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Figure 3. Quantitative, real-time RT-PCR analysis of Sox and Ambh
gene expression, Averages of three independent trials are shown
as bars, with SEs shown as lines. Values marked with * were sig-
nificantly different between males (3) and females (2) (p=0.0017,
0.0047 and 0.012 for cSox9 at day 7, cAmh at day 6 and 7, respec-
tively, using a two-sample equal variance t-test). Others were not
significantly different between males and females (p = 0.81, 0.24,
0.74, 0.52, 0.17, 0.67, 0.38, 0.64, 0.49 for cSox3 at day 6 and 7,
cSox8 at day 6 and 7, cSox9 at day 6, cSox4 at day 6 and 7, and
cSoxI1 at day 6 and 7, respectively).

in chicken, even though two SOX-binding sites are pre-
dicted in the cAmh promoter region. These observations
prompted us to search for other Sox genes expressed in
chicken male gonads that could be considered as can-
didate regulators of Amh expression. We conducted the
analysis at day 6, since at this stage cAmh is expressed
at high levels in male gonads while ¢Sox9 is either not
expressed or expressed at a very low level.

We utilized degenerate RT-PCR on purified day 6 male
gonad RNA using generic Sry-type HMG box primers
to generate fragments for cloning into a plasmid vector.
Twenty independent clones were sequenced, revealing
that 12 clones were cSox4 [45], 7 were cSoxI1 [46] and
1 was cSox9 [47].

One possible explanation for these results is that the
degenerate primers used show a bias for amplification
of cSox4 and cSox11 templates. To examine this possibil-
ity, we used the same degenerate primers to amplify Sox
fragments from genomic DNA, in which all intronless
Sox genes (Sox1, -2, -3, -4, -11, -12, -14, -21) capable of
amplification by the primers are represented in equal pro-
portions. Among ten clones amplified, none was cSox4
or cSoxl11. Thus, primer bias does not explain our data
relating to ¢Sox4 and cSoxll expression in developing
chicken gonads.

cSox4 and cSox11 are expressed in male gonads at day 6,
prompting us to examine the expression profiles of each
in male and female gonads through the sex determination
window. If both or either is expressed preferentially in
male gonads, they could be considered a candidate for
regulation of the cAmh gene. To evaluate the expression
patterns of cSox4 and cSoxII in embryonic gonads, we

Sox expression in chicken gonads

employed whole-mount in situ hybridization analysis at
the same stages previously used to profile cSox8, cSox9
and cAmh expression. cSox4 and cSox/ I signals were de-
tected at similar levels in male and female gonads at all
stages examined (fig. 2) suggesting that neither of them
plays a role in sex-specific regulation of Ambh.

The identification of Sox genes that are expressed in
chicken embryonic gonads at day 5, 6 and 7 was previ-
ously attempted by McBride et al. [6]. Using RT-PCR
amplification of the conserved Sry-type HMG box domain
from RNA samples prepared from testes with mesone-
phroi attached, they found expression of c¢Sox3, cSox4,
cSox9, cSoxll, cSoxi2 and cSoxI4. Our data confirm
that cSox4, c¢Sox9 and cSox11 are indeed expressed, as is
cSox3 (see below); however; we amplified the HMG box
from day 6 gonad only, and this difference along with the
differences in PCR primers, may explain the discrepan-
cies in the data for ¢SoxI2 and cSoxI4. Moreover, day 6
male gonad expresses cSox4 and c¢SoxI11 transcripts so
abundantly that RT-PCR cloning is difficult for Sox genes
expressed at low levels.

To examine the levels of gene expression quantitatively,
we utilized RT-PCR and real-time RT-PCR analyses us-
ing RNAs isolated from pooled, sexed embryonic gonads
at days 6 and 7 (fig. 3). As expected, cAmh and cSox9
were expressed at different levels between males and
females at day 7. At day 6, the expression levels of cAmh
were statistically different between males and females (p
< 0.005) while the expression levels of cSox9 were not (p
> 0.1). However, cSox3, cSox4, cSox8 and cSox11 were
expressed at similar levels between males and females at
days 6 and 7, suggesting that none of these Sox genes is
responsible for the male-specific up-regulation of cAmh
expression.

We were unable to amplify ¢SoxI12 and cSox14 sequenc-
es by RT-PCR from chicken embryonic gonads. As a
positive control, chicken genomic DNA was included as
template. Signals were observed at expected size of 108
bp for cSoxI12 and 331 bp for cSoxI4 only from genome
template, but not from gonad RNA samples, showing that
neither gene is expressed in embryonic gonads at day 6
and day 7 (data not shown).

Previous studies have eliminated c¢Sox3 as a candidate
for male-specific up-regulation of Amh expression be-
cause cSox3 is expressed at similar levels in the male
and female gonads at the sex-determining window [23,
29]. Our present data support this conclusion. We rule
out ¢Sox8 because it is expressed in a different spatial
pattern to Amh, and cSoxI2 and -14 because they are not
expressed in gonads at sex-determining stages at all. We
exclude cSox4 and cSox11 also, on the basis of equivalent
expression levels between male and female. It is formally
possible that cSox4 and cSox1] might be expressed in
Sertoli cells in the male (the site of Amh expression)
and in another cell lineage in females, in which Amh is
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not expressed, but we consider this unlikely, especially
considering that all genes found to be involved in sex-
specific development of the gonads to date show a sexu-
ally dimorphic pattern of gene expression in fetal gonads
when examined by whole-mount in situ hybridization.
However, one still cannot exclude the possibility of SOX
protein-mediated regulation of cAmh gene expression,
and further extensive cloning of cSox genes may be nec-
essary to discover a Sox gene expressed predominantly in
chicken embryonic testis.

Alternatively, we have to consider that sex-specific Amh
up-regulation is not mediated by SOX proteins in birds.
Even though the putative SF1-binding site, like the two
SOX-binding site in the Amh promoter, is conserved be-
tween mouse and chicken [28], and ¢Sf7 is co-expressed
with cAmh at day 7 of chicken embryonic testis [15],
the expression profiles of mouse and chicken SfI show
major differences. Before testis cord formation, Sf7 is
expressed at similar levels in males and females in both
species, while subsequently, chicken Sf7 expression is
maintained in the testis, but is up-regulated in the ovary
[12, 15, 29]. The opposite expression pattern is reported
for mouse SfI [reviewed in ref. 48]. This difference
could be explained by the possibility that SF1 functions
in more steroidogenically active tissue (testis in mam-
mals and ovary in birds), or that SfI may not be associ-
ated with testis formation in birds [12]. Either way, the
expression profile of ¢Sf7, like that of ¢Sox9 [28] and
cSox8 (this study), suggests that it is not responsible for
male-specific up-regulation of cAmh expression during
chicken gonad genesis. Since both SF1 and SOX pro-
teins are required for normal levels of Amh expression
during sex determination in mouse [27], this may imply
that there is a different mechanism of cAmh regulation
in chicken compared with mouse, and that SOX protein
is not a causative factor for sex-specific expression of
cAmbh.

Gonadal expression of Sox8, which has an evolutionarily
conserved coding protein among vertebrates, has been
studied in mouse, chicken and red-eared slider turtle
[31, 49]. Sox8 is expressed in the developing testes of all
three species, implying a functional significance, but in
chicken and turtle, Sox8 is also expressed in the ovary.
So far, up-regulation of mouse Amh is the only known
molecular function for the SOX8 protein [26]. If this
function is conserved among vertebrates, chicken SOX8
may have a protein partner which is expressed in males to
activate or in females to suppress cAmh. Some genes are
expressed sex specifically during gonadal differentiation
in the mouse, including Sf7 [13], WtI [50], Gata4 [14],
Lhx9 [51], Wnt-4 [52] and Dax! [53]. However, chicken
homologues of these genes are not candidates because
they are expressed in both developing testis and ovary
while cAmh is differentially expressed [15, 29]. Dmrtl
is expressed only in developing testis in mouse, while
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chicken Dmrt] is expressed in both developing gonads
with higher levels in testis, suggesting that it is not such
a factor [15, 54]. The identification of a chicken SOX8-
binding partner may clarify this possibility. Finally, fur-
ther analysis of the cAmh promoter may reveal whether
SOX proteins play a role in its up-regulation, and wheth-
er similarities exist in the mechanisms that regulate Amh
expression in birds and mammals.
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Abstract

Background: Atrial fibrillation (AF) is the most frequently encountered arrhythmia in the clinical setting. However, a comprehensive
investigation of the molecular mechanism of AF has not been performed. The aim of this study was to clarify transcriptional profiling of
genes modulated in the atrium of AF patients using DNA microarray technology.

