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Figure 6 Confirmation of overexpression of IFNG. (a} Quantitation

of IFNG mRNA in NK cell fractions. Complementary DNA was
prepared from the NK cell fractions, and was subjected to real-time
RT-PCR analysis with primers specific for the IFNG or GAPDH genes.
The ratio of the abundance of IFNG mRNA to that of GAPDH mRNA
was calculated as 27, where n is the Cy value for GAPDH cDNA minus
the Cy value for IFNG cDNA. (b) Sera were obtained from healthy
volunteers (healthy) and individuals with aplastic anemia (AA),
systemic lupus erythematosus (SLE), virus infection-associated hemo-
phagocytic syndrome (VAH), LDGL of a ™ T cell, LDGL of y8" T cell,
infectious mononucleosis (IMN), CNKL, or ANKL. The expression
level of IFNG protein in the sera was determined by flow cytometry,
and shown as pg/ml.

intrinsic for an accurate comparison of the disease status, since
simple comparison with PB MNCs would be severely influenced
by any changes in the cell composition of PB MNCs in each
individual.

However, even by using expression profiles of the purified
fractions, similarity of the expression pattern of all gene set
failed to clearly separate the affected NK cells from normal ones
(Figure 2b), indicating the necessity of a diagnostic system with
a ‘supervised’ algorithm. For this aim, we first extracted gene
clusters, expression of which was specific to either normal or
affected NK cells. Correspondence analysis on the expression
patterns of such ‘LDGL-associated genes’ has succeeded in the
reduction of the number of pattern dimensions into three. To our
surprise, projection of all samples into this 3D space clearly
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demonstrated that the affected NK cells (CNKL/ANKL) were
placed clustered at a position separate from that of normal NK
cells (Figure 3c). With coordinates in such decomposited
dimensions, we then invented a novel class prediction means,
‘weighted-distance method’. As expected from the clear
separation in the 3D view, the weighted-distance method
provided correct prediction for all samples studied. A cross-
validation trial for the disease diagnosis also gave a highly
accurate prediction rate (77.8%).

Given a high incidence of clonal EBV infection in ANKL cells,
EBV is believed to play an essential role in the pathogenesis of
this fulminant disorder. From the point of view of gene-
expression profile, the NK cells positive for EBV infection
(CNKL-9 and ANKL-1) shared gene-expression patterns char-
acteristic to other indolent CNKL cells. For instance, a
comparison of normal NK cells and CNKL samples (except
EBV™ CNKL-9) has identified a total of nine CNKL-related genes
including those for nuclear matrix protein-2 (GenBank acces-
sion number, D50926), cytochrome C (D00265), tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation pro-
tein, theta polypeptide or 14-3-3 protein tau (X56468), O-linked
GlcNAc transferase (AL050366), IFNG, chemokine C-C motif
receptor 1 (CCR1; D10925), chondroitin sulfate proteoglycan 2
(X15998), and fibrinogen-like 2 (A1432401). The 3D view of the
correspondence analysis for these ‘CNKL-associated’” genes
clearly demonstrated that the EBV* CNKL-9 subject was
included in the other indolent CNKL group (Figure 4a).
Similarly, another EBV™* subject (ANKL-1) was placed closely
with the CNKL samples, according to the expression profiles of
the genes which differentiated CNKL cells from normal NK cells
(Figure 4b).

These data propose a hypothesis that gene-expression
alterations characteristic to an activated, yet indolent, prolifera-
tion of NK cells found in CNKL patients also take place in the
highly proliferating NK cells in EBV™ individuals. In other
words, a similar mechanism may be utilized for the sustained
outgrowth of NK cells both in the individuals with CNKL and
ANKL. It should be emphasized, however, that the number of
EBV ™ samples (n=2) in these analyses was too small to extract
any conclusive remarks on the pathophysiology of proliferating
EBV ' NK cells. Nevertheless, we believe that it was interesting
to find that EBV Y NK cells may share a molecular signature with
EBV™ LDGL cells.

We finally tried to identify single-gene markers, the presence
or absence of which helps the diagnosis of LDGL. A total of 22
genes were shown to be specific to normal NK cells, including
those for cyclin-dependent kinase inhibitor TA (CDKNTA;
GenBank accession number U03106) or CIP1, dual-specificity
phosphatase 6 (DUSP6; AB013382), toll-like receptor 2 (TLR2;
AF051152), tissue inhibitor of metalloproteinase 1 (TIMPT;
D11139), and aldo-keto reductase family 1 member C3
(AKR1C3; D17793) (Figure 5b).

CDKN1A is transcriptionally regulated by the activity of p53,
and functions as a major effector for antitumor activity of p53,
through the suppression of cyclin-dependent kinase activities.*?
Therefore, loss of expression of COKNTA may allow uncon-
trolled transition at the G,—M boundary in the cell cycle, and
may partially account for the overgrowth of NK cells in LDGL
individuals. Similarly, DUSP6 antagonizes MAPK activities via
dephosphorylation of the latter kinases.*® Decrease of DUSP6
expression may therefore contribute to overactivation of MAPK
and to enhanced mitogenesis.

AKR1C3 catalyzes conversion of aldehydes and ketones to
alcohols in vivo. Although its role in NK cells is unknown yet,
downregulation of its transcription has been also reported in the
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LGLs of T cell-type LDGL.'® Comparison with DNA microarray
of CD47CD8* T-cells between healthy individuals and those
with T cell-type LDGL has identified the AKR7C3 gene as the
specific marker to the former. Decrease of AKR7C3 message was
also confirmed by quantitative ‘real-time’ RT-PCR method in
those patients. Transcriptional suppression of AKR1C3 was thus
revealed in affected LGLs for both NK cell- and T cell-type
LDGL, and may be a common marker for the diagnosis of LDGL
condition.

A number of growth-promoting factors were found in the
‘LDGL-specific genes’ in Figure 5a. IFNG and BIRC3** are, for
instance, known to protect NK cells from apoptosis, and IRF4
has an oncogenic activity in vivo.>® Additionally, CHD1
contains an SNF2-related helicase/ATPase domain, and is
presumed to be involved in the regulation of chromatin structure
and gene transcription as well.*®

Our data, together with that by Mizuno et aP' suggest that the
serum concentration of [FNG protein may be an indicator of NK
cell-type LDGL. Direct production of IFNG by affected NK cells
may also imply the presence of an autocrine loop for the NK cell
growth.

The mechanism by which affected NK cells produce IFNG
is still to be revealed. It is known that IL-2, IL-12, [L-15, and IL-
18 all activate production of IFNG in NK cells. In our microarray
data set, however, none of 1L-2, 1L-12, and IL-18 were found
to be significantly expressed in the subjects (not shown).
Although IL-15 was moderately expressed in our NK
samples, its expression level did not differ between normal
and affected NK cells. in support of this notion, we could not
detect significant level of IL-2 protein in the examination of
serum level of cytokines (not shown). Therefore, it is currently
an open question as to whether activation of /FNG transcription
in the affected NK cells is a secondary event from the
stimulation by other cells such as T cells, or intracellular
mechanism of IFNG expression is deregulated in the affected
NK cells.

Conclusion

We have characterized the transcriptome of a relatively
uncommon disorder, NK cell-type LDGL. Comparison of
purified NK cells between healthy and CNKL individuals led
to the identification of gene sets which are useful in the
expression profile-based differential diagnosis of the disorder.
Such disease-associated genes have also provided us insights
into the molecular pathogenesis of NK cell-type LDGL. Together
with further optimization of statistical methods, increase in
the number of both genes and subjects for the analysis would
help to define and clarify the clinical entities of NK cell
disorders.
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MUTATIONS OF BRAF ARE ASSOCIATED WITH EXTENSIVE _hMLH]
PROMOTER METHYLATION IN SPORADIC COLORECTAL CARCINOMAS
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Activating mutations of BRAF have been frequently ob-
served in microsatellite unstable (MSI*) colorectal carcino-
mas (CRCs), in which mutations of BRAF and KRAS are mu-
tually  exclusive. Previously, we reported that
hypermethylation of hMLH [ might play an important role in
the tumorigenesis of right-sided sporadic CRCs with MSI
showing less frequency of KRAS/TP53 alteration. Therefore,
we have assumed that BRAF mutations might be highly asso-
ciated with hMLH| methylation status rather than MSI sta-
tus. In this study, mutations of BRAF and KRAS and their
relationship with MSI and hMLHI methylation status were
examined in 140 resected specimens of CRC. The methyl-
ation status was classified into 3 types: full methylation (FM),
partial methylation (PM) and nonmethylation (NM). Only FM
closely linked to reduced expression of hMLH | protein. BRAF
mutations were found in 16 cases (I1%), all leading to the
production of BRAFY*?E, As for MSI status, BRAF mutations
were found in 43% of MSI™ and 4% of MSI~ cases (p < 0.0001).
Among the MSI* individuals, BRAF mutations were more
frequent in cases with hMLH! deficiency (58%) than those
with hMSH2 deficiency (0%; p = 0.02). Moreover, they were
found in 69% of FM, 4% of PM and 4% of NM, revealing a
striking difference between FM and the other 2 groups (FM
vs. PM or NM; p < 0.0001). These findings suggest that BRAF
activation may participate in the carcinogenesis of sporadic
CRCs with hbMLH I hypermethylation in the proximal colon,
independently of KRAS activation.
© 2003 Wiley-Liss, Inc.

