greater in the ChIP product
of TSA-treated cells than in that of untreated cells (Figure
2B), indicating that the extent of histone acetylation in this
region of the genome of the tester cells was 6.6 times that in
the driver cells. Furthermore, inhibition of HDAC activity
was accompanied by an increase in the amount of Itpr3
mRNA (Figure 2C). These data suggest that HDAC actively
deacetylates a chromosomal region corresponding to Itpr3
and thereby suppresses the transcriptional activity of the
gene.

Another clone (H9C2T-2_C06) was mapped to the first
intron of Ngol (Figure 2D), which encodes a reductase that
contributes to detoxification of quinones and to regulation of
apoptosis.!” We examined whether the acetylation of associ-
ated histones and the expression of Nqol are regulated by
HDAC activity in cardiomyocytes. As with Itpr3, the acety-
lation level of histones bound to Nqol was increased by TSA
treatment in HO9C2 cells (Figure 2E), and this epigenetic
change was accompanied by an increase in the amount of
Ngol mRNA (Figure 2F).

Nineteen (10.7%) of the 178 clones whose chromosomal
location was known were assigned to loci corresponding to at
least 2 genes in the rat genome. One such clone, H9C2T-
1_E03-1, was mapped to a region corresponding to the first
intron of Mtal and to the last exon of Jag2 (Figure 3A).
Histone acetylation in this region might thus affect the
transcription of both genes simultaneously. The level of
histone H3 acetylation in this region was confirmed to be
greater in the tester cells than in the driver cells (Figure 3B).
However, although inhibition of HDAC activity by TSA
resulted in upregulation of the amount of Jag2 mRNA (Figure
3C), it had no effect on the abundance of Mtal mRNA
(Figure 3D). Histone acetylation in the genomic region that
encompasses both Jag2 and Mtal thus appears to regulate the
transcriptional activity of the former gene but not that of the
latter. Jag2 is a ligand for the receptor Notch1 and is abundant
in the heart.!® Coculture of fibroblasts expressing human
JAG?2 with murine C2C12 myoblasts resulted in inhibition of
myogenic differentiation of the latter cells, implicating JAG2
in regulation of this process.

We selected an additional 19 DCS clones for quantitation
of the corresponding mRNAs. Among the genes examined, 6
were preferentially expressed (tester/driver ratio of =1.5) in
the TSA-treated cells compared with the nontreated cells
(Table 1).

Regulation of Histone Acetylation in Neonatal Rat
Cardiac Myocytes

Our DCS analysis identified HDAC targets in a cardiomyo-
cyte cell line. To investigate whether the level of histone