Methods: We obtained 17 fresh cardiac specimens, right atrial appendages, isolated from 10 patients with normal sinus thythm and seven
chronic AF patients who underwent cardiac surgery. Affymetrix GeneChip (Human Genome U95A) investigating 12,000 human genes was
used for each specimen. Quantitative analysis of selected genes was performed by the real-time PCR method.

Results: The left atrial diameter in the AF group was greater than that in the sinus rhythm group. We could identify 33 AF-specific genes that
were significantly activated (>1.5-fold), compared with the sinus rhythm group, including an ion channel, an antioxidant, an inflammation,
three cell growth/cell cycle, three transcription such as nuclear factor-interleukin 6-beta, several cell signaling and several protein genes, and
seven expressed sequence tags (ESTs) In contrast, we found 63 sinus rhythm-specific genes, including several cell signaling/communication
such as sarcoplasmic reticulum Ca?*-ATPase 2, several cellular respiration and energy production and two antiproliferative or negative
regulator of cell growth genes, and 22 ESTs.

Conclusions: The present study demonstrated that about one hundred genes were modulated in the atria of AF patients. These findings
suggest that these genes may play critical roles in the initiation or perpetuation of AF and the pathophysiology of atrial remodeling.

© 2004 Elsevier Ireland Ltd. All nghts reserved.

Keywords: Atrial fibrillation; Genes; Microarray; Myocardium

cardiomyopathy [3,4]. The molecular research of AF has
been focused mainly at various ion channels and at
proteins involved in calcium homeostasis, because AF
modifies the electrical properties of the atrium in a manner
that promotes its occurrence and maintenance. This

1. Introduction

Atrial fibrillation (AF) is the most common sustained
cardiac arrhythmia and the major cardiac cause of stroke
[1]. The Framingham Study [2] reported a sixfold increase

in the incidence of stroke in patients with AF, compared
with age-, sex-, and blood pressure-adjusted control
subjects. In addition, the rapid heart rate resulting from
AF can bring about a number of adverse outcomes
including congestive heart failure and tachycardia-related

* Corresponding author. Tel.: +81 285 58 7344; fax: +81 285 44 5317.
E-mail address: kyamamoto@jichi.ac.jp (K. Yamamoto).

0167-5273/% - see front matter © 2004 Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.ijcard.2004.05.026

arrhythmogenic electrophysiological remodeling is well
established. However, a comprehensive investigation of
the molecular mechanism causing AF has not been
performed.

With the recent discovery of the complete sequence of
the human genome, as well as the genomes of other
organisms, new high-throughput approaches to studying
these complex pathways have been made possible. By
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Table 1
Patient characteristics

Variable Total (n=17) AF (n=T) Sinus rhythm (n=10)
Age (yrs) 59+ 16 649 56+18
Left atrial diameter (mm) 52415 67+ 9% 42+7
LV ejection fraction (%) 60+ 13 62+ 13 58+ 14
MR grade 22414 2.7+1.0 1.8+1.0
TR grade 20+14 2710 1.5+1.0
Systolic PA pressure (mmHg) 39.9+14.0 450+ 14.0 354 £14.0
Mean RA pressure (mmHg) 6.5%+3.5 8.6+4.0 48+ 1.0
Digitalis (n) 9 7 2
Systolic blood pressure (mmHg) 133425 134+£26 133£25
Diastolic blood pressure (mmHg) Ti+16 75420 69+ 13
Fasting blood sugar (mg/dl) 101+ 15 90+ 74 107+ 15
Total cholesterol (mg/dl) 195+ 44 208 £ 41 189 + 46
Triglyceride (mg/dl) 123+ 64 118 + 54 125+71

Data are mean +S.D. or n. *P<0.001 and P<0.02 compared with sinus rhythm patients. AF, atrial fibrillation; LV, left ventricular; MR, mitral valve
regurgitation; PA, pulmonary arterial; RA, right atrial; TR, tricuspid valve regurgitation.

using multiple ¢cDNA or oligonucleotide samples placed
on a glass slide, investigators can analyze several thousand
full-length genes or expressed oligonucleotide sequences
at once. In addition to identifying large clusters of genes
that respond to a given stimulus, DNA microarray
technology may be used to identify some genes that
comprise highly specific molecular responses [5,6].
Already, some studies using microarray technology have
yielded interesting results regarding the pathogenesis of
cardiovascular diseases, such as myocardial infarction [7],
cardiac hypertrophy [8], and human heart failure [9]. In
the present study, we used DNA microarray techrology to
investigate the transcriptional profiling of genes modulated
in the right atrium of patients with AF compared with
sinus rhythm.

2. Methods
2.1. Subjects

This study group consisted of seven patients with AF
(mean age 6419 years) and 10 patients with sinus rhythm
(mean age 56+18 years) who underwent cardiac surgery
(Table 1). The underlying heart diseases in the patients are
shown in Table 2. Hemodynamic studies were performed
the morning after an overnight fast. Vasodilators were
withheld for at least 24 h before evaluation. Chronic, stable
doses of digoxin, and diuretics were continued but were
administered on an evening schedule. Right and left heart
studies, including measurement of pressure, biplane left
ventriculography and coronary angiography, were pet-
formed using a percutaneous cathether. Left ventricular
ejection fraction was determined by the area-length method
[10]. The severity of mitral regurgitation was assessed
according to the method of Sellers et al. [11]. Transthoracic
echocardiography was performed in all patients using a
Hewlett-Packard SONOS 5500 system (Hewlett-Packard,
Palo Alto, CA) with a 2.5 MHz transducer. The left atrial

diameter was determined by M-mode echocardiography
[12]. The severity of tricuspid regurgitation was graded on
a four-point scale, based on the distance reached by the
abnormal signals from the tricuspid orifice toward the
posterior wall in the parasternal four-chamber view [13].

This study was approved by our institutional human
investigations committee, and written informed consent was
obtained from all patients before participation.

2.2. Atrial myocardium samples

Right atrial appendages were obtained from the patients
during cardiac surgery. Pieces of right atrial appendage
weighing 200-1400 mg were frozen immediately in liquid
nitrogen, and stored at —80 °C.

Table 2

Underlying heart disease

Patients Age Sex Diagnosis
Sinus group .

1 44 M AR

2 70 F MR

3 75 M AP

4 65 M AS

5 60 M AS

6 64 F MR

7 64 F AR, MR
8 15 M ASD

9 63 M AR

10 36 F ASD

AF group

1 51 F MS

2 55 M MR

3 64 M MR

4 74 F ASR, MSR
5 75 M ASR, MR
6 59 F MS

7 69 F MSR

AP, angina pectoris; AR, aortic valve regurgitation; AS, aortic valve
stenosis; ASD, atrial septal defect; ASR, aortic valve stenosis and
regurgitation; MR, mitral valve regurgitation; MS, mitral valve stenosis;
MSR, mitral valve stenosis and regurgitation.
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2.3. Transcriptional profiling

A DNA microarray was used for each specimen. Total
RNA was extracted using RNAzol B (TEL-TEST, Friends-
wood, TX), and the purity was checked by spectrophotom-
etry and agarose gel electrophoresis. Total RNA (5 pg) was
converted to double-stranded cDNA using an oligo dT
primer containing the T7 promoter (Gibco BRL Super-
script® Choice System; Life Technologies, Rockville, MD),
and the template for an in vitro transcription reaction was
used to synthesize biotin-labeled antisense cRNA (Bio-
Array ™ High Yield RNA Transcript Labeling Kit; Enzo
Diagnostics, Farmingdale, NY). The biotinylated cRNA was
fragmented and hybridized for 16 h at 45 °C to GeneChip
Test2 arrays (Affymetrix, Santa Clara, CA) to assess sample
quality, and then to Human Genome arrays (U95A,
Affymetrix). The arrays were washed, and then stained
with streptavidin-phycoerythrin. The arrays were scanned
with the GeneArray scanner (Agilent Technologies, Palo
Alto, CA) and analyzed using the GeneSpring software
package (Silicon Genetics, Redwood City, CA). Human
Genome U95A was derived from GenBank 113 and dbEST/
10-02-99.