Key words: sporadic colorectal cancer; BRAF mutation; hMLH1
hypermethylation; microsatellite instability

In the development of colorectal cancer (CRC), it is now widely
accepted that some forms of genetic instability lead to the sequen-
tial accumulation of genetic alterations and consequently develop
carcinomas.! RAS activation in the MAP kinase cascade is sup-
posed to constitute a part of the primary events in colorectal
carcinogenesis, and the KRAS gene mutations have been found in
about 30—40% cases of sporadic CRCs.2-4

Recently, activating BRAF mutations have been found almost
invariably in melanoma cells and sometimes in other types of
carcinoma, including CRCs,5-7 implying a function of BRAF as a
protooncogene. The RAF genes are members of MAPK pathway,
encoding serine/threonine kinases that integrate the upstream input
signals.® Once recruited at the cell membrane by GTP-loaded
RAS, RAF becomes activated and subsequently phosphorylates
the downstream kinases, MEKs, which eventually induce tran-
scriptional activation of the target genes.®

More recently, frequent BRAF mutations and infrequent KRAS
mutations have been reported in DNA-mismatch repair (MMR)-
deficient CRCs.10 Inactivation of MMR genes incurs instability of
genomic microsatellite sequence (microsatellite instability, or
MST), which is found in the majority of patients with hereditary
nonpolyposis colorectal cancer syndrome (HNPCC) and in 10—
15% of cases of sporadic CRCs.!1-13 Moreover, it was also re-
ported that 70--90% of sporadic CRCs with MSI (MSI* CRCs) are
associated with hypermethylation of AMLHI, one of DNA-MMR
genes, and have distinct clinical and pathologic characteristics, i.e.,

occurrence in older females, location in the proximal colon and
histopathology of mucious or poor differentiation.!4-20

We have previously examined the methylation status of AMLH]
gene in sporadic CRCs by usé of 5 sets of primet spanning the
whole CpG sites within its promoter region and have classified the
methylation status into 3 stubtypes: full methylation, partial meth-
ylation and nonmethylation.222 We reported that an extensive
methylation, or full methylation, of hAMLH1 promoter was found in
about 80% of MSI* CRC cases and was highly associated with
loss of expression of its gene product. Interestingly, this type of
CRC cells are rarely associated with KRAS mutations and loss of
heterozygosity (LOH) of TP53 gene.2? It is therefore possible that
extensive methylation of AMLH]I promoter region may contribute
to the carcinogenesis of the right-sided sporadic CRCs, indepen-
dently of KRAS/p53 alterations.

From these results, 2 questions may arise. First, does the acti-
vation of BRAF, instead of KRAS, take part in the carcinogenesis
of CRCs with extensive AMLHI methylation? Second, if so, does
the BRAF activation have any relationship with the CRCs with
partial methylation, although most of which are microsatellite
stable (MSI™), maintain MMR gene expression and show a rela-
tively high incidence of KRAS and p53 alterations?2?

Additionally, in the melanoma cells, high frequency of muta-
tions of B-catenin and BRAF has been recognized.?3 Some re-
searchers previously reported that B-catenin mutations were more
common in MSI* CRCs than in MSI™ ones.!923-25 However, it
has not been elucidated yet whether there are any relationship
between the mutations of B-catenin and BRAF in the CRCs with
hMLHI hypermethylation.

In this study, we have investigated the frequency of BRAF
mutation and its relationship with KRAS and B-catenin mutations
in a large consecutive series of sporadic CRCs in regard to both
MSI status and degrees of AMLHI methylation.

Abbreviations: CRC, colorectal cancer; FM, full methylation; HNPCC,
hereditary nonpolyposis colorectal cancer syndrome; LOH, loss of het-
erozygosity; MAPK, mitogen-activated protein kinase; MAPKKK, mito-
gen-activated protein kinase kinase kinases; MEK, mitogen-activated pro-
teinfextracellular  signal-regulated kinase kinase; MGMT, 0°%
methylguanine DNA methyltransferase; MMR, mismatch repair; MSI,
microsatellite instability; NM, nonmethylation; PM, partial methylation.
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MATERIAL AND. METHODS
Tumor samples

Tumor samples were obtained from 140 sporadic CRC patients
who underwent surgical treatment at the Jichi Medical School
Hospital. None of the patients bad first-degree relatives with CRC.
Informed consents were obtained from all patients, and the ethics
committee of the Jichi Medical School approved this study (#02-
01). We selected these cases from approximately 380 consecutive
series of CRCs previously analyzed for MSI status.?126 All the
MSI cases were reconfirmed for the MSI status by pentaplex
PCR method, whereas MSI™ CRCs were selected so that the
gender and tumor site were balanced between the MSI* and MSI™
groups (MST*, n = 28; MSI™, n = 112). The patients were 69 men
and 71 women, and their age ranged from 19 to 86 years with a
mean of 63 years.

DNA extraction

Genomic DNA was extracted from fresh-frozen samples of
tumor by use of QlAamp DNA Mini Kit (Qiagen, Chatsworth,
CA) according to the manufacturer’s protocol.

BRAF muration analysis

BRAF mutations were analyzed in exons 11 and 15. These exons
were chosen because all reported BRAF mutations occurred at
these regions. PCR was performed with 2-5 ng of genomic DNA
as a template by using the same PCR primer as reported previous-
ly.5 PCR condition was as follows: 94°C for 9 min, followed by 35
cycles of 94°C for 1 min, 60°C for 1 min and 72°C for 2 min. The
PCR products were purified using a QlAquick spin purification kit
(Qiagen), and the purified PCR products were sequenced with
BigDye Terminator Cycle Sequencing Ready Reaction kits (PE
Applied Biosystems, Foster City, CA), all according to the man-
ufacturers’ instructions. Sequencing was performed in both direc-
tions using forward and reverse PCR primers. The purified prod-
ucts were run on an ABI 310 PRISM Genetic Analyzer (PE
Applied Biosystems). The data were collected and analyzed using
the Applied Biosystems sequencing analysis software.

MSI status analysis

MSI was analyzed by using 9 microsatellite repeat loci (3
markers were dinucleotide repeats and 6 were mononucieotide
repeats) as described previously.2! MSI status was stratified as
follows according to the criteria of the National Cancer Institute
(NCI) workshop.2? High-frequency MSI (MSI-H) was defined as
the alterations of microsatellite repeat were found in more than
40% of examined markers or in 2 or more NCI-recommended
markers. Low-frequency MSI (MSI-L) was defined as the alter-
ations in less than 40% or only one NCI-recommended marker. If
no alterations of any examined markers were found, tumors were
defined as microsatellite stable (MSS). In this study, we defined
MSI-H as MSI-positive (MSI™), and both MSI-L. and MSS as
MSI-negative (MSI™), because only the MSI-H phenotype in
sporadic CRCs is associated with true MMR defects and distinc-
tive clinicopathologic features.282° For the precision of MSI status,
we reexamined all MSI* samples by pentaplex PCR method using
5 quasimonomorphic mononucleotide repeats, because this
method has been reported to be simpler to use and show higher
sensitivity and specificity.3°

Analysis of methylation status of ’tMLH1 promoter region

Analysis of methylation status of hRMLHI gene was performed
by Na-bisulfite treatment and PCR single-strand conformation
polymorphism (SSCP) analysis (BiPS) as described previously.2!
In brief, 5 sets of primers comprising the whole CpG sites within
the hMLHI promoter region were prepared (Fig. 1), and methyl-
ated and unmethylated DNA amplicons were separated through
SSCP analysis. When the bands showed mobility shifts, they were
cut from the gels and subsequently sequenced directly by use of an
ABI 310 PRISM Genetic Analyzer. Primer sequences and PCR
conditions were utilized as reported previously.?! The methylation
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patterns were defined as full methylation if all the CpG sites within
the promoter regions showed methylation; as partial methylation if
some CpG sites in the upstream region showed methylation; and as
nonmethylation if no CpG sites in the region showed methylation.

KRAS mutation analysis

KRAS mutations were analyzed by direct sequencing at codons
12 and 13 of KRAS by using its genomic DNA. First, a flanking
PCR product of 179 bp was amplified (annealing temperature was
58°C) using the primers 5'-AGGCCTGCTGAAAATGACT-
GAATA-3" (sense) and 5'-CTGTATCAAAGAATGGTCCTG-
CAC-3' (antisense). The resulting fragment was then used as a
template to amplify a 114 bp fragment, including codons 12 and 13
using the primers 5'-AAAATGACTGAATATAAACTTGTGG-3'
(sense) and 5'-CTCTATTGTTGGATCATATTCGTC-3' (anti-
sense; annealing temperature was 50°C). The PCR product was
sequenced by the same method as in the BRAF mutation analysis.

B-catenin mutation analysis

Mutations in -catenin were analyzed by direct sequencing at its
exon 3, in which the majority of mutation hot spots were included.
The PCR primers were 5'-GATTTGATGGAGTTGGA-
CATGG-3' (sense) and 5'-TGTTCTTGAGTGAAGGACT-
GAG-3' (antisense; annealing temperature was 63°C). The direct
sequencing of the PCR product was performed by the same
method as in the BRAF mutation analysis.