Fragments of the Rat Genome Isolated by DCS in H9C2 Cells

Kaneda et al

Targets of Histone Deacetylases in Cardiomyocytes 213

Tester/Driver GenBank Accession No. (or Tester/Driver Position Relative to
Clone ID DNA Ratio Annotation Ensemble Gene 1D} Locus mRNA Ratio  : Corresponding Genes
H3C2T-S-2-8 137 EST BQ204614 19q12 5.34 Intron 2
H9C2T-S-1-5b 10.92 Skn-1a 123862 8q22 4 kbp upstream of
exon 1
H9C2T-1_D09 10.7 Putative G protein—coupled receptor NM_020537 10g32.3 1.09%10° Exon 1
(SENR) gene (Senr)
HAC27-S-1-2b 9.36 NA NA 20p12
HIC2T-1_B05 8.43 No description {ENSRNOGO000001 39589) 8g24 Last exon-+last intron
HIC2T-S-1-8 7.96 Myacilin (Myoc) NM_030865 13022 2.03 2.5 kbp upst1ream of
exan
HIC2T-1_E03-1* 7.85 Mta1 (mtal) NM_022588 6032 0.9 Intron 1
Jagged?2 precursor U70050 8.43 Last exon
HIC2T-2_E05 7.7 Protein kinase C and casein kinase NM_017294 20p12 26.45 Intron 1
substrate in neurons 1 (Pacsint)
H9C2T-1_C04-2 7.69 Carbohydrate {chondroitin 6/keratan) NM_053408 20q11 0.25 intron 1
sulfotransferase 3 (Chst3)
H9C2T-S-1-2a 6.99 Phosphodiesterase L27061 16p14 1.12x10° 1.3 kbp upst{eam of
exon
HIC2T-S-1-4 6.76 EST CB741111 14p22 Intron 3
HIC2T-5-1-5a 6.64 Brain and reproduch‘t\égnorgan—expressed NM_199270 6q13 Intron 10
protei
H3C2T7-1_C041 6.61 EST (0562897 3q43 Exon 1
HIC2T-2_D09 6.6 Inositol 1,4,5-tris(lp£oﬂs)phate receptor 3 NM_013138 20p12 1.66 Intron 21 +exon 22
HC2T-2_E11 6.51 EST Cv077786 3043 Last exon
HOC2T-1_H05-1 6.29 Microtubule-associated protein tau (Mapft) NM_017212 10g32.1 60217 Intron 7
HIC2T-1_G12 5.83 No description {ENSRNOG00000004217) 10q12 Intron 2
HIC2T-1_H01 5.36 A disintegrin and metalloproteinase NM_020078 12016 0.46 Last infron
domain 1 (fertilin alpha) (Adam?1)
H9C2T-2_F10-1 5.13 Translocase of outer mitochondrial NM_152935 19q12 Last intron
membrane 20 homolog (yeast) (Tomm20)
HaC27-8-1-7 5.06 EST BF282351 4934 0.68 2 kbp upstream of
exon 1
HIC2T-1_H10 4.92 Collagen, type V, alpha 1 (Col5al) NM_134452 3pi2 0.86 intron 1
HIC2T-2_H07 44 Runt-related transcription factor 1 (Runx1) NM_017325 11q11 1.21 Intron 4
H9C2T-S-1-3 4.36 No description (ENSRNOG00000021887) 8q32 Last exon+-last intron
HI9C2T-5-2-3 4.35 EST €0557128 1043 0.5 kbp upstream of
exon 1
H9C2T-2_A01" 3.9 Fos-like antigen 1 (Fosi1) NM_012953 1q43 0.39 1 kbp 'gg\t:vgig:am of
H9C2T-S-2-7 3.86 Arylsuifatase B (ARSB) 049434 2q12 0.48 Intron 4
HIC2T-1_F10 3.85 Phosphatidylinositol 4-kinase (Pik4cb) NM_031083 2g34 0.88 Exon 4
H9C2T-2_C06 3.78 NAD({P)H dehydrogenase, quinone 1 (Ngot) NM_017000 19q12 2.82 Intron 1
H9C2T-1_D03 3.79 Cytokine-inducible SH2-containing protein AF065161 8032 1.47 Last exon
HAC2T-1_F09-1* 3.74 EST CK597511 15p16 immediately upstream
- of exon 1
Normalized rat muscle, Bento Soares AN71102 Intron 1
Rattus sp. cDNA clone RMUBG18 3’ end
EST CK598708 Exon 1
HOC2T-2_B07 3.62 Cyclin D1 (Cend1) NM_171992 1q42 0.59 Intron 3+exon 4
HOC2T-1_C03-1 3.58 G protein beta subunit-like (Gbl) NM_022404 10q12 0.77 Last exon
HIC2T-2_A11 34 EST C0557128 1043 0.5 kbp upstream of
- exon 1
H8C2T-§-2-1 3.37 Period1 (rpert), partial cds AB092976 10q24 0.52 Introns 1?,616+ex0n
HOC2T-2_F03-2 2.94 Interleukin-11 (111} NM_133519 1q12 1 intron §
HOC2T-S-1-1 2.69 No description {ENSRNOG00000001730) 11922 Intron 3
HBC2T-1_C09 1.83 No description {ENSRNOG00000025448) 10g32.1 0.5 kbp upstream of

exon 1

EST indicates expressed sequence tag; NA, not assigned. *Fragments that mapped to loci of muitipie genes.
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Flgure 1. Chromosomal distribution of HDAC targets in rat car-
diomyocytes. Genomic fragments (red dots} isolated by DCS
were mapped to rat chromosomes.