Detailed protocols for data analysis of Affymetrix
oligonucleotide microarrays and extensive documentation
of the sensitivity and quantitative aspects of the method
have been described [14-16]. Briefly, each gene is
represented by the use of ~20 perfectly matched (PM)
and mismatched (MM) control probes. The MM probes
act as specificity controls that allow the direct subtraction
of both background and cross-hybridization signals. The
number of instances in which the PM hybridization signal
is larger than the MM signal is computed along with the
average of the logarithm of the PM:MM ratio (after
background subtraction) for each probe set. These values
are used to make a matrix-based decision concerning the
presence or absence of an RNA molecule. Positive
average signal intensities after background subtraction
were observed for over 12,000 genes for all samples. To
determine the quantitative RNA abundance, the average
of the differences representing PM minus MM for each
gene-specific probe family is calculated, after discarding
the maximum, the minimum, and any outliers beyond 3
SDs.

Table 3
Primer design for real-time PCR analysis

2.4. Real-time reverse transcription (RT)-PCR analysis

For reverse transcription (RT), RNA obtained from
each specimen was reverse transcribed using T7-dT
primer (5-TCT AGT CGA CGG CCA GTG AAT TGT
AAT ACG ACT CAC TAT AGG GCG TTT TTT TTT
TIT TTT TTT TTT-3') and Superscript II reverse
transcriptase (Life Technologies). Real-time quantitative
PCR was performed in optical tubes in a 96-well
microtiter plate (Perkin-Elmer/Applied Biosystems, Foster
City, CA) with an ABI PRISM 7700 Sequence Detector
Systems (Perkin-Elmer/Applied Biosystems) according to
the manufacturer’s instructions. By using the SYBR
Green PCR Core Reagents Kit (Perkin-Elmer/Applied
Biosystems, P/N 4304886), fluorescence signals were
generated during each PCR cycle via the 5'-to 3'-
endonuclease activity of Taq Gold [17] to provide real-
time quantitative PCR information. The oligonucleotide
primers used for real-time PCR analysis are shown in
Table 3. No template controls as well as the samples were
added in.a total volume of 50 pl/reaction. Potential PCR
product contamination was digested by uracil-N-glycosy-
lase, because dTTP is substituted by dUTP [17]. All PCR
experiments were performed with the hot start method. In
the reaction system, uracil-N-glycosylase and Taq Gold
(Perkin-Elmer/Applied Biosystems) were applied accord-
ing to the manufacturer’s instructions [17,18]. Denaturing
and annealing reactions were performed 40 times at 95 °C
for 15 s, and at 60 °C for sarcoplasmic reticulum Ca*'-
ATPase 2, 66 °C for nuclear factor-interleukin 6 (NF-
IL6)-beta and 62 °C for glyceraldehyde-3 phosphate
dehydrogenase (GAPDH) for | min, respectively. The
increase in the fluorescence signal is proportional to the
amount of specific product [14]. The intensity of emission
signals in each sample was normalized to that of GAPDH
as an internal control.

2.5. Statistical analysis

Raw data from array scans were averaged across all gene
probes for each array, and a scaling factor was applied to
bring the average intensity for all probes on the array to
2500. This allows any sample to be normalized for
comparison with any other comparable sample.

Gene Primer sequence PCR product size (bp)
NF-IL6-beta Sense 5-CACAGACCGTGGTGAGCTTG-% 257
Antisense 5'-CACCAACTTCTGCTGCATCTC-¥
Sarcoplasmic reticulum Sense 5'-TTTCTGGTACAAACATTGCTGC-3' 140
Ca®"-ATPase 2 Antisense 5'-TAGTTTTTGCTGAAGGGGTGTT-3
GAPDH Sense 5'-CTTTGGTATCGTGGAAGGACTC-3 140
Antisense 5'-CAGTAGAGGCAGGGATGATGTT-3

GAPDH, glyceraldehyde-3 phosphate dehydrogenase; NF-IL6, nuclear factor-interleukin 6.
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Table 4

Analysis of AF-specific genes by DNA microarray

Function Gene Fold change Genbank#
Antioxidants Glutathione peroxidase 1.8+ 1.1 X13710
Cell growth Vascular endothelial growth factor B 1.6£0.7 U43368
Cell signaling RhoC 1.6+ 0.5 L25081
Inflammation Macrophage migration inhibitory factor 1.7+£0.6 L19686
Proto-oncogene A-raf-1 oncogene 1.5+0.5 Uo1337
Transcription NF-IL6-beta 20407 M83667

Data are mean £S.D. Fold change was relative to sinus rhythm group. NF-IL6, nuciear factor-interleukin 6.

Data are expressed as the mean+S.D. Differences
were analyzed with the Mann-Whitney U test for
unpaired observations. A P-value of <0.05 was consid-
ered significant.

3. Results
3.1. Patient characteristics

As shown in Table 1, the left atrial diameter in the AF
group was significantly greater than that in the sinus
rhythm group (P<0.001). In addition, the levels of fasting
blood sugar in the AF group were significantly lower than
those in the sinus rhythm group (P<0.02). There were no
other differences detected between the sinus rhythm group
and AF group.

3.2. DNA microarray analysis of AF-specific genes

We identified 33 AF-specific genes that were signifi-
cantly activated (>1.5-fold, P<0.05), compared with those
in the sinus rhythm group, including an ion channel, an
antioxidant, an inflammation, three cell growth/cell cycle,
three transcription, several cell signaling and several
protein genes, and seven expressed sequence tags (ESTs).
Some of the selected genes are shown in Table 4. All
data are available in an online only Data Supplement at
http://www.elsevier.com/locate/inca/506041.

3.3. DNA microarray analysis of sinus rhythm-specific
genes

In contrast, we found 63 sinus rhythm-specific genes,
including several cell signaling/communication genes such

as sarcoplasmic reticulum Ca?"-ATPase 2, several cellular
respiration and energy production and two antiprolifer-
ative or negative regulator of cell growth genes, and 22
ESTs (<0.5-fold, P<0.05). Some of the selected genes are
shown in Table 5. All data are available in an online only
Data Supplement at http://www.elsevier.com/locate/inca/
506041.

3.4. Real-time RT-PCR analysis

We focused on two of the genes screened by the
oligonucleotide microarray: NF-IL6-beta and sarcoplasmic
reticulum Ca®"-ATPase 2. NF-IL6-beta is an important
transcriptional activator in the regulation of genes
involved in the immune and inflammatory response
[19]. AF may persist due to structural changes in the
atria that are promoted by inflammation [20]. In addition,
cytosolic Ca*" overload may be an important mediator of
AF. Abnormalities in the Ca}2+ regulatory proteins, such
as sarcoplasmic reticulum Ca®"-ATPase 2, of the atrial
myocardium in chronic AF patients may be involved in
the initiation and/or perpetuation of AF. These genes were
confirmed by the real-time RT-PCR method. As shown in
Fig. 1, NF-IL6-beta mRNA expression in the AF group
was significantly higher than that in the sinus rhythm
group (P<0.02). In contrast, as shown in Fig. 2,
sarcoplasmic reticulum Ca®*-ATPase 2 mRNA expression
in the AF group was lower compared with that in the
sinus rhythm group (P<0.1), but not significantly.

4. Discussion

The cellular and molecular basis of AF has been a field
of enormous interest over the past few years. However, the

Table 5

Analysis of sinus rhythm-specific genes by DNA microarray

Function Gene Fold change Genbank#
Antioxidants Peroxiredoxin 3 0.5+02 D49396
Cell signaling Caveolin 2 0.4+03 AF035752
Cell signaling Sarcoplasmic reticulum Ca®*-ATPase 2 04403 M23115
Cell signaling Connexin 43 04+03 X52947
Proto-oncogene Ras-associated protein rabl 05+02 AL050268

Data are mean +S.D. Fold change was relative to sinus rhythm group.
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Fig. 1. Nuclear factor-interleukin 6 (NF-ILG)-beta mRNA expression in the
right atria of patients with sinus rhythm and atrial fibrillation (AF). Total
RNA obtained from the right atria of patients with sinus thythm (#=10) and
AF (n=7) using RNAzol B (TEL-TEST) was analyzed by quantitative real-
time reverse transcription-PCR as described in Methods. The amount of
mRNA expression for NF-[L6-beta was standardized to that of glycer-
aldehyde-3 phosphate dehydrogenase (GAPDH) mRNA expression. Data
are means+S.D. *P<0.02 compared with sinus rhythm patients.

mechanism of AF in human tissues is extremely complex,
because atrial remodeling consists of electrical, contractile,
and structural remodeling. In addition, structural remodeling
may occur from chronic hemodynamic, metabolic, or
inflammatory stressors. Many factors such as ion channels,
proteins influencing calcium homeostasis, connexins, auto-
nomic innervation, fibrosis, paracrine factors, and cytokines
may be involved in the molecular mechanism of AF. The
preseut study using oligonucleotide microarray analysis
demonstrated that about one hundred genes were modulated
in the right atrium of patients with AF. These findings
suggest that these genes may play critical roles in the
initiation or perpetuation of AF and the pathophysiology of
atrial remodeling.