Immunohistochemical analysis

Immunohistochemical analysis for both hMLH1 and hMSH2
expression was performed on all MSI* tumor samples as described
previously.?8
Statistical analysis

Statistical analyses for variable results were performed by Fish-
er’s exact test and Student’s #-test. Probability values below 0.05
were considered to be statistically significant (StatView J 5.0
software, Abacus Concepts, Berkeley, CA).

RESULTS
Clinicopathologic features of patients with BRAF mutations

We identified 16 patients whose CRCs showed BRAF mutations
(Table I). All the mutations resulted in a V599E substitution in the
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Ficure 1- Top: Schematic presentation of the MLHI promoter
region. Middle: Full methylation (all CpG sites in regions A-E show
methylation), partial methylation (some CpG sites in upstream region
show methylation) and nonmethylation (no CpG site shows methyl-
ation). Bottom: Design of the PCR primers and the PCR products for
regions A—E. Their positions relative to the adenine residue at the start
codon and the size of the amplified DNA fragments are shown.
Numbers in parenthesis indicate the number of CpG sites within each
region.
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BRAF protein (Fig. 2). None of the cases had BRAF mutations in
the normal colonic mucosa positioned far away from the cancer
area, implying that the BRAF mutations should be a somatic event.
The mean age of cancer onset in the patients with BRAF mutations
was older than those without BRAF mutations, although the dif-
ference was not statistically significant: 73.1 * 10.5 years com-
pared with 62.5 * 12.5 years (p = 0.06, Student’s #-test; Table II).
Gender ' distribution was also different between these 2 groups,
with females comprising 75% (12/16) of the BRAF mutation group
and 48% (59/124) of the nonmutation group (p = 0.06, Fisher’s
exact test; Table IT). The tumor with BRAF mutation cases was
more frequently located in the proximal colon (94%; 15/16) than
that with nonmutation ones (37%; 46/124; p < 0.0001, Fisher’s
exact test; Table II).

BRAF mutations and MSI status

BRAF mutations were found in 43% (12/28) of MSI™ CRCs and
4% (4/112) of MSI™ CRCs (p < 0.0001, Fisher’s exact test; Table
I1).
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BRAF mutations and MMR protein expression

BRAF mutations were more common in the tumors showing
reduced hMLH1 protein expression (58%; 11/19) than those show-
ing reduced hMSH?2 expression (0%; 0/6; p = 0.02, Fisher’s exact
test; Table 1V).

BRAF mutations and hWMLH1 promoter methylation status

BRAF mutations were found in 69% (11/16) of full methylation,
4% (2/45) of partial methylation and 4% (3/79) of nonmethylation
(Table V). The ratio of BRAF mutations was statistically signifi-
cant between full and partial as well as between full and none (p <
0.0001, Fisher’s exact test). :

KRAS mutations

KRAS mutations were identified in 38 cases. Two cases with
KRAS mutations were in MSI™ (7%; 2/28) and 36 cases were in
MSI™ (32%; 36/112; p = 0.008, Fisher’s exact test; Table III).
Regarding the methylation status, KRAS mutations were not found

TABLE I-ALL CRC CASES WITH BRAF MUTATIONS

Patient no. Age (yr) Gender Site MST mgtll‘? ;igi]on am?f?ii d KRAS B-carenin Dukes’ stage Hl;trgl;v(eglc
225 83 F P + Full V599E Wild Wild C Well
263 86 F P + Full V599E Wild Wwild B Moderate
268 85 F P + Full V599E Wild Wild B Poor
280 83 F P + Full V599E Wild Wild C Well
305 74 M P + Full V599E Wild Wild B Poor
318 76 F P + Full V599E Wild Wild B Well
336 68 M P + Full V599K Wild Wild B Mucinous
413 69 F P + Full V599E Wild Wild B Well
416 76 F P + Full V599E Wild Wild B Mucinous
479 74 F P + Full V599E Wild Wild B Moderate
507 64 M P + Full V599E Wild Wild A Moderate
274 81 M b - Partial V599E Wild Wild B Moderate
328 52 F P - Partial V599E Wild Wild B Moderate
293 70 F P - Non V599E Wild Wild D Mucinous
384 77 F P + Non V599E Wild Wild A Poor
509 51 F P - Non V599E Wild Wild C Poor

P, proximal colon; D, distal colon; Full, full methylation; Partial, partial methylation; Non, nonmethylation; Well, well-differentiated
adenocarcinoma; Mod, moderately differentiated adenocarcinoma; Poor, poorly differentiated adenocarcinoma; Muc, mucinous carcinoma.
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FIGURE 2 - (a) Representative sequence chromatographs from BRAF exon

V599E substitution.

15 showing wild type. (b) T1796A transversion resulting in a
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TABLE II - CLINICOPATHOLOGIC FEATURES OF BRAF MUTATION CASES

BRAF Non-BRAF
mutation mutation P-value
(n = 16) (%) (n = 124) (%)
Age (yr) 73.1 + 10.5 625+ 125 0.06
Gender : : 0.06
Male 4 (25) 65 (52)
Female 12 (75) 59 (48)
Tumor site ) < 0.0001
Proximal 15 (94) 46 (37)
Distal 1(6) 78 (63)
Dukes’ stage ' 0.07
A/B ) 12 (75) 59 (50)
C/D 4 (25) 59 (50)
Histologic grade 0.0008
Well/moderate 9 (56) 109 (92)
Poor/mucinous 7 (44) 10 (8)

Well, -well-differentiated adenocarcinoma; moderate, moderately
differentiated adenocarcinoma; Poor, poorly differentiated adenocar-
cinoma; mucinous, mucinous carcinoma. . ’ :

TABLE III - MSI STATUS AND MUTATIONS OF BRAF,
KRAS AND B-CATENIN

BRAF mutation KRAS mutation B-catenin mutation

MSI status (%) (%) (%)
MSI* 42.9 (12/28)* 7.1 (2/28)° 7.1 (2/28)
MSI™ 36 (M112 321 (36/112)° 2.7 (3/112)
Total 11.4 (16/140)  27.1 (38/140) 3.6 (5/140)

2Fisher’s exact test, p < 0.0001.- Fisher’s exact test, p = 0.008.

TABLE IV — BRAF MUTATION AND MMR PROTEIN EXPRESSION

Number BRAF mutation

of cases (%)
hMLH i-deficient 19 57.9 (11/19)*
hMSH2-deficient 6 0 (0/6)*

“Fisher’s exact test, p = 0.02.

TABLE V- AMLHI METHYLATION STATUS AND MUTATIONS OF BRAF,
KRAS AND B-CATENIN

hMLH1 methylation BRAF mutation KRAS mutation B-catenin

status (%) (%) mutation (%)
Full methylation ~ 68.8 (11/16)*® 0 (0/16)%* 0 (0/16)
Partial methylation 4.4 (2/45°  37.8 (17/45)° 0 (0/45)
Nonmethylation 38(3/79)°  26.6 (21/79)% 6.3 (5/79)
Total 11.4 (16/140)  27.1 (38/140) 3.6 (5/140)

*Fisher’s exact test, P < 0.0001.-PFisher’s exact test, P << 0.0001.
—°Fisher’s exact test, P = 0.003.—%Fisher’s exact test, P = 0.02.

(0%: 0/16) in any of the full methylation cases, but were found in
17 of the partial methylation patients (38%; 17/45) and 21 of the
nonmethylation group (26.6%; 21/79), which was consistent with
our previous resuits?! (Table V). The ratio of KRAS mutations was
significantly different between full and partial and between full
and none cases (p = 0.003 and 0.02, respectively, Fisher’s exact
test). None of the cases with BRAF mutations exhibited KRAS
mutations simultaneously.

B-catenin mutations

B-catenin mutations were found in 5 cases. Two cases were in
MSI* (7%; 2/28) and 3 cases were in MSI™ (3%; 3/112; p = 0.26,
Fisher’s exact test; Table III). However, none of the cases with full
or partial methylation showed B-catenin mutations, and there were
no cases exhibiting both BRAF and B-catenin mutations simulta-
neously (Table V).

KOINUMA ET AL

DISCUSSIONS

The MAPK pathway plays a crucial role in the signal transduc-
tion of many hormones, growth factors and differentiation fac-
tors.31:32 At the level of MAPKKKS, several RAF family members
exist, that is, ARAF, BRAF and RAF1 with divergent tissue
specificity and upstream regulation.? The 3 proteins are thought to
have uneven ability to activate MEK, and BRAF has been identi-

fied as the major MEK activator.3?’ :

Recently, BRAF activating mutations were observed in some
proportion of human carcinomas, especially in melanoma, lung
cancer, as well as colon cancer.>7 BRAF gene was therefore
supposed to be a novel protooncogene that might contribute to the
tumorigenesis in these types of transformed cells. Interestingly, the
mutational spots of BRAF gene cluster within the activation seg-
ment (exon 15) and the G-loop (exon 11) of the kinase domain,
which aie highly conserved among serine/threonine kinases
throughout evolution.s Activating mutations in these hot spots are
supposed to increase its kinase activity and subsequently urge to
phosphorylate the downstream kinase, MEK. V599 is the major
site of point mutations in the BRAF protein and V599E acidic
substitution has been commonly found in melanoma, colon cancer
and ovarian cancer cells.> Intriguingly,  the tumots with
BRAFY?9%E ghowed no KRAS mutations simultaneously, although
non-V599E cases were sometimes coincident with KRAS muta-
tions.>10.34 [t has been hypothesized therefore that V599E might
mimic the phosphorylation of T598 of BRAF that constitutes the
natural activation mechanism of this protein. Because of its potent
kinase activity, BRAF with this type of mutation might have no
need to depend on RAS for the initiation of the MAP kinase
pathway activation.