August 5, 2005

%3

10 11

acetylation at these targets is also affected by HDAC activity
in differentiated cardiomyocytes, we isolated cardiac myo-
cytes from neonatal rats and incubated these cells in the
absence or presence of TSA. Consistent with the results
obtained with HIC2 cells (Figures 2 and 3), TSA treatment
resulted in marked increases both in the acetylation level of
histones associated with the genomic locus corresponding to
clone H9C2T-2_D09 and in the amount of Itpr3 mRNA in
neonatal rat cardiac myocytes (Figure 4A). Similarly, TSA
increased both the histone acetylation level for genomic DNA
corresponding to clone HOC2T-2_C06 and the abundance of

Ngol mRNA in the rat cardiac myocytes (Figure 4B). |

Furthermore, TSA increased the level of histone acetylation
associated with the genomic locus corresponding to clone
HOC2T-1_E03-1 in rat cardiac myocytes and, as in H9C2
cells, it increased the amount of Jag2 mRNA without affect-
ing that of Mtal mRNA (Figure 4C). Quantitation of genomic
DNA corresponding to an additional 19 DCS clones in ChiIP
products prepared from neonatal rat cardiac myocytes re-
vealed that the acetylation level of bound histones was
increased by a factor of >5 by TSA treatment (data not
shown). These data thus indicate that the genomic clones
identified by DCS in H9C2 cells represent genomic regions
whose associated histones are targeted by HDAC activity in
differentiated cardiac myocytes. Twelve of the 23 genes that
mapped to (or in the vicinity of) the DCS clones examined
were also transcriptionally activated by a factor of >1.5 in the
TSA-treated neonatal rat cardiac myocytes compared with
nontreated cells (data not shown).

Effects of Sodium Butyrate on Histone Acetylation
Various compounds other than TSA inhibit HDAC activity
with different target preferences.!® Sodium butyrate, for
example, inhibits the catalytic activity of HDACs belonging
to class I or IIA, whereas TSA inhibits that of HDACs
belonging to class I, IIA, or IIB. We therefore examined
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Figure 2. Identification of Itpr3 and Nqo1 as targets of 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 Itpr3. 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
immunoprecipitates were prepared from H9C2 cells treated (+)
or not (=) with 300 nM TSA for 24 hours. The amount of DNA
corresponding to the H9C2T-2_D09 sequence in each ChIP
product relative to that in the corresponding original sample
before immunoprecipitation (PrelP) was then determined by real-
time PCR. C, The amount of Itpr3 mRNA relative to that of
GAPDH mRNA in H9C2 celis treated or not with TSA was deter-
mined by quantitative RT-PCR. D, One of the DCS clones
(H9C2T-2_C086; red rectangle) was mapped to chromosome
19g12 in the first intron of Ngo1. Green triangles depict distance
markers separated by 5 kbp. E, The amount of genomic DNA
corresponding to the HSC2T-2_C06 sequence in ChIP products
relative to that in the PrelP samples was measured as in B. F,
The amount of Ngo1 mRNA relative to that of GAPDH mRNA
was determined as in C. All data are mean=SD of triplicates
from representative experiments that were performed at least
twice. Probability values for the indicated comparisons were
determined by Student t test.

whether sodium butyrate also affects the acetylation level of
histones associated with our DCS clones.

HO9C2 cells or neonatal rat cardiac myocytes were
incubated for 24 hours with 0, 2, or 4 mmol/L sodium
butyrate and then subjected to ChIP, and the resulting
products were subjected to real-time PCR to quantitate the
amount of genomic DNA corresponding to the clones



Kaneda et al

Targets of Histone Deacetylases in Cardiomyocytes

A
A ¥
Mtal |} t
B
Jag2 E—i-E--ir
[ T ——
B C D
.
044 —

e L 8+

® %

R s

G g

o <

[7] P

¥ 0.2- T

% £ 47

Q

3 5§

-

g 4 &

& G

o ]