In the present study, DNA microarray analysis identified
33 AF-specific genes. Some of these genes encode NF-IL6-
beta, macrophage migration inhibitory factor, A-raf-1
oncogene, vascular endothelial growth factor B, RhoC,
and glutathione peroxidase. NF-IL6-beta mRNA expression
induced in the atria of AF patients was confirmed by the
real-time PCR method. NF-IL6-beta and macrophage
migration inhibitory factor are involved in inflammation
[19,21]. Chung et al. [20] reported that C-reactive protein, a
marker of systemic inflammation, is elevated in AF patients
compared with sinus rhythm patients. Novel and inflamma-
tory mechanisms may promote the persistence of AF,
potentially by inducing structural and/or electrical remodel-
ing of the atria. A-raf-1 protooncogene encodes cytoplasmic
protein serine/threonine kinase, which plays an important
role in cell growth and development [22]. Vascular
endothelial growth factor B with structural similarities to
vascular endothelial growth factor and placenta growth
factor has a role in angiogenesis and endothelial cell growth
[23]. RhoC, small guanosine triphosphatase Rho, which
regulates remodeling of the actin cytoskeleton during cell
morphogenesis and motility [24], may contribute to the

structural remodeling. Baumer et al. [25] demonstrated that
the activity, mRNA, and protein levels of glutathione
peroxidase, an antioxidative enzyme, decreased in human
failing myocardium. However, the present study showed
that the glutathione peroxidase mRNA level in AF patients
was elevated.

The present study demonstrated that the expression of 63
genes in AF patients was significantly lower compared with
sinus rhythm. For example, genes for sarcoplasmic retic-
ulum Ca**ATPase 2 and connexin 43 in AF patients were
downregulated. In the real-time PCR analysis, sarcoplasmic
reticulum Ca®*-ATPase 2 mRNA expression in the AF
group was lower compared with that in the sinus rhythm
group, but not significantly. Ohkusa et al. [26] also reported
that sarcoplasmic reticulum Ca®'-ATPase 2 mRNA in both
the right and left atrial myocardial tissues from 13 patients
with AF were significantly lower than in the right atrium of
patients with sinus rhythm. A decrease in sarcoplasmic
reticulum Ca*"-ATPase 2 in the atria may sustain abnormal
intracellular Ca>* handling and changes in the electro-
physiologic properties of atrial tissue, leading to the
perpetuation of AF. Connexin 43 is one of the gap junctions
that are clusters of closely packed channels. Gap junctions
directly connect the cytoplasmic compartments of neighbor-
ing cells and allow the passage of ions and small molecules.
In the present study, connexin 43 mRNA expression in AF
patients was downregulated. It is still controversial whether
connexin 43 is upregulated [27], unchanged or down-
regulated in AF. Thus, changes in the expressions of
connexin 43 might affect conduction velocity, contributing
to sustained AF.

Previous studies demonstrated that some genes includ-
ing L-type calcium channel [28], potassium channels [297,
and sarcoplasmic reticulum Ca®"-ATPase 2 [26,28] are
modulated in AF patients. However, the molecular

x10-t

4.0

3.0 — *

2.0

1.0

Sarcoplasmic reticulum Ca2*-
ATPase 2/ GAPDH mRNA
]

0 T
Sinus Rhythm AF

Fig. 2. Sarcoplasmic reticulum Ca?*-ATPase 2 mRNA expression in the
right atria of patients with sinus rhythm and atrial fibrillation (AF). Total
RNA obtained from the right atria of patients with sinus rhythm (n=10) and
AF (n=T) using RNAzol B (TEL-TEST) was analyzed by quantitative real-
time reverse transcription-PCR as described in Methods. The amount of
mRNA expression for sarcoplasmic reticulum Ca?'-ATPase 2 was stand-
ardized to that of glyceraldehyde-3 phosphate dehydrogenase (GAPDH)
mRNA expression. Data are means+S.D. *P<0.1 compared with sinus
rhythm patients.
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mechanism of AF is poorly understood. Although the roles
of other genes including ESTs in the heart except for the
genes described above still remain unknown, the genes
screened in this study may provide insights into the
initiation or perpetuation of AF and the pathophysiology
of atrial remodeling, because DNA microarray is a highly
effective method for screening genes.
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Mutation or epigenetic silencing of mismatch repair genes,
such as MLHI and MSH2, results in microsatellite
instability (MSI) in the genome of a subset of colorectal
carcinomas (CRCs). However, little is yet known of genes
that directly contribute to tumor formation in such
cancers, To characterize M SI-dependent changes in gene
expression, we have now compared transcriptomes be-
tween fresh CRC specimens positive or negative for MSI
(n =10 for each) with the use of high-density oligonucleo-
tide microarrays harboring > 44 000 probe sets. Corres-
pondence analysis of the expression patterns of isolated
MSI-associated genes revealed that the transcriptome of
MSI* CRCs is clearly distinct from that of MSI- CRCs.
Such MSl-associated genes included that for AXIN2, an
important component of the WNT signaling pathway.
AXIN2 was silenced, apparently as a result of extensive
methylation of its promoter region, specifically in MSI*+
CRC specimens. Forced expression of AXIN2, either by
treatment with 5'-azacytidine or by transfection with
AXIN2 cDNA, resulted in rapid cell death in an MSI+
CRC cell line. These data indicate that epigenetic
silencing of AXIN2 is specifically associated with
carcinogenesis in MSI* CRCs.

Oncogene (2006) 25, 139-146. doi:10.1038/sj.onc. 1209009;
published online 10 October 2005

Keywords: epigenetics; colorectal carcinoma; microsa-
tellite instability; AXIN2; MLH1

Colorectal carcinoma (CRC) is one of the leading causes
of cancer death in humans. Evidence indicates the
existence of two major types of genomic instability
in CRCs: chromosomal instability and microsatellite
instability (MSI) (Lengauer et al, 1998). Whereas
chromosomal instability is associated with an abnormal
DNA content (such as aneuploidy), inactivation of the
tumor suppressor gene 7'P53, and activation of onco-
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genes (Kinzler and Vogelstein, 1996), MSI is associated
with defects in DNA mismatch repair (MMR) that
result in frameshift mutations in microsatellite repeats
and thereby affect the structure of genes containing such
repeats (lonov et al., 1993).

Although germline mutations of MMR genes have
been detected in the genome of individuals with
hereditary nonpolyposis colorectal cancer (Fishel
et al., 1993, Bronner et al., 1994; Papadopoulos ef al.,
1994), many sporadic CRCs positive for MSI are
associated with epigenetic silencing of nonmutated
MMR genes (Toyota et al., 1999; Miyakura et al.,
2001). MSI* CRCs are characterized by specific
clinicopathologic features and gene mutations. They
occur with a higher frequency in women than in men,
develop in the right side of the colon, and manifest
a mucinous or poorly differentiated histopathology.
Many of the CpG dinucleotides within the promoter
region of the MMR gene MLHI are methylated
(Cunningham et al., 1998; Veigl et al., 1998) and the
BRAF gene frequently contains activating mutations
(Koinuma et al, 2004) in MSI* CRCs. Multiple
genomic fragments have been found to be methylated
in such CRCs (Toyota et al., 1999), and an entity of
CRC with a CpG island methylator phenotype has been
proposed (Issa, 2004). The repertoire of genes that
become methylated specifically in CRCs positive for
MLHI] methylation has remained uncharacterized,
however.

To characterize directly the transcriptome specifically
associated with MSI= CRC, we have now compared
transcriptomes between fresh CRC specimens with or
without MSI. Unexpectedly, we found that the expres-
sion of AXIN2, which encodes a component of the
WNT signaling pathway, was markedly suppressed
among the former tumors. CpG sequences within the
AXIN2 promoter were revealed to be extensively
methylated in such CRCs. Forced expression of AXIN2
inhibited cell proliferation in an MSI* CRC cell line,
indicating that loss of AXIN2 transcription is directly
associated with carcinogenesis in MSI+ CRCs.