In our series of sporadic CRCs, 28 cases showed MSI*, in
which 19 were with hMLH1 deficiency and 6 were with hMSH2
deficiency. BRAF mutations were more frequent in MSI* CRCs
than in MSI~ CRCs (43%, 12/28 vs. 4%, 4/112; p < 0.0001). This
result was nearly consistent with that in the previous report.’0
Interestingly, BRAF mutations were more frequent in hMLHI-
deficient cases than hMSH2-deficient ones (58%, 11/19 vs. 0%,
0/6; p = 0.02). It has been widely accepted that MSI in sporadic
CRCs commonly results from epigenetic silencing of AMLHI
gene, secondary to its promoter methylation, and 70-90% of
MSI™ CRCs indeed show hypermethylation of the hMLHI
gene.!52135 Moreover, extensive methylation of AMLHI promoter
is closely correlated with bMLHI1 inactivation.?! Therefore, we
have examined the frequency of BRAF mutations with regard to
the methylation status of AMLHI promoter region. Amazingly,
BRAF mutations were extremely frequent in the cases with full
methylation compared to those without full methylation (69%,
11/16 vs. 4%, 5/124; p < 0.0001). As generally seen in the cases
with AMLHI methylation, the CRCs with BRAF mutations were
more frequent in older females, commonly located in the proximal
colon, and showed the histopathology of mucinous or poor differ-
entiation. Our data suggest that the activating mutation of BRAF
may be highly associated with an extensive methylation of AMLH 1
gene.

In a recent study, we proposed that the shift of methylation
status from partial to full might be critical in the tumorigenesis of
right-sided sporadic CRCs with MSI, because more than half of the
cases with full methylation showed partial methylation in their
normal mucosa far from the tumor.2! However, the cancers with
partial methylation not yet reaching full methylation showed dis-
tinct clinical and biologic features from those with full methyl-
ation, with relatively high frequency in the alterations of KRAS/
p53.22 In this study, BRAF mutations were less frequent in the
cases with partial methylation compared to those with full meth-
ylation (4%, 2/45 vs. 69%, 11/16; p < 0.0001). We state that
partial methylation is not generally the true pathogenic methyl-
ation status of hMLHI gene.

In our study, all the mutations of BRAF resulied in V599E
substitutions (T-to-A transversion at nucleotide 1796). Rajago-
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palan et al.'9 reported that all but one of the 15 BRAF mutations in
MMR-deficient cases resulted in V599E. O%-methylguanine DNA
methyltransferase (MGMT) is a DNA repair protein and MGMT
epigenetic inactivation by its promoter hypermethylation is sup-
posed to cause G-to-A transition mutation in KRAS and G:C-to-
A:T transition mutation in p53. Indeed, 71% cases with KRAS and
p53 mutations showed hypermethylation of MGMT.36:37 There-
fore, it might be possible that inactivation of an anonymous DNA-
repair gene by promoter hypermethylation has an association with
A-to-T transition mutation in BRAF gene.

Yuen et al34 have reported that there are many similarities
between the phenotypic patterns of CRCs with KRAS and BRAF
mutations. However, they showed that the cases with BRAF mu-
tations differ from those with KRAS mutations in the Dukes’ stage.
Consistent with their results, the cases with BRAF mutations in our
study were more common with Dukes’ A/B grades than with
Dukes’ C/D, although the difference was not statistically signifi-
cant (p = 0.07, Fisher’s exact test). Moreover, the patients with
BRAF mutations were approximately 13 years older than those
with KRAS mutations (data not shown). Therefore, we speculate
that the CRCs with BRAF mutations may belong to a clinical entity
distinct from one of CRCs with KRAS mutations.

In melanoma cells as well as MSI™ CRC cells, high frequency
of B-catenin and BRAF mutations have been reported.!923-25 Iy
this study, B-catenin mutations were uncommon in both MSI™
(7%; 2/28) and MSI™ (3%; 3/112), as reported previously by Jass
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et al.?® Moreover, none of our cases with full or partial methylation
showed S-catenin mutations. There were no cases harboring BRAF
and B-catenin mutations simultaneously, implying that B-carenin
mutation may have no association with AMLH] hypermethylation
with regard to CRC carcinogenesis.

We previously proposed that extensive methylation of AMLHI
promoter might play a crucial role in tumorigenesis in the proximal
colon.?! In this study, we additionally demonstrated that the acti-
vating mutations of BRAF might take part in the carcinogenesis of
sporadic CRCs with hMLHI hypermethylation in the proximal
colon, independently of KRAS activation. However, one question
remains to be addressed. At which stage does BRAF activation
contribute to malignant transformation of colon epithelial cells?
Hyperplastic polyps and serrated adenomas in the right-sided
colon show high frequency of AMLH] hypermethylation, and these
lesions have been presumed to be premalignant lesions of right-
sided CRCs with MSI?® It would be interesting to examine
whether the majority of such hyperplastic polyps and serrated
adenomas already have BRAF mutations. If most of the CRCs with
extensive methylation are associated with BRAFY"*°%, such sub-
type would be a good target for novel anticancer drugs acting on
the MAPK pathway.38.39
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Although acetylation-deacetylation of histones contributes to regulation of gene expression, few
methods have been available to determine the whole-genome histone acetylation profile in specific
cells or tissues. We have now developed a genome-wide screening method, differential chromatin
scanning (DCS), to isolate genome fragments embedded in histones subject to differential acetyla-
tion.This DCS screening was applied to a human gastric cancer cell line incubated with or without
an inhibitor of histone deacetylase (HDAC) activity, resulting in the rapid identification of more
than 250 genome fragments. Interestingly, a number of cancer-related genes were revealed to be
the targets of HDAC in the cancer cells, including those for tumour protein 73 and cell division
cycle 34. Such differential acetylation of histone was also shown to be linked to the regulation of
transcriptional activity of the corresponding genes. Among the isolated genome fragments, 94%
(32/34) of them were confirmed to be bound to differentially acetylated histones, and the genes
corresponding to 78% (7/9) of them exhibited differential transcriptional activity consistent with
the level of histone acetylation. With its high fidelity, the DCS method should open a possibility
to rapidly compare the genome-wide histone acetylation profiles and to provide novel insights

into molecular carcinogenesis.

Introduction

The genomic DINA of eukaryotes is compactly packaged
by complexation with histones, rendering it physically
difficult for the nuclear machinery responsible for DNA
transcription or replication to access the DNA, However,
this three-dimensional structure of genomic DNA is
subject to dynamic and rapid regulation by various chem-
ical modifications of the DNA itself or of its surrounding
histones. These epigenetic modifications include DNA
methylation as well as histone acetylation, methylation,
and phosphorylation (Baylin & Herman 2000; Burgess-
Beusse ef al. 2002; van Leeuwen & Gottschling 2002).
Acetylation of histones is mediated by histone
acetyltransferases (HAT') and takes place on the g-amino
group of conserved lysine residues located in the NH,-
terminal tail of core histones (Carrozza et al. 2003). Such
histone modification is tightly linked to transcriptional
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regulation by either chromatin remodeling or the pro-
vision of binding sites for other proteins. HAT activity in
cells is rapidly counteracted by the activity of histone
deacetylases (HDACs) (Verdin et al. 2003), with the
result that the turnover time of histone acetylation is as
short as a few minutes {Waterborg 2002).

The importance of histone acetylation in the regula-
tion of gene expression has been demonstrated for a
variety of cellular processes including cell differentiation,
cell cycle progression, DNA repair, and carcinogenesis
(Kouzarides 1999; Yasui et al. 2003). Furthermore, a his-
tone acetylation profile (HAP) of a certain type of acute
myeloid leukaemia was shown to be directly related to
the sensitivity of the malignancy to chemotherapeutic
agents (Grignani et al. 1998; Lin ef al. 1998). Elucidation
of the HAP of human malignancies may therefore
provide a basis for novel approaches to cancer treatment.
This notion is supported by the observation that inhibi-
tors of HDAC activity are effective in the treatment of
haematological malignancies such as multiple myeloma
and myelodysplastic syndrome (Gore et al. 2001; Catley
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et al. 2003). The means to establish a genome-wide HAP
have been lacking, however (Gabrielli et al. 2002).