= o

O 0 *P=0.0002 g g *P =0.0057

TSA: - + TSA: — +

HOC2T-2_D09, HO9C2T-2_C06, or HOC2T-1_E03-1.
Treatment with sodium butyrate at either 2 or 4 mmol/L
resulted in marked increases in the amount of DNA
corresponding to each clone in the ChIP products from
both H9C2 cells (Figure 5A) and neonatal rat cardiac
myocytes (Figure 5B). Although the magnitudes of the
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Figure 3. Identification of Mtal and Jag2
as targets of HDAC in cardiomyocytes.
A, One of the DGS clones (H9C2T-
1_E03-1; red rectangle) was mapped to
chromosome 6q32 in the first intron of
Mtal and the last exon of Jag2. The
position of the HAC2T-1_E03-1 clone in
the genome is shown schematically as in
Figure 2D. B, The amount of genomic
DNA corresponding to the HIC2T-
1_EO03-1 sequence in ChiP products rela-
tive to that in the PrelP samples was
measured by real-time PCR as in Figure
2B. C and D, The amounts of Jag2 (C)
and Mta1 (D) mRNAs relative to that of
GAPDH mRNA were determined as in
Figure 2C. All data are mean=+SD of trip-
licates from representative experiments,
and probability values for the indicated
comparisons were determined by Stu-
dent t test.
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effects of 2 and 4 mmol/L sodium butyrate were similar in
HOC2 cells, the effects of the higher concentration were
greater than those of the lower concentration in the
differentiated cardiac myocytes. The genomic regions
corresponding to these 3 DCS clones were thus epigeneti-
cally regulated by both TSA and sodium butyrate.

Figure 4. Histone acetylation status and
gene expression in neonatal rat cardiac
myocytes. Chromatin immunoprecipi-
tates were prepared from freshly isolated
cardiac myocytes treated (+) or not (—)
with 300 nM TSA for 24 hours, and the
amount of DNA corresponding to the
H9C2T-2_D09 (A), H9C2T-2_C06 (B), or
H9C2T-1_E03-1 (C) clones in each ChiP
product was determined by real-time
PCR. The amount of lipr3 (A), Ngo1 (B),
or Mtal and Jag2 (C) mRNAs in cells
treated or not with TSA was determined
by quantitative RT-PCR. All data are
mean+SD of triplicates from representa-
tive experiments, and probability values
for the indicated comparisons were
determined by Student t test.
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Figure 6. Regulation of histone acetylation status by sodium butyrate. Ghromatin immunoprecipitates were prepared from HIC2 cells
(A) or freshly isolated rat neonatal cardiac myocytes (B) after treatment with 0, 2, or 4 mmol/L sodium butyrate for 24 hours, and the

amount of DNA corresponding to the H3C2T-2_D09, H9C2T-2_C06, or H9C2T-1_E03-1 clones in each ChiP product was determined.
All data are mean=S8D of triplicates from representative experiments, and probability values for the indicated comparisons were deter-

mined by Student t test.

Regulation of HDAC Targets by a

Hypertrophic Stimulus

Given that HO9C2 cells retain the ability to undergo hypertro-
phic changes in response to various stimuli,?®?! we next
examined whether stimulation with a physiological hypertro-
phic agent, cardiotrophin-1 (CT-1), affects the extent of
histone acetylation at genomic regions corresponding to DCS
clones in these cells. HOC2 cells were incubated with 1 nM
CT-1 for various times up to 24 hours and were then
subjected to ChIP and real-time PCR analysis. Quantitation of
genomic DNA revealed that the level of histone acetylation at
the region corresponding to clone H9C2T-1_E03-1 was
increased significantly at 6 hours and was still increasing at
24 hours (Figure 6A). Similar to the effects of TSA at this
locus (Figure 3), the increase in histone acetylation induced
by CT-1 was not accompanied by a change in the amount of
Mtal mRNA (Figure 6B), but was associated with a transient
activation of Jag2 transcription apparent after stimulation for
6 hours (Figure 6C).

Finally, we analyzed a different DCS clone for epigenetic
regulation by CT-1. The HOC2T-S-1-8 clone corresponds to
the promoter region for the Myocilin (Myoc) gene (Figure
6D). This gene encodes a protein involved in cytoskeletal

function, and mutations in Myoc have been shown to cause a
hereditary form of juvenile-onset open-angle glaucoma.?? We
found that CT-1 induced a time-dependent increase in the
extent of histone acetylation at the genomic region corre-
sponding to this DCS clone (Figure 6E). Together, these data
indicate that the histone acetylation level of genomic regions
corresponding to our DCS clones is regulated not only by
TSA and sodium butyrate but also by physiological stimuli.