To identify genes whose expression is specifically
altered in MSI+* CRCs, we first compared the tran-
scriptomes of CRCs with or without MSI. A total of 248
consecutive cases of CRC were examined for MSI status
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as well as for methylation of the promoter region of
MLH]I (Koinuma ef al., 2004). Most (n=213) of the
cancer specimens were MSI-, with the remainder
(n=35) being positive for MSI. To compare the
transcriptomes of these two subtypes of CRC, we
randomly selected 10 specimens from each group and
subjected them to gene expression profiling with
microarrays (Affymetrix GeneChip HGUI133) that
harbor >44000 probe sets. The clinical characteristics
of the patients whose CRC specimens were subjected to
microarray analysis are summarized in Table 1.

To exclude transcriptionally silent genes from our
analyses, we first chose probe sets that received the
‘Present’ call from Microarray Suite 5.0 (Affymetrix) in
at least 10% (n=2) of the samples. Two-way hierarch-
ical clustering (Alon ez al., 1999) of the 20 patients based
on the expression profiles of the isolated 21888 probe
sets failed to separate those with MSI+ CRC from those
with MSI- CRC (data not shown). We therefore

attempted to identify ‘MSI-associated probe sets’ whose
expression intensities differed significantly (Student’s
t-test, P<<0.001) between the two classes and whose effect
size (absolute difference in mean expression level) was
=50 U. Two-way clustering analysis with the 24 probe
sets that fulfilled both these criteria clearly separated
the individuals of the two clinical classes (Figure la).
The distinct transcriptomes of the two classes were also
confirmed by correspondence analysis (Fellenberg et al.,
2001), which reduced the complexity of the gene
expression patterns from 24 to three dimensions.
Projection of the study subjects into a virtual three-
dimensional space based on their calculated coordinates
revealed that the MSI+ specimens were positioned apart
from the MSI™ ones (Figure 1b). These data indicate
that the two classes of CRC possess distinct gene
expression profiles, or ‘molecular signatures’, and they
also suggest the feasibility of gene expression-based
differential diagnosis of the two CRC subtypes.

Table 1 Clinical characteristics of the study subjects enrolled in microarray analysis

MLH1
methylation

Patient Age Sex MSI status

1D (years) gene

BRAF

AXIN2
methylation

Dukes
stage

KRAS2 Tumor site

gene

Pathology

Positive Yes
Positive Yes
Positive Yes
Positive Yes
Positive Yes
Positive Yes
Positive Yes
Positive Yes
Positive Yes
Positive Yes
Negative No
Negative No
Negative No
Negative No
Negative No
Negative No
Negative No
Negative No
Negative No
Negative = No

Female
Female
Female
Male
Female
Male
Female
Female
Female
Female
Male
Male
Male
Female
Male
Female
Male
Female
Female
Female

Wild

Wild
Wild
Wild
Wild
Wild
Wwild
Wild
wild
Wwild

426 42 Wwild

Mutant
Mutant
Mutant
Mutant
Mutant
Mutant
Mutant
Mutant

Mutant

Well Yes
Mod Yes
Well Yes
Sig No
Well Yes
Muc No
Well No
Muc No
Well Yes
Mod No
Well No
Well No
Well No
Well No
Well No
Mod No
Mod No
Well No
Muc No
Well No

Proximal
Proximal
Proximal
Proximal
Proximal
Proximal
Proximal
Proximal
Proximal
Proximal
Distal

Proximal
Proximal
Proximal
Proximal
Proximal
Distal

Distal

Proximal
Proximal

Wild
Wild
Wwild
Wild
Wild
Wild
Wild
Wild
Wild
Wild
Mutant
Wild
Wild
Mutant
Mutant
Wild
Wwild
Wild
Mutant
Wild

AOUP»wOOOORPECEPERTOON0

Well = well-differentiated adenocarcinoma,

Mod =moderately differentiated adenocarcinoma;

Sig=signet ring cell adenocarcinoma;

Mouc = mucinous adenocarcinoma. Methylation of 4XIN2 promoter region was determined by COBRA method.

by,
>

Figure 1 Comparison of transcriptomes between CRCs positive or negative for MSI. (a) Subject tree generated by two-way clustering
analysis with 24 probe sets that contrasted the two clinical conditions (P <0.001; effect size, 50 U). Tumor samples were obtained
from individuals with sporadic CRC who underwent surgical treatment at Jichi Medical School Hospital. Written informed consent
was obtained from all patients, and the present study was approved by the ethics committee of Jichi Medical School. Microsatellite
stability was determined by analysis of nine microsatellite repeat loci (three dinucleotide repeats and six mononucleotide repeats) as
described previously (Miyakura et al., 2001), and MSI status was stratified according to the criteria of the National Cancer Institute
workshop (Boland ef al., 1998). Total RNA was extracted from ~ 100 mg of tissue, and was used in the hybridization experiments with
GeneChip HGU133 A&B microarrays (Affymetrix), which harbor >44000 probe sets corresponding to ~33000 human genes, as
described previously (Ohki-Kaneda et al., 2004). The mean expression intensity of the internal positive control probe sets (http://
www.affymetrix.com/support/technical/mask_files.affx) on the microarrays was set to 500 units (U) in each hybridization, and the
fluorescence intensity of each probe sct was normalized accordingly. All normalized array data are available at the Gene Expression
Omnibus website (http://www.ncbi.nlm.nih.gov/geo) under the Accession Number GSE2138. Each column corresponds to a separate
sample (MSI-, green; MSI*, red), and each row to a probe set whose expression is color-coded according to the indicated scale. Gene
symbols are shown on the right; 225541 _at, 226545_at, and 242414 _at are expressed sequence tag IDs designated by Affymetrix (http://
www.affymetrix.com). Annotations and expression intensities for the probe sets are presented in Supplementary Table 1. Note that
MLHI expression was specifically suppressed in the MSI* samples. (b) Samples were projected into a virtual space with coordinates
calculated by correspondence analysis of the 24 probe sets shown in (a). Correspondence analysis was performed with ViSta software
(http://www.visualstats.org) for all genes showing a significant difference.
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The isolated MSI-associated genes include AXIN2
and CTNNBI (p-catenin), both of which encode key
participants in the WNT signaling pathway (Tolwinski
and Wieschaus, 2004). Dysregulation of ubiquitin-
dependent degradation of p-catenin contributes to
carcinogenesis in a variety of CRCs and hepatocellular
carcinomas (Narayan and Roy, 2003). AXIN2, similar
to AXIN]1, functions as a scaffold protein to facilitate
this ubiquitination process by recruiting adenomatous
polyposis coli (APC), glycogen synthase kinase-34,
and f-catenin (Behrens et al., 1998). Defects in the de-
gradation of f-catenin have been shown to result
from mutations in AXINI, AXIN2, APC, or CTNNBI
(Rubinfeld ez al., 1997; Liu et al., 2000; Satoh et al.,
2000; Smith et al., 2002). Our data therefore suggest that
transcriptional suppression of 4XIN2 might represent a
novel mechanism by which the function of the APC-
AXIN-p-catenin complex is impaired in CRC.

To confirm the MSl-associated change in AXIN2
expression, we measured the abundance of the corre-
sponding mRNA in the original 20 study specimens by
quantitative reverse transcription—polymerase chain
reaction (RT-PCR) analysis (Figure 2a). Comparison
of the amount of 4XIN2 mRNA determined by RT-
PCR with that determined by microarray analysis
yielded a Pearson’s correlation coefficient (r) of 0.89,
indicating that the two data sets were highly correlated
(P<0.001). (Also sce Supplementary Figure 1 for
verification of microarray data by RT-PCR.)

With the use of RT-PCR, we then measured the
amount of AXIN2 mRNA in a larger number of samples
(seven additional specimens of MSI* CRC, for a total
of 17; 10 additional specimens of MSI~ CRC, for a total
of 20; three MSI* CRC cell lines; two MSI~ CRC cell
lines). The abundance of 4XIN2 transcripts in most of
the MSI+ CRC specimens and cell lines was reduced
compared with that in the MSI~ ones (Figure 2b); an
AXIN2/ACTB transcript ratio of <5 x 10 was appar-
ent in 13 of the 17 MSI* CRC specimens, but in only
five of the 20 MSI~ ones (Fisher’s exact probability test,
P=0.003). Importantly, a similar MSI-dependent sup-
pression of AXINI expression was not observed among
these specimens (P =0.31) (data not shown).