To characterize the HAP of any given cell or tissue
type, we have now developed a new screening method,
termed differential chromatin scanning (DCS). Applica-
tion of the DCS method to a human gastric cancer cell
line has readily identified hundreds of target fragments
of histone deacetylase (HDAC), including a number of
cancer-related genes such as tumour protein p73 (TP73),
cell division cycle 34 (CDC34), and bone morphogenetic
protein 7 (BMP7).

With its high fidelity, DCS enables us a genome-wide
screening of DNA fragments embedded in histones
with differential acetylation level between a given pair of
samples.

Results

The DCS method

The DCS procedure is schematically shown in Fig. 1.
We verified the screening ability of this method by iden-
tifying HDAC targets in the genome of the human
gastric cancer cell line MKIN28. The cells were treated
with trichostatin A (T'SA), a specific inhibitor of HDAC
activity, for use as a ‘tester’ sample, whereas MKIN28 cells
not subjected to TSA treatment were used as a ‘driver’.
Inhibition of HDAC activity by TSA would be expected
to increase the acetylation level of target histones com-
pared with that apparent in the driver sample. We thus
attempted to rapidly isolate genomic fragments bound to
histones that were acetylated only in the tester sample.

After the cross-linking of DNA to histones with the
use of formaldehyde, both tester and driver cells were
separately lysed and subjected to mild DNA shearing by
sonication for a short period. Complexes of DNA and
acetylated histones were then specifically immuno-
precipitated with antibodies to acetylated histone H3,
after which the DNA fragments were released from such
complexes into solution.

The nonspecific binding of residual RNA was
minimized by treating the DNA solution with RINase A,
and the DNA fragments were then rendered blunt-ended.
The DINA was digested maximally with Rsal to obtain
fragments with a relatively uniform size of several
hundred base pairs. A TAG adaptor was ligated to both
ends of the DNA fragments, and subsequent PCR amp-
lification with a TAG primer yielded amplicons with
an Xmal/ Smal site at each end.

The tester DNA was then digested with Xmal (thereby
generating cohesive ends), whereas the driver DNA was
digested with Smal (generating blunt ends). The tester
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DNA was ligated with the first subtraction adaptor
(Toyota et al. 1999) through its cohesive ends and was
then annealed to an excess amount of the driver DINA.
Under this condition, DNA fragments present only in
the tester sample undergo self-annealing and thereby
generate a binding site for the first subtraction primer
at both ends. Subsequent PCR. amplification with this
primer thus selectively amplified the tester-specific DNA
fragments.

To exclude DNA fragments that possess endogenous
(probably nonspecific) binding sites for the first subtrac-
tion primer, we digested the first subtraction products
with Xmal and ligated the resulting molecules with the
second subtraction adaptor. A second round of subtrac-
tion amplification was then performed with the second
subtraction primer, yielding DINA fragments that were
associated with acetylated histones specifically in the
tester cells.

HDAC targets in a cancer cell line

From the products of the second round of subtraction
PCR, we randomly selected 288 DNA fragments and
determined their nucleotide sequence. The size of the
genome fragments was 2 50 bp in 265 clones (mean size,
~270 bp), and these DNA sequences were subjected to
subsequent analyses. The sequences were first screened
with the BLAT search program (Kent 2002) against the
nucleotide sequence database assembled as of July 2003
by the Genome Bioinformatics Group of the University
of California at Santa Cruz (http://genome.ucsc.edu/).
Among the 265 DNA fragments examined, 200 sequences
showed > 95% identity to the human genome sequence
and 198 of these were located either within a protein-
coding gene (demonstrated or predicted) or in the vicinity
(within 5 kbp) of such a gene (Table 1 and Table S1).
To verify the fidelity of the tester-specific amplifica~
tion by our DCS method, we chose 34 DNA fragments
and quantified their abundance in the immunoprecipi-
tates prepared from both tester and driver cells with the
antibodies to acetylated histone H3.The amount of each
DNA fragment relative to that of the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH ) gene was determined
by quantitative real-time polymerase chain reaction (PCR).
As shown in Table 1, selective amplification by DCS was
proved to be highly reliable, with 32 out of 34 clones exhib-
iting tester-specific precipitation (tester/driver ratio 2 1.5).

TP73 as a target of HDAC
Interestingly, certain of these 32 clones corresponded to

sequences either within or close to human cancer-related
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Tester sample

Xma | cut &

Figure 1 The DCS method. DNA
fragments bound to acetylated (Ac) histones
are purified by immunoprecipitation (IP)
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
subtraction.

genes, including those for TP73, CDC34, and BMP7.
One of the clones (10sBKR_D10) was, for instance,
mapped to a region located ~1.2 kbp downstream of
the last exon of TP73 (GENBANK accession number,
NM_005427) (Fig. 2A). TP73 is a close homologue of
a well-known tumour suppressor, TP53.The TP73 gene
1s localized at 1p36 locus which is subject to recurrent
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loss of heterozygosity in various human cancers (Kaghad
et al. 1997). An array of isoforms for TP73 are generated
in vivo through alternative splicing mechanism of its
mRNA, and those forms exert a variety of (sometimes,
opposite) actions on tumour growth (Benard ef al. 2003).

Thus, it was intriguing to examine whether, in this
gastric caner cell line, histone acetylation takes place
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Table 1 Genome fragments isolated through the DCS screening

Tester/ Tester/
driver GenBank driver
Chromosome ~ DNA accession mRINA

Clone ID position ratio no. ratio Annotation

10sBKR _A02 20q13.31 4.79 NMO001719 Homo sapiens, bone morphogenetic protein 7
(osteogenic protein 1)

10sBKR _A03 11p15.5 3.66 AK056774 Homo sapiens gene duplee encoding H19

10sBKR_A08 1p36.33 14.62 NMO024848 Homo sapiens hypothetical protein FLJ13941
(FLJ13941), nRINA

10sBKR_A10 1 random 11.08 NMO017891 Homo sapiens cDNA FLJ20584 fis, clone KAT09532

10sBKR_B10 11p15.5 3.66 NM173584 Homo sapiens hypothetical protein MGC45840
(MGC45840), mRINA

10sBKR_C04  6p21.33 1.14%  NMO000434 22.94 Homo sapiens sialidase 1 (NEUT), mRINA

10sBKR_C07  20q13.33 23.92 NA Homo sapiens expressed gene rerty

10sBKR_C09  22ql12.2 16.80 NMO030758 Homo sapiens oxysterol binding protein 2 (OSBP2),
mRINA

10sBKR _C12  5p15.33 16.45 NA Homo sapiens expressed gene rujy

10sBKR_D01 12q14.1 13.64 NMO000785 Homo sapiens cytochrome P450, family 27,
subfamily B, polypeptide 1, mRINA

10sBKR_D02  1p36.11 14.83 NMO16124 Homo sapiens Rhesus blood group, D antigen (RHD),
transcript variant 1, mRINA

10sBKR_D07  11ql12.2 9.19 NMO017870 2.58 Homo sapiens likely ortholog of rat GRP78-binding
protein (GBP)

10sBKR_D10  1p36.32 15.03 NMO005427 101.13 Homo sapiens tumour protein p73 (TP73), mRNA

10sBKR _EO01 2q37.3 6.15 NMO016510 Homo sapiens selenocysteine lyase (SCLY), mRNA

10sBKR_E04 17q21.2 9.19 NA Homo sapiens expressed gene risiru

10sBKR_EO05 3p22.2 2.17 NMO033027 Homo sapiens AXIN1 up-regulated 1 (AXUD1), mRINA

10sBKR _E06 19p13.11 4.47 NMO005919 Homo sapiens MADS box transcription enhancer factor 2

10sBKR _EO7 20q13.32 4.72 NMO001336 0.59%* Homo sapiens cathepsin Z (CTSZ), mRNA

10sBKR_E111  19p13.3 12.91 NMO004359 2.35 Homo sapiens cell division cycle 34 (CDC34), mRNA

NMO005317  1.739 x 10°  Homo sapiens granzyme M (lymphocyte
met-ase 1) (GZMM), mRNA

10sBKR _F01 7q22.1 9.13 NA Homo sapiens expressed gene smerkar
10sBKR_F04 7pl3 7.16 NMO001220 Homo sapiens calcium/calmodulin-dependent protein
- kinase II beta, mRINA

10sBKR _F03 11q13.1 15.73 NMO015080 Homo sapiens neurexin 2 (INRXNZ2),
transcript variant alpha-1, mRNA

10sBKR_F05 6p21.31 7.78 NMO003322 Homo sapiens tubby like protein 1 (TULP1), mRNA

10sBKR_F06 1 random 6.15 NA Homo sapiens expressed gene zoyplaw

10sBKR_F09 17q21.33 13.09 NMO002507  1144.10 Homo sapiens nerve growth factor receptor (NGFR),
mRNA

10sBKR_F11 14q32.33 1.09*  NMO001519 Homo sapiens BRF1 homolog, subunit of RINA
polymerase IIT

10sBKR _F12 11p15.5 11.31 NMO003957 0.89%  Homo sapiens serine/threonine kinase 29 (STK29),
mRNA

10sBKR_GO02  16p13.3 21.71 NMO003834 Homo sapiens regulator of G-protein
signalling 11 (RGS11), mRINA