Discussion
With the use of our recently developed screening method,
DCS, we have now identified almost 200 HDAC targets in
cardiomyocytes. The acetylation of histones associated with
genomic regions corresponding to 37 of 38 randomly chosen
DCS clones was confirmed to be induced by treatment of
HOC2 cells with TSA. Genomic regions corresponding to
DCS clones were also epigenetically regulated by another
HDAC inhibitor, sodium butyrate. Furthermore, the histone
acetylation level of genomic regions corresponding to all 22
DCS clones examined was shown to be HDAC targets also in
freshly isolated cardiac myocytes. Finally, the acetylation
level of histones associated with DCS clones was shown to be
regulated by a physiological stimulus, CT-1. The genomic
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Figure 6. Effects of CT-1 on histone acetylation in H9C2 cells. A, HOC2 cells stimulated with CT-1 (1 nM) for the indicated times were
subjected to ChIP, and the amount of genomic DNA corresponding to the DCS clone H9C2T-1_E03-1 was determined in ChIP prod-
ucts. B and C, The amounts of Mtal (B) and Jag2 (C) mRNAs relative to that of GAPDH mRNA were determined by quantitative
RT-PCR in H9C2 cells stimulated with CT-1 for the indicated times. D, The H9C2T-S-1-8 clone (red rectangle) was mapped to chromo-
some 1322 in the promoter region of Myoc. The position of the clone in the genome is shown schematically as in Figure 2D. E, The
amount of genomic DNA corresponding to the HOC2T-S-1-8 sequence was determined in ChIP products prepared from H2C2 cells
treated with CT-1 for the indicated times. All data are mean=SD of triplicates from representative experiments, and probability values

for the indicated comparisons were determined by Student t test.

loci identified by DCS thus include physiologically relevant
targets for epigenetic modification.

The HDAC targets identified in cardiomyocytes include
several genes related to cell growth or differentiation that
might play an important role in heart function. In addition to
Itpr3 and Jag2, such genes include those for G protein—
coupled receptors (Senr, Gbl), regulators of cytosolic Ca?*
concentration (phosphodiesterase, Pik4cb, Pacsinl), and me-
diators of growth signaling (Cendl, Runxl1, Fosll, 11,
Octl1, Sox6) (online Table SI). Our data suggest that these
various genes are under epigenetic control in cardiomyocytes,
a conclusion that was verified for some of them by the
demonstration that the level of acetylation of associated
histones was regulated by the physiological stimulus CT-1.
Although CT-1 has not previously been shown to elicit
intracellular signaling that affects histone acetylation, our
data now indicate that this is indeed the case.

Many (42 of 178) of our DCS clones mapped to the
5’-regions of genes in the rat genome. Bernstein et al recently
attempted to identify loci in the human genome whose
associated histones are acetylated.? These researchers used
the “ChIP on chip”? strategy with high-density genome-
tilling microarrays for human chromoscmes 21 and 22.
Interestingly, consistent with our results, they found that

histone H3 acetylated on lysine-9 and lysine-14 was prefer-
entially localized at the 5’ ends of genes, with 58% of such
sites of histone acetylation residing in regions encompassing
—1.0 to +1.0 kbp of known genes.

Acetylation of core histones is not always associated with
the regulation of gene transcription, however. Histone acet-
ylation may thus be related to chromosome replication or to
chromatin remodeling unrelated to transcriptional regula-
tion.?> In addition, various types of covalent modification,
including acetylation, phosphorylation, and methylation, may
exert their effects on histones in a coordinated manner,
resulting in the generation of a so-called histone code.2¢
Consistent with these considerations, only 39% and 52% of
the genes corresponding to DCS clones examined showed
preferential expression in TSA-treated H9C2 cells and TSA-
treated neonatal rat cardiac myocytes, respectively, compared
with the corresponding untreated cells.

Although DCS does not readily allow a quantitative com-
parison of the level of histone acetylation between samples,
our method is technically straightforward and does not
require any specialized apparatus such as a DNA microarray
system. In conclusion, DCS enabled us to efficiently identify
HDAC targets in cardiomyocytes. Our present data support
the feasibility of determining genome-wide histone acetyla-