Human 4XIN2 possesses a relatively large CpG island
within its promoter region (nucleotide positions, chrl7:
60986365-60987824). We therefore examined the methy-
lation status of the CpG sites within this region by
nucleotide sequencing after sodium bisulfite treatment.
Extensive methylation of the CpG island in the AXIN2
promoter was apparent in CRC specimens positive for
MSI and for the loss of AXIN2 expression (Figure 2¢).
The promoter region in the MSI* CRC cell line HCT116
(Wheeler et al., 1999) was also heavily methylated. The
MLHI promoter in HCT116 cells is not methylated, but
the coding sequence of the gene contains a mutation that
results in MSI (Wheeler ez al., 1999).

On the basis of these findings, we examined the
methylation status of the 4XIN2 promoter in 37 clinical
specimens and five cell lines by combined bisulfite
restriction analysis (COBRA) (Xiong and Laird, 1997).
CpG methylation was detected in five of the 17 MSI+*
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specimens, but in none of the 20 MSI~ specimens
(Table 1; see Supplementary Table 2). Methylation of
the AXIN2 promoter was not detected in normal colon
tissue obtained from the individuals with MSI* CRC
(data not shown), suggesting that AXIN2 methylation
was a somatic event in these patients.

We then tested whether the amount of the encoded
protein correlated with that of 4X7N2 mRNA in CRC
specimens (Figure 2d). Immunohistochemical staining
showed that AXIN? was abundant in a specimen with a
high mRNA content (ID308), but was present in much
smaller amounts in two specimens with a low mRNA
content (ID263, ID295). Although a large amount of
AXIN2 mRNA was not always associated with a large
amount of protein, a small amount of mRNA was
consistently associated with a small amount of protein
(data not shown).

To examine directly whether epigenetic silencing of
AXIN? is relevant to the change in the growth properties
of CRC cells, we restored AXIN2 expression, either by
5'-azacytidine treatment or by introduction of AXIN2
¢cDNA, in an MSI* CRC cell line. §-Azacytidine
inhibits de novo methylation of genomic DNA and
thereby induces demethylation of the genome of
proliferating cells (Christman, 2002). HCT116 cells were
incubated for 3 days with various concentrations of
5'-azacytidine and were then subjected to COBRA for
determination of the methylation status of the AXIN2
promoter. Treatment with 5'-azacytidine reduced the
level of methylation of the AXIN2 promoter in a
concentration-dependent manner (Figure 3a). This
effect of 5'-azacytidine was accompanied by an increase
in the amount of AXTN2 mRNA in the cells (Figure 3b)
as well as by the induction of cell death (Figure 3c).

Given that 5'-azacytidine likely affects the transcrip-
tion of other genes in addition to that of AXIN2, the
growth inhibitory effect observed in HCT116 cells might
not have been attributable solely to the induction of
AXIN? expression. To examine the direct effect of
AXIN2, we introduced its cDNA into HCT116 cells by
transfection. However, an introduction of AXIN2
cDNA (even with the use of an inducible system)
resulted in rapid cell death, and we could not establish
stable transformants of cell lines with such expression
constructs (data not shown). Therefore, we generated an
amphotropic recombinant retrovirus that confers simul-
taneous expression of both an MYC epitope-tagged
form of AXIN?2 and mouse CD8. Human kidney 293
cells infected with this virus, but not those infected with
a mock virus, expressed AXIN2 (Figure 3d). HCT116
cells were then infected with the virus and were subjected
to affinity chromatography 48h thereafter to isolate
cells that express CD8. Given that CD8-expressing cells
would be expected also to express AXIN2, this column
purification step should result in rapid enrichment of
AXIN2-expressing cells. The isolated cells indeed con-
tained a substantial amount of AXIN2 mRNA as
revealed by RT-PCR (Figure 3e). The purified CD8*
HCT116 cells were then cultured for 3 days to
characterize their growth properties. Forced expression
of AXIN? resulted in marked inhibition of cell growth
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Figure 2 Suppression of AXIN2 expression in CRCs positive for MSL. (a) Comparison of the abundance of AXIN2 mRNA in study
specimens as determined by microarray and RT-PCR analyses. For the latter, the amount of 4X7N2 mRNA was expressed relative to
that of ACTB mRNA. Pearson’s correlation coefficient (r) for the comparison is indicated. Portions of double-stranded cDNA were
subjected to PCR with a QuantiTect SYBR Green PCR Kit (Qiagen). The amplification protocol comprised incubations at 94°C for
155, 63°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 sequence detection system (PE Applied Biosystems), thereby allowing determination of the threshold cycle (Cr) at
which exponential amplification of products begins. The amount of target cDNAs relative to that of the f-actin (ACTB) cDNA was
calculated from the Cr values with the use of Sequence Detector ver. 1.6.3 software (PE Applied Biosystems). The primers used for
PCR amplification were 5-CTGGCTCCAGAAGATCACAAAG-Y and 5-ATCTCCTCAAACACCGCTCCA-3 for AXIN? and
§-CCATCATGAAGTGTGACGTGG-3 and §-GTCCGCCTAGAAGCATTTGCG-3 for ACTB. (b) Comparison of the amount of
AXIN2 mRNA relative to that of 4CTB mRNA (as determined by RT-PCR) between MSI+ (closed bars) and MSI- (open bars) CRC
specimens and cell lines. (¢} Genomic DNA of the indicated clinical specimens and CRC cell lines was treated with sodium bisulfite
(Koinuma ef al., 2004), after which the 4AXIN2 promoter region was amplified by PCR with the primers 5-TTGTATATAGTTTA
GYGGTTGGG-3 and 5-AAATCTAAACTCCCTACACACTT-3. Closed and open circles indicate methylated and unmethylated
CpG sites, respectively. The positions of the CpG sites are indicated at the top, the Hhal digestion site for COBRA is indicated by the
arrow, and the microarray data for AXIN2 expression are shown on the right. (d) Immunohistochemical analysis of the indicated
clinical specimens with antibodies to AXIN2. The MSI status and the expression level of 4 XIN2 determined by microarray analysis are
indicated. Immunohistochemical analysis of AXIN2 expression was performed as described previously (Leung et al., 2002). Sections
(5 um) of formalin-fixed, paraffin-embedded tissue were mounted on Probe-On slides (Fisher Scientific), which were then incubated
first for 1h at room temperature with 1.5% normal horse serum and then overnight at 4°C with goat polyclonal antibodies to AXIN2
(Santa Cruz Biotechnology). Immune complexes were detected by the avidin-biotin~peroxidase method with 3,%-diaminobenzidine as
the chromogenic substrate (Vectastain ABC kit, Vector Laboratories). The sections were counterstained with hematoxylin. Scale bar,
50 pm.
(Figure 3f), indicating that silencing of 4XIN2 is indeed  signaling pathway. For this purpose, we utilized a
relevant to tumorigenesis. We also examined if the luciferase-based reporter . plasmid (TOPflash) for the
expression of AXIN2 directly suppresses the WNT  T-cell factor (TCF) activity, which is a direct target of
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B-catenin (Korinek et al., 1997). As shown in Figure 3g,  indicating that alterations in the methylation status of the
a forced expression of AXTN2 induced a marked suppres-  AXIN2 promoter were more widespread. It is therefore
sion in the luciferase activity in HCT116 cells. On the  possible that CpG sites other than that targeted by
other hand, AXIN2 did not affect luciferase activity = COBRA are more frequently methylated in MSI* CRCs
driven by a mutated, nonfunctional TCF-binding sites  and are more important for transcriptional regulation.
(FOPflash). These data clearly indicate that AXIN2 is Similar promoter methylation has been recently
involved in the WNT-APC-f-catenin pathway in CRCs.  described for other genes important for the WNT
We have demonstrated preferential transcriptional  signaling pathway. The genes for secreted frizzled-
silencing of AXIN2 in MSI* CRCs. Recently, mutations  related proteins are thus epigenetically silenced in MST+*
within exon 7 of the AXIN2 gene have been reported in CRCs, resulting in constitutive activation of the WNT
MSI* CRC specimens (Liu ef al., 2000; Wu et al., 2001).  pathway (Suzuki et al., 2004). CpG sites within the 4PC
We have thus analysed the nucleotide sequence of the  promoter were also found to be frequently methylated in
AXIN2 gene among our MSI* samples (n=9). Sequen- CRCs and other cancers (Esteller es al., 2000; Zysman
cing of the AXIN2 exon 7 has revealed that only one  ef al, 2002). These data thus suggest that not only
patient (ID no. 263) carried a mutated AXIN2 gene in  genetic mutations but also epigenetic silencing might
one allele (data not shown). A deletion of a cytosine  play an important role in tumorigenesis mediated by
residue at the nucleotide position 2096 of the 4AXIN2  activation of the WNT pathway.
cDNA (GenBank Accession Number, AF078165) led to Methylation of the APC promoter in endometrial
a frame shift in the open-reading frame in this patient,  cancer has been shown to occur preferentially in MSI+
introducing a premature termination codon in AXIN2  tumors (Zysman et al., 2002). Despite the lack of an
protein at the amino-acid position of 688. However, MSI-associated difference in the expression of APC in
majority of the patients had intact AXIN2 genes, our CRC specimens (data not shown), the results of this
indicating that silencing, but not mutation, of AXIN2  previous study together with our present findings
is the main pathway to impede the 4X7N2 function. suggest the possibility that genes related to the WNT
The COBRA experiments revealed that the promoter  signaling pathway are targeted for methylation specifi-
region of AXIN2 was extensively methylated in MSI* cally in cancers with MSI. Our data further indicate that
CRCs but not in MSI- CRCs. Although the difference such methylation in MSI* cancers may be directly
in the frequency of AXIN2Z methylation between these  relevant to the mechanism of malignant transformation
two classes of tumor was significant (Fisher’s exact  through epigenetic silencing of tumor suppressor genes.
probability test, P=0.003), the frequency for the MSI* MSI+ CRCs have been thought to arise through genetic
specimens was still only 29% and therefore was not able  events distinct from those that underliec MSI~ cancers
to account for all the observed instances of suppression (Rajagopalan and Lengauer, 2004), which are frequently
of AXIN2 expression. We judged COBRA data as  associated with aneuploidy and mutations in WNT
positive for methylation if >10% of the PCR products  pathway genes such as APC and CTNNBI. However,
were digested by Hhal. However, a small proportion  our data indicate that the molecular mechanisms for
(< 10%) of the PCR products was digested in the analysis =~ malignant transformation overlap between MSI+ and
of ~50% of MSI* CRC specimens (data not shown), MSI- CRCs.
b