10sBKR_GO6  3p25.1 461.44 NM001998  4482.23 Homo sapiens fibulin 2 (FBLN2), mRNA

10sBKR_G07  Xp22.13 1.58 NA Homo sapiens gene CA5B encoding carbonic anhydrase
VB, mitochondrial

10sBKR _G09 19q13.43 7.84 NA Homo sapiens gene muwaru encoding hypothetical
protein MGC2752

10sBKR _G11 17925.3 4.38 NMO005993 Homo sapiens tubulin-specific chaperoned (TBCD), mRNA

10sBKR_G12  1q42.13 26.91 NM024554 Homo sapiens piggyBac transposable clement derived
5 (PGBDS), mRNA

10sBKR _HO05 19q13.42 4.44 NMO013333 Homo sapiens epsin 1 (EPN1), mRINA

*Ratio of < 1.5.1The 10sBKR_E11 was mapped to a loci of two distinct genes. NA, not assigned.
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Figure 2 Identification of TP73 as a target
of HDAC activity. (A) one of the clones
(10sBKR_D10; red rectangle) identified by
DCS screening was mapped to chromosome
1p36.32, located ~1.2 kbp downstream of
the last exon of TP73. Exons are denoted
by black boxes, arrows indicate the direction
of transcription, and green triangles depict
distance markers of 5 kbp. (B) the amount
of DNA corresponding to the 10sBKR_D10
sequence relative to the amount of that
derived from GAPDH was measured by
real-time PCR. in the immunoprecipitates
prepared with antibodies to acetylated histone
H3 from MKIN28 cells treated (+) or not (—)
with TSA. (C) the amounts of TP73

DNA ratio
N
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—
L

10sBKR_D10/GAPDH

mRNAs relative to that of GAPDH mRINA

TP73

Differential chromatin scanning method

Va HH——-

10 1

TP73/GAPDH mRNA ratio (x10~%)

in MKN28 cells treated or not with TSA
were determined by real-time RT-PCR.

Figure 3 Identification of CDC34 and
GZMM as targets of HDAC activity.
(A) one of the clones (10sBKR_E11; red
rectangle) identified by DCS screening was
mapped to chromosome 19p13.3, spanning
the first intron and second exon of GZMM
and located ~5 kbp downstream of the
last exon of CDC34. The position of the
10sBKR _E11 in the genome is schematically
shown as in Figure 2A. (B) The amount of
DNA corresponding to the 10sBKR_E11
sequence relative to the amount of that
derived from GAPDH was measured by
real-time PCR. (C) the amounts of CDC34
and GZMM mRNAs relative to that of
GAPDH mRNA in MKIN28 cells treated
or not with TSA were determined by real-
time RT-PCR.

A
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on the TP73 gene, and thereby regulates its tran-
scriptional activity. Quantity of the genome fragment
corresponding to the 10sBKR_1D10 clone was measured
by the real-time PCR method, revealing that its tester/
driver ratio was 15.03 (Fig. 2B). Therefore, the extent of
histone acetylation in this genome region in the tester
cells was 15.03 times that in the driver cells. We also
quantified the mRNA amount of TP73 genes in both
tester and driver cells by real-time reverse transcrip-
tion (RT)-PCR method. As demonstrated in Fig. 2C,
acetylation of the 10sBKR_D10 region was accompa-
nied with a profound activation in the transcription level
of TP73.These lines of evidence indicate that the TP73
gene is epigenetically regulated by HDAC in a gastric
cancer cell line.
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One of our clones (10sBKR_E11) was mapped to a region
which contains the first intron and the second exon
of the granzyme M (GZMM) gene (GENBANK accession
number, NM_005317), and is also located ~5 kbp
downstream of the last exon of CDC34 (GENBank
accession number, NM_004359) (Fig. 3A). Therefore, it
was possible that histone acetylation of this region may
affect the transcription of both genes. We first quantified
the tester/driver ratio for the relative amount of the
10sBKR_E11 fragment in the acetylated histone H3
immunoprecipitates. As shown in Fig. 3B, histone at this
region was more heavily acetylated in the tester cells
compared to the driver cells.
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To examine how histone acetylation in this area
affected the transcriptional activity of CDC34 and
GZMM, we measured the amounts of the corresponding
mRNAs in both tester and driver cells by real-time
RT-PCR.. As demonstrated in Fig. 3C, histone acetyla-
tion up-regulated the expression of both CDC34 and
GZMM, although the extent of gene activation was
greater for the latter than for the former. These data
suggest that the histone acetylation status of a given
genomic locus may regulate the transcription of distinct
genes in a differential manner. Our data do not exclude
the possibility, however, that histones in other regions
of CDC34 or GZMM were also acetylated in a TSA-
dependent manner and that these regions possess an
enhancer activity greater than that of the 10sBKR_E11
region. 1

CDC34 encodes a ubiquitin E2 ligase, and its activity
is essential for G,- to S-phase transition in cell cycle
(Pagano et al. 1995). CDC34 catalyses ubiquitination of
the inhibitors for cyclin-dependent kinases (CDKI)
which are thereby subject to proteolysis. Therefore, it
was interesting to find that CDC34 gene was a target of
HDAC in a cancer cell line.

We selected seven additional genes for quantification
of the relative amounts of their mRNAs. Of the total
of nine genes examined, seven genes were preferentially
expressed in the TSA-treated cells compared with the
non-treated cells (tester/driver ratio = 1.5) (Table 1),
consistent with the notion that histone acetylation results
in the recruitment of transcription factors and conse-
quent transcriptional activation.

Among the 136 clones that mapped within or close
to known genes, only eight pairs were assigned to the
same genes. Given the high fidelity of our DCS screening,
these data suggest that HDAC complexes simultaneously
act at hundreds of independent target histones within the
same cell. To visualize directly the genome-wide HAP,
we mapped to human chromosome figures our genomic
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Figure 4 Chromosomal distribution of
HDAC targets. The genome fragments

29 X (red dots) isolated by the DCS method

were mapped to human chromosomes.
The MKN28 cell line was established from
a female and therefore does not contain the
Y chromosome.

clones whose chromosomal positions are known (Fig. 4).
The HDAC targets were distributed widely throughout
the human genome, although some ‘hot spots’ for
deacetylation were apparent. Seven: of our DCS clones
were, for instance, mapped to the same 8q24.3 locus.
Detailed mapping indicated that all these clones were
located within a region spanning 2.5 Mbp. Therefore, it
may be possible that regional alterations of chromatin
structure lead to a coordinated transcriptional regulation
of genes within the affected region.

Discussion

We have developed a rapid and highly reliable method
for the selective isolation of genome fragments bound
to histones whose level of acetylation differs between
samples. Application of the DCS method to MKIN23
cell line has readily revealed that many cell proliferation-
associated genes are epigenetically regulated in cancer
cells, including those for BMP7, TP73, GBP, AXUDI1,
CDC34, NGFR, RGS11 (see Table 1), JUNB, SIDEA,
and MAFG (see Table S1).

Recently, similar genome-wide comparison methods
have been developed by coupling chromatin immuno-
precipitation (ChIP) with either comparative genomic
hybridization (CGH) or analysis with a DINA microarray
containing thousands of CpG islands or promoter
fragments (Weinmann et al. 2002; Ballestar et al. 2003;
Odom et al. 2004). However, the CGH analysis is not
able to provide information on the precise genome
sequences differentially immunoprecipitated, and the
CpG array can only identify genome fragments that
contain CpG islands. Interestingly, the majority of our
clones identified by DCS do not satisfy the criteria of
CpG islands (for instance, none of the clones corre-
sponding to TP73, CDC34-GZMM, or BMP7 was rich
in the CpG sequence). Additionally, screening of whole
promoter fragments is still hampered by the incomplete
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human genome annotation and by its inability to
investigate the enhancer regions. The emerging number
of non-coding RNAs also makes it difficult to precisely
map ‘promoter’ sequences in human genome. Therefore,
for the identification of HAT-HDAC targets, our DCS
method is likely to provide a non-biased means of
genome-wide screening.

Although the study in this manuscript has revealed
only the HDAC targets in a cancer cell line, the DCS
method should be useful to directly identify HAT targets
as well. For instance, a DCS comparison between
chemotherapy-sensitive cancer cells and chemotherapy-
resistant ones would enable to isolate genes whose
associated histones are acetylated in a chemoresistance-
dependent manner. In addition, DCS method can be
applied to other non-malignant cells/tissues. We could
indeed identify HDAC targets in cardiomyocytes (R.K.,
personal communication).

Furthermore, modification of our method may open
up the possibility of a general ChIP-based subtraction
strategy. For instance, DCS performed with antibodies
to a given histone- or DNA-binding protein, rather than
with antibodies to acetylated histone, should readily
allow the isolation of target genomic fragments differen-
tially recognized by such proteins.

Experimental procedures

Cell culture

MKN28 cells were obtained from the Japanese Collection of
Research Bioresources (http://cellbank.nihs.go.jp/) and- were
maintained in RPMI 1640 medium (Invitrogen) supplemented
with 10% foetal bovine serum. For preparation of the tester sam-
ple, cells were incubated for 24 h with 300 nM TSA (Wako, Tokyo,
Japan). Satoh etal. (2002) have already demonstrated that, in
MEKN28 cells, histones of several genes become acetylated in a
TSA-dependent manner.

