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Abstract

Aggressive natural killer cell leukemia (ANKL) is an intractable malignancy that is characterized by the outgrowth of NK cells. To identify
transforming genes in ANKL, we constructed a retroviral cDNA expression library from an ANKL cell line KHYG-1. Infection of 3T3 cells
with recombinant retroviruses yielded 33 transformed foci. Nucleotide sequencing of the DNA inserts recovered from these foci revealed
that 31 of them encoded KRAS2 with a glycine-to-alanine mutation at codon 12. Mutation-specific PCR analysis indicated that the KRAS
mutation was present only in KHYG-1 cells, not in another ANKL cell line or in clinical specimens (#=8).

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Outgrowth of CD3~CD16/CD56" natural killer (NK) cells
in peripheral blood is diagnosed as either chronic NK lym-
phocytosis (CNKL) or aggressive NK cell leukemia (ANKL)
[1,2]. Whereas the former condition has an indolent clini-
cal course with few symptoms