Figure 3 Induction of cell death by restoration of 4XIN2 expression in a CRC cell line with a methylated AXIN2 promoter. (a)

HCT116 cells were incubated for 72h with 0, 0.2, or 1 uM 5'-azacytidine and were then subjected to COBRA for determination of the

methylation status of the AXIN2 promoter (Xiong and Laird, 1997). Genomic DNA was denatured, incubated for 16h at 55°C in 3.1M

sodium bisulfite, and then subjected to PCR with the primers in Figure 2c. The PCR products were then digested with the restriction

endonuclease Hhal (Takara Bio), and the resulting DNA fragments were fractionated by polyacrylamide gel electrophoresis. The gel

was stained with SYBR Green I {Takara Bio) and scanned with an LAS3000 imaging system (Fuji Film). Genomic fragments were

determined to be positive for CpG methylation if = 10% of the PCR products were cleaved by the restriction endonuclease. Lane M,

DNA size markers (50-bp ladder). (b) The cells from (a) were also subjected to RT-PCR analysis for determination of the amount of

AXIN2 mRNA relative to that of ACTB mRNA. (¢) Cells treated as in (a) with 0, 0.2, 1, or 5 uM 5'-azacytidine were examined by light

microscopy. Cell death was estimated by counting the remaining viable cells in each culture dish by the dye-exclusion method. Scale

bar, 50 ym. (d) Human kidney 293 cells infected with either a mock virus or a recombinant virus encoding both MYC epitope-tagged

AXIN2 and mouse CD8. A human cDNA for AXIN2 tagged at its NH,-terminus with the MYC epitope sequence was ligated into the

pMX-iresCD8 retroviral plasmid (Yamashita et al., 2001) to yield pMX-AXIN2-MY C-iresCD8. The latter plasmid was introduced

into BOSC23 cells together with pE-ampho and pGP packaging plasmids (Takara Bio) by transfection with the use of Lipofectamine

(Invitrogen). The culture supernatant containing recombinant viruses was added to 293 cells with 4 ug/ml of polybrene (Sigma). Cells

were then subjected to immunoprecipitation with the antibodies to MYC (9E10, Roche Diagnostics), and to immunoblot analysis with

the same antibodies. (€) HCT116 cells infected with the viruses in (d) were subjected to affinity chromatography to isolate CD8™ cells,

which were then subjected to RT-PCR analysis for quantitation of 4XIN2 mRNA relative to the amount of ACTB mRNA. (f) The

CD8* fractions in (e) were seeded at a density of 5 x 10* cells/dish and cultured for 72 h, after which the ratio of the final cell number to

the initial value was determined. Data are means + s.d. of triplicate from a representative experiment. The P-value for the indicated

comparison was determined by Student’s ¢ test. (g) HCT116 cells were seeded at a density of 2.5 x 10° cells/6cm dish. After 24 h of

incubalion, the cells were transfected, with the use of Lipofectamine, with 2 pg of pMX-AXIN2-MY C-iresCD8 (AXIN2) or pMX-

iresCD8 (Mock). For the reporter plasmids, 0.5 ug of pGL4 (Promega, Madison, WI, USA) plus either 0.5 ug of pTOPflash or 0.5 ug of

pFOPflash (both from Upstate Biotechnology, Lake Placid, NY, USA) were added to the lipofection mix. The activity of Photinus

pyralis luciferase was measured after 24 h of incubation with the use of the Dual-luciferase reporter assay system (Promega), and

normalized on the basis of the activity of Renillu reniformis luciferase produced by pGL4. Data are shown as the mean value +s.d. of

triplicate samples.
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Abstract

Pancreatic ductal carcinoma (PDC) remains one of the most intractable human malignancies. To obtain insight into the molecular
pathogenesis of PDC, we constructed a retroviral cDNA expression library with total RNA isolated from the PDC cell line
MiaPaCa-2. Screening of this library with the use of a focus formation assay with NIH 3T3 mouse fibroblasts resulted in the identifi-
cation of 13 independent genes with transforming activity. One of the cDNAs thus identified encodes an NH,-terminally truncated form
of the lymphotoxin-p receptor (LTBR). The transforming activity of this short-type LTBR in 3T3 cells was confirmed by both an in vitro
assay of cell growth in soft agar and an in vivo assay of tumorigenicity in nude mice. The full-length (wild-type) LTBR protein was also
found to manifest similar transforming activity. These observations suggest that LTBR, which belongs to the tumor necrosis factor
receptor superfamily of proteins, may contribute to human carcinogenesis.

© 2005 Elsevier Inc. All rights reserved.

Keywords: Lymphotoxin-p receptor; Pancreatic ductal carcinoma; Retrovirus; cDNA expression library; Oncogene

Pancreatic ductal carcinoma (PDC) originates from
pancreatic ductal cells and remains one of the most intrac-
table human malignancies [1,2]. Effective therapy for PDC
is hampered by the absence of specific clinical symptoms.
At the time of diagnosis, most affected individuals are no
longer candidates for surgical resection, and, even in
patients who do undergo such surgery, the 5-year survival
rate is only 20-30% [2].

The molecular pathogenesis of PDC has been the subject
of intensive investigation. The gene KRAS?2 is frequently
mutated and activated in PDC cells [3], and various tumor
suppressor genes, including those for p33, pl6, and
BRCAZ2, are inactivated [4]. Furthermore, genetic or epige-
netic alterations of genes important in apoptosis or in
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tumor cell invasion or metastasis have been detected in
PDC cells [5]. However, mutations in KRAS2 have also
been identified in pancreatic tissue affected by nonmalig-
nant chronic pancreatitis [6], and genetic changes truly spe-
cific to PDC remain to be uncovered. Improvement in the
prognosis of individuals with PDC will require identifica-
tion of the genetic or epigenetic alterations responsible
for the aggressive nature of this cancer.