The DCS method

Both formaldehyde treatment of cells and immunoprecipitation
with antibodies to acetylated histone H3 were performed with the
ChIP assay kit (#06-599; Upstate Biotechnology). Sonication of
DNA was performed in one 10-s pulse to minimize the extent of
DNA shearing (the resulting DNA fragments should migrate as a
smear corresponding to a size of 10-20 kbp in gel electrophoresis).
Immunoprecipitation was achieved with protein A-Sepharose
beads (Sigma) suspended inTE (10 mm Tris-HCL, 7.4,and 0.1 mm
EDTA) containing 0.2 mg/mL tRINA (Roche Biochemicals) and
0.5 mg/mL bovine serum albumin (New England Biolabs), instead
of with the protein A beads supplied with the kit. DNA fragments
were recovered from the immunoprecipitates and treated with
RNase A to remove residual RINA. The DNA fragments were

© Blackwell Publishing Limited
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digested with Rsal (New England Biolabs), and ligated to the TAG
adaptor (5'-CCACCGCCATCCGAGCCTTTCTGCCCGGG-
3'/3-GAAAGACGGGCCC-5"). After PCR. amplification with
the TAG primer (5'-CCACCGCCATCCGAGCCTTTCTGC-
3"), the tester DNA and the driver DNA were digested with Xmal
and Smal, respectively. Only the tester DNA (0.5 pg) was ligated
to the first subtraction adaptor (5-GTGAGGGTCGGATCT-
GGCTGGCTC-3/3-CGACCGAGGGCC-5Y. The adaptor-
ligated tester DNA was then annealed with 40 g of the driver
DNA at 67 °C for 20—24 h before PCR amplification with the first
subtraction primer (5-GTGAGGGTCGGATCTGGCTGGCTC-
3'). After digestion of single-stranded DNA with mung bean
nuclease (New England Biolabs), the amplified products were
subjected to digestion with Xmal followed by a second round
of subtraction PCR with the second subtraction adaptor
(5-GTTAGCGGACACAGGGCGGGTCAC-3"/3-GCCCAG-
TGGGCC-5’) and second subtraction primer (5-GTTAGCG-
GACACAGGGCGGGTCAC-3").The final products were digested
with Xmal and ligated into pBlueScript (Stratagene) for nucle-
otide sequencing. The detailed protocol for the DCS method is
available as a supplemental protocol online.

DNA quantification

Genome fragments immunoprecipitated by antibodies to
acetylated histone H3 were subjected to PCR. with a QuantiTect
SYBR Green PCR Kit (Qiagen). The amplification protocol
comprised incubations at 94 °C for 155, 62 °C for 30s, and
72 °C for 60 s. 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
allowing determination of the threshold cycle (Cy) at which expo-
nential amplification of PCR products begins. The Cy values for
DNA molecules corresponding to the GAPDH gene and genome
fragments of interest were used to calculate the abundance of the
latter fragments relative to that of the former. The oligonucleotide
primers for PCR were 5’-TCGGTGCGTGCCCAGTTGAACC-
3" and 5-ATGCGGCTGACTGTCGAACAGGAG-3 for GAPDH,
5-ACCAGTCGCTGCTTTTAAATAAGG-3' and 5’-
GCTAGGAGCTTCCCCTACTAACAT-3" for 10sBKR_D10,
and 5-CTGATGTGCGTTTTGAAGGACT-3 and 5'-
GAAACTTTTAGGCTGATACGTGTG-3' for 10sBKR_E11.

mRNA quantification

Total RNA was prepared from the tester or driver cells with an
RNeasy Mini column (Qiagen), treated with R Nase—free DNase
(Qiagen), and subjected to reverse transcription with PowerScript
reverse transcriptase (BD Biosciences Clontech) with an oligo(dT)
primer. Portions of the resulting cDINAs were subjected to PCR.
with a QuantiTect SYBR. Green PCR Kit. The amplification
protocol comprised incubations at 94 °C for 15 s, 65 °C for
305, and 72 °C for 60 s. The annealing temperature of PCR
was changed to 60 °C for the cDNA of CDC34 and 66 °C
for that of GZMM. The oligonucleotide primers for PCR
were 5-AGAACATCATCCCTGCCTCTACT-3 and 5'-

Genes to Cells (2004) 9, 1167-1174

— 274 —

1173



1174

R Kaneda et al.

ATATTTGGCAGGTTTTTCTAGACG-3 for GAPDH, 5-
GACGAGGACACGTACTACCTTCA-3 and 5'-GTAGGTGA-
CTCGGCCTCTGTAG-3 for TP73, 5-AAGATGTGGC-
ACCCTAACATCTAC-3 and 5-AGGGAGATCACACTCA-
GGAGAAT-3 for CDC34, and 5-ATGTGTAACAACAG-
CCGCTTCT-3" and 5'-CTTGAAGATGTCAGTGCAGACC-
3’ for GZMM.
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Abstract

To obtain insights into the molecular pathogenesis of heart failure in humans, we have analyzed the expression profiles of
>12,000 genes in a total of 17 human specimens of right atrial myocytes. From this large data set, we here tried to identify gene
clusters, expression level of which is correlated precisely with clinical parameter values of cardiac function. We could reveal that
cardiac myocytes with normal sinus rhythm were clearly differentiated, in the point of view of gene expression, from those with atrial
fibrillation. Further, an expression profile-based prediction of arrhythmia by a newly developed “weighted-distance method” could
efficiently diagnose our samples. We could even construct calculation formulae for the values of left ventricular ejection fraction
based on the expression level of selected genes. To our best knowledge, this is the first report to indicate that pumping ability of

heart can be predicted by any measures of atrium.
© 2004 Elsevier Inc. All rights reserved.

Keywords: DNA microarray; Heart failure; Ejection fraction; Correspondence analysis

The pumping failure of heart, or heart failure, is in-
duced by a variety of pathological conditions, such as
ischemic heart diseases, arrhythmias, and sustained
pressure- or volume-overload onto heart [1]. It is still
highly difficult to restore the contractile ability of cardi-

* Abbreviations: Af, atrial fibrillation; EF, ejection fraction; TR,
tricuspid valve regurgitation; MR, mitral valve regurgitation; LAD,
left atrial diameter; RT-PCR, real-time reverse transcription-polymer-
ase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydroge-
nase.
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ac myocytes in once failed heart, and, therefore, heart
failure is still one of the main causes for human death
[2]. Unfortunately, little is still understood for the mo-
lecular mechanisms underlying why and how heart fail-
ure is developed and becomes irreversible.

Although cardiac myocytes in culture may be a useful
means to analyze the intracellular signaling pathways re-
sponsible for hypertrophic changes in heart, such in
vitro systems cannot efficiently simulate the long-term
changes of myocytes found in failed heart. To decipher
the molecular pathology of heart failure, therefore, it
would be indispensable to directly investigate the human
specimens of failed heart or to analyze myocytes in
model animals for heart failure.
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Toward this goal, we have recently collected human
specimens of right atrial myocytes from patients with
various heart disorders, and obtained the expression
profiles of >12,000 genes in the samples by using high-
density oligonucleotide microarrays (R.O. et al., submit-
ted). Since the patients in the analysis could be classified
into two major groups, i.e., individuals with either nor-
mal sinus rhythm or an arrhythmia, chronic atrial fibril-
lation (Af), we first tried to identify gene sets, expression
of which were associated with the presence/absence of
chronic Af in vivo. A total of 33 genes were shown to
be induced (>1.5-fold) in Af samples compared to those
with normal sinus rhythm, while 63 genes were to be
suppressed (<0.5-fold) in the Af-ones.

However, such analyses did not fully address a funda-
mental question as to whether atrial myocytes with Af
have a distinct gene expression profile, or “molecular sig-
nature’ [3], to those with normal sinus rhythm. In other
words, with regard to gene expression profiles, are the myo-
cytes with Af distinct from those with normal rhythm?

In this paper, by applying sophisticated statistical
methods, we have tried to address these issues. Further-
more, we here tested whether it was possible to identify
gene sets, expression level of which was precisely corre-
lated with detailed clinical parameter values of cardiac
function. The results were highly successful, and we
could even construct “prediction formulae for the values
of left ventricular ejection fraction (EF)” based on the
expression level of selected genes. To our best knowl-
edge, this is the first report to prove that pumping ability
of heart can be predicted by any measures of atrium.

Materials and methods

Microarray analysis. Detailed information on the patients regis-
tered for this study and on the microarray experiments will be reported
elsewhere (R.O. et al., submitted). Left ventricular EF values in all
patients was calculated by dividing the stroke volume (end-diastolic
volume minus end-systolic volume) by the end-diastolic volume (both
obtained angiographically). From the patients who underwent cardiac
surgery in Jichi Medical School, right atrial appendages were obtained
with written informed consent. Total RNA was extracted from the
specimens with the use of RNAzol B (Tel-Test, Friendswood, TX), and
a portion (20 pg) of the RNA was converted to double-stranded cDNA
by the SuperScript Choice System (Life Technologies, Gaithersburg,
MD). Biotin-labeled cRNA was prepared from the resulting cDNA
with the use of ENZO BioArray RNA labeling kit (ENZO
Diagnostics, Farmingdale, NY), and hybridized with the GeneChip
Human U95Av2 array (Affymetrix, Santa Clara, CA) harboring the
oligonucleotides corresponding to >12,000 human genes. Detection of
the hybridized cRNAs was performed with the GeneChip instrument
system according to the manufacturer’s protocol. The fluorescence
intensity of each gene was normalized relative to the median fluores-
cence value for all genes in each array hybridization.

Statistical analysis. In the comparison of normal sinus rhythm- vs
Af-specimens, ¢ statistic and the effect size (difference in the mean of
expression levels between the two classes) [4] were calculated for each
gene. When the gene showed |¢|>4.073 (corresponding to a significance
level of 0.001 in ¢ test with 15 degrees of freedom) and |effect size|>0.5

arbitrary units (U), the difference in expression level between the two
classes was regarded as statistically significant. Correspondence anal-
ysis [5] was carried out for all genes showing the significant difference
by using the ViSta computer software (http://www.visualstats.org/).
Each sample was plotted in three dimensions based on the coordinates
of the three major dimensions from correspondence analysis.

To examine whether these informative genes could predict the class
of the present samples, we have here developed a novel class prediction
means, “weighted-distance method,” with the points of dimensions
obtained from correspondence analysis. There were a total of 17
samples: 10 specimens with sinus rhythm and 7 with Af arrhythmia. A
correspondence analysis was conducted once for all 17 samples, and
the class prediction was performed for each sample (say sample X)
under the condition that the classes of only remaining 16 samples were
known. The weighted distance from sample X to sample Y (Y#X) is
defined as D = /S [ni(df —d"Y’], where k is the number of di-
mensions to be considered, v; indicates the contribution of the ith di-
mension, and d;" and d?’ represent points of the ith dimension for
sample X and sample ¥, respectively. Because v; exceeded 70% in our
analysis (i.e., the cumulative contribution to the Ist dimension was

very large), k was set to be 1 in this study (i.e., D = /vy (d] — dly)z). In

general, k should be determined by the cumulative contribution to the
kth dimension. Let Dg and D, be the averages of weighted distance (D)
from sample X to sinus rhythm samples and from sample X to the Af
samples, respectively. When Ds/(Ds+ D) was below a threshold value,
T, the sample X was assigned a “sinus rhythm” class, and when D,/
(Dg+ D) was below T, the sample X was assigned an “Af” one. In this
study, 7" was set to be 0.4.

Correlation to the clinical grade of tricuspid valve regurgitation (TR)
or mitral valve regurgitation (MR) was calculated for the expression
level of each gene by a paired Spearman’s rank test, and was considered
as statistically significant when P<0.001. Similarly, Pearson’s correla-
tion coeflicient () for EF (in percents) or left atrial diameter (LAD) (in
millimeters) was examined for the expression level of each gene.

For each of the EF-linked genes identified above, we conducted the
simple regression analysis to generate an EF-calculation formula
“y=Ax+B,” where y is EF (%) and x is the expression level (U) of each
gene.

All raw microarray data as well as the details of the genes shown in
the figures are available as supplementary information at the web site
of Biochem. Biophys. Res. Commun.

Real-time reverse transcription-polymerase chain reaction (RT-
PCR). Portions of nonamplified cDNA were subjected to PCR with a
QuantiTect SYBR Green PCR Kit (Qiagen, Valencia, CA). The am-
plification protocol comprised incubations at 94°C for 15s, 60°C for
30s, and 72°C for 60s. Incorporation of the SYBR Green dye into PCR
products was monitored in real time with an ABI PRISM 7700 se-
quence detection system (PE Applied Biosystems, Foster City, CA),
thereby allowing determination of the threshold cycle (Cy) at which
exponential amplification of PCR products begins. The Cy values for
c¢DNAs corresponding to the glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) and Calpactin I genes were used to calculate the
abundance of Calpactin I mRNA relative to that of GAPDH mRNA.
The oligonucleotide primers for PCR were 5-GTCAGTGGTG
GACCTGACCT-3 and 5-TGAGCTTGACAAAGTGG TCG-3' for
GAPDH cDNA and 5-TCTGGCTGTGGACAAAATAATG-3' and
5"-TTTCCCTTCTGCTTCATGTGTA-3 for Calpactin I cDNA.

Results
Isolation of genes linked to arrhythmia

Among the 17 samples analyzed, 7 were obtained
from the patients with chronic, persistent Af and the rest
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Table 1
Characteristics of the study subjects
Patient ID Age Sex Disease MR grade TR grade LAD (mm) Riythm EF (%)
1 44 M AR 0 1 39.7 Sinus 49
2 70 F MR 3 1 50.1 Sinus 48
3 75 M IHD 1 1 39 Sinus 61
4 65 M AS 1 0 45.1 Sinus 71
5 60 M AS 2 0 39.7 Sinus 33
6 51 F MS 0 3 71 Af 78
7 55 M MR 4 2 69.4 Af 55
9 64 M MR 4 2 77 Af 68
10 74 F MSR, ASR 3 2 61.1 Af 66
11 75 M ASR, MR 3 2 59 Af 37
12 64 F MR 3 3.5 48 Sinus 65
13 64 F MR, AR 4 35 42 Sinus 80
14 14 M ASD 0 2 32.1 Sinus 67
15 59 F MS, AR 2 4 76.7 Af 70
16 69 F MSR, AR 3 4 54 Af 57.5
17 63 M AR, MR 2 3 52 Sinus 50
18 37 F ASD 2 0 35 Sinus 60

M, male; F, female; AR, aortic regurgitation; IHD, ischemic heart disease; AS, aortic stenosis; MS, mitral stenosis; MSR, mitral stenosis/regurgi-

tation; ASR, aortic stenosis/regurgitation; ASD, atrial septal defect.

10 were from those with normal sinus rhythm (Table 1).
Identification of any genes constantly activated or inac-
tivated in Af samples would shed new light on the path-
ophysiology of this most prevalent arrhythmia [6]. First,
identified were the genes whose expression levels were
statistically different (Student’s ¢ test, P<0.001) between
the two classes, 1.e., normal sinus rhythm and Af. How-
ever, expression levels of many such genes were very low
throughout the samples, making the reliability of
“arrhythmia-dependence” obscure. Therefore, we fur-
ther applied another “selection window” that the effect
size should be >0.5U between the two classes, leading
to the identification of 11 arrhythmia-dependent genes,
expression profile of which should most effectively con-
trast Af status from normal sinus rhythm.

A dendrogram or “gene tree” is demonstrated in Fig.
1A for these genes including those encoding for sarco-
glycan ¢ (SGCE; GenBank Accession No. NM_003919),
zinc finger protein 103 (ZFP103; NM_005667), and he-
patic leukemia factor (HLF; NM_002126). Here in the
tree, genes with similar expression pattern across the sam-
ples were placed near each other. HLF is a helix—loop—he-
lix type transcriptional factor that functions to protect
cells from apoptosis [7]. Decreased expression of HLF in
the myocytes with Af arrhythmia may reflect the apopto-
tic change found in atrial remodeling.

Expression profile-based prediction of Af

In the point of view of gene expression profile, are the
myocytes with Af arrhythmia different from those with
normal sinus rhythm, and, if so, how different? We tried
to address this issue by the correspondence analysis to
extract three major dimensions from the expression pat-
terns of the 11 arrhythmia-dependent genes. By the cal-

culated coordinates for each sample in these dimensions,
the patient samples were projected into the virtual space
with the three dimensions. Surprisingly, as shown in Fig.
1B, all samples with Af were clustered in an area clearly
far from that for the samples with sinus rhythm. It is,
therefore, likely that all Af samples have a common
“gene expression signature” which is distinct from that
for sinus rhythm samples.

The clear separation of Af and sinus rhythm speci-
mens in Fig. 1B also indicates a possibility of an expres-
sion profile-based prediction for Af. As demonstrated in
Fig. 1B, class-separation was most prominent in the 1st
dimension. Indeed, the contribution ratio of each di-
mension calculated by the correspondence analysis was
72.74%, 9.5%, and 6.29% for the 1st, 2nd, and 3rd di-
mensions, respectively. Therefore, we tried to conduct
the class prediction (i.e., Af or sinus rhythm) for each
sample by using the coordinates for the 1st dimension.
The relative distance of a given sample to the Af or sinus
rhythm group (excluding the sample for prediction) was
calculated, and the sample was assigned a class when the
relative distance to the class was <0.4. As shown in
Table 2, the class prediction based on the correspon-
dence analysis with the 11 genes in Fig. 1A was success-
ful for all cases.

To accurately measure the prediction power of our
weighted distance method, we conducted a cross-valida-
tion trial (i.e., “drop-one-out” format) for the diagnosis
of normal sinus rhythm or chronic Af class. To predict
the class of sample X, “arrhythmia-associated genes”
were extracted from the comparison of remaining 16
samples according to the criteria used in Fig. 1A
(P<0.001 in Student’s ¢ test, and |effect size|>0.5U).
Correspondence analysis was carried out for the expres-
sion profiles of the arrhythmia-associated genes, and
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