The focus formation assay with 3T3 or RATI fibro-
blasts has been extensively used to screen for transforming
genes in various carcinomas [7]. Given that the expression
of exogenous genes in this assay is usually controlled by
their own promoters or enhancers, however, oncogenes
are able to exert their transforming effects in the recipient
cells only if these regulatory regions are active in
fibroblasts, which is not always the case. Regulation of
the transcription of test cDNAs by a promoter known to
function efficiently in fibroblasts would be expected to
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ensure sufficient expression of the encoded protein in the
focus formation assay. We have therefore now constructed
a retroviral cDNA expression library from a human PDC
cell line, MiaPaCa-2, and tested this library in the focus
formation assay with 3T3 cells. For library construction,
we took advantage of a polymerase chain reaction (PCR)
system that preferentially amplifies full-length cDNAs.
The resulting library had sufficient complexity with a high
percentage of full-length ¢DNAs. With this library, we
have revealed that the lymphotoxin-B receptor (LTBR)
gene possesses transforming activity.

Materials and methods

Cell lines and culture. MiaPaCa-2, NIH 3T3, and BOSC23 cell lines
were obtained from American Type Culture Collection and maintained in
Dulbecco’s modified Eagle’s medium (DMEM)-F12 (Invitrogen, Catls-
bad, CA) supplemented with 10% fetal bovine serum (Invitrogen) and
2 mM L-glutamine.

Construction of retroviral ¢DNA expression library. Total RNA
extracted from MiaPaCa-2 cells with the use of an RNeasy Mini column
and RNase-free DNase (Qiagen, Valencia, CA) was subjected to first-
strand cDNA synthesis with PowerScript reverse transcriptase, SMART
TIA oligonucleotide, and CDS primer 1IA (Clontech, Palo Alto, CA). The
resulting cDNAs were amplified for 14 cycles with 5' PCR primer TIA and
a SMART PCR ¢DNA synthesis kit (Clontech), with the exception that
LA Tag polymerase (Takara Bio, Shiga, Japan) was substituted for the
Advantage 2 DNA polymerase provided with the kit. The amplified
¢DNAs were treated with proteinase K, rendered blunt-ended with T4
DNA polymerase, and ligated to the BstXI-adaptor (Invitrogen).
Unbound adaptors were removed with the use of a cDNA size-fraction-
ation column (Invitrogen), and the remaining cDNAs were ligated into the
BstXI site of the pMXS retroviral plasmid (kindly provided by
T. Kitamura, Institute of Medical Science, University of Tokyo). The
resulting pMXS-cDNA plasmids were introduced into ElecroMax DH10B
cells (Invitrogen) by electroporation.

Focus formation assay. BOSC23 cells (1.8 x 10%) were seeded into a
6-cm culture dish, cultured for 24 h, and then transfected with 2 pg of
retroviral plasmids mixed with 0.5 pg of pGP plasmid (Takara Bio), 0.5 ug
of pE-eco plasmid (Takara Bio), and 18 pl of Lipofectamine reagent
(Invitrogen). Two days after transfection, polybrene (Sigma, St. Louis,
MO) was added to the culture supernatant at a concentration of 4 pg/ml,
and the supernatant was subsequently used to infect 3T3 cells for 48 h. The
culture medium of the 3T3 cells was then changed to DMEM-F12
supplemented with 5% calf serum and 2 mM L-glutamine, and the cells
were cultured for 2 weeks.

Recovery of cDNAs from transformants. Transformed 3T3 cell clones
were harvested with a cloning syringe and cultured independently in 10-cm
culture dishes. Genomic DNA was extracted from each clone by standard
procedures and then subjected to PCR with 5 PCR primer [IA and LA
Taq polymerase for 50 cycles of 98 °C for 20s and 68 °C for 6 min.
Amplified DNA fragments were putified by gel electrophoresis and ligated
into the pT7Blue-2 vector (EMD Biosciences, San Diego, CA) for nucle-
otide sequencing.

Anchorage-independent growth in soft agar. 3T3 cells (2% 108 were
infected with a retrovirus encoding a truncated form of LTBR or
activated KRAS2 (see Results), resuspended in the culture medium
supplemented with 0.4% agar [SeaPlaque GTG agarose (Cambrex, East
Rutherford, NI)], and seeded onto a base layer of complete medium
supplemented with 0.5% agar. Cell growth was assessed after culture for
2 weeks. '

Tumorigenicity assay in nude mice. 3T3 cells (2% 10%) infected with a
retrovirus either encoding the truncated form of LTBR or containing the
human wild-type LTBR ¢cDNA (GeneCopoeia, Germantown, MD) were
resuspended in 500 pl of phosphate-buffered saline and injected into each

shoulder of a nu/nu Balb-c mouse (6-weeks old). Tumor formation was
assessed after 3 weeks.

5'-Rapid amplification of ¢DNA ends (RACE). 5'-RACE was per-
formed as described [8]. In brief, total RNA extracted from MiaPaCa-2
cells was used to generate cDNAs with an LTBR-specific primer (5'-
GCAGTGGCTGTACCAAGTCA-3'). Excess primer was removed with a
microconcentrator (Amicorn, Austin, TX), and a poly(A) tail was added to
the cDNAs by incubation with dATP and terminal deoxynucleotidyl-
transferase (Invitrogen). The first PCR was performed with the dT-
adaptor primer (5-GACTCGAGTCGACATCGATTTTTTITITTTT
TTTT-3) and RACE-1 antisense primer (5-CTCCCAGCTTCCAGCT
ACAG-3"), and the second PCR with the adaptor primer (5-GACTCGA
GTCGACATCG-3) and RACE-2 antisense primer (5'-GAGCAGAAA
GAAGGCCAGTG-3/). The amplification protocol for the first PCR
comprised incubation at 94 °C for 2 min followed by 20 cycles of 94 °C for
1 min, 55°C for 1 min, and 72 °C for 3 min. That for the second PCR
included incubation at 94 °C for 2 min followed by 30 cycles of 94 °C for
1 min, 53 °C for 1 min, and 72 °C for 3 min.The final PCR products were
ligated into pT7Blue-2 for nucleotide sequencing.

Results
Screening for transforming genes by focus formation assay

To screen for transforming genes in PDC, we construct-
ed a cDNA expression library from MiaPaCa-2 cells.
Full-length cDNAs were selectively amplified by a PCR
protocol from total RNA isolated from the cells and were
ligated into the retroviral vector pMXS. We obtained a
total of 1.2x10% colony-forming units of independent
library clones, from which we randomly selected 30 clones
and examined the incorporated ¢DNAs. An insert of
>500 bp was present in 24 (80%) of the 30 clones and
the average size of these 24 inserts was 1.84 kbp.

Introduction of the library plasmids into a packaging
cell line yielded a recombinant retroviral library that was
used to infect mouse NIH 3T3 fibroblasts. After culture
of the infected cells for 2 weeks, a total of 18 transformed
foci were identified. No foci were observed for 3T3 cells
infected with the empty virus. Each transformed focus
was isolated, expanded, and used to prepare genomic
DNA. PCR amplification of the inserts identified a total
of 29 ¢cDNA fragments, each of which was ligated into a
cloning vector and subjected to nucleotide sequencing from
both ends. Screening of the 29 cDNA sequences against the
public nucleotide sequence databases revealed that they
showed >95% sequence identity to 13 independent genes,
11 known and 2 unknown (Table 1).

To confirm the transforming ability of the isolated
cDNAs, we again ligated them into pMXS and used the
corresponding retroviral vectors to re-infect 3T3 cells.
Two of the 13 independent genes (clone ID #4, correspond-
ing to LTBR [GenBank Accession No. NM_002342]; clone
ID #10, corresponding to KRAS2 [GenBank Accession
No. NM._004985]) reproducibly induced the formation of
transformed foci in 3T3 cells (Fig. 1). Further sequencing
our KRAS2 cDNA revealed that it has a point mutation
leading to the amino acid change from a glycine residue
at position 12 to a cysteine (data not shown). Whereas
the oncogenic potential of mutated KRAS2 has been
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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 UBQLN1 NM_013438 Yes
6 TBC1D2 NM 018421  Yes
7 FKBPI10 NM_021939 Yes
8 HCCA2 NM_053005 Yes
9 Unknown AK123415 ND
10 KRAS2 NM_004985 Yes
11 STK111P NM_052902 Yes
12 Unknown AA627562 ND
13 PFKP NM_002627 Yes

ORPF, 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 LTBR, 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

©) ID# 4

to determine the 5’ ends of LTBR mRNAs. The first strand
of LTBR ¢DNAs 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 c¢DNA, 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 KRAS2 readily grew in the agar.

We also injected the infected cells mto 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, | mm.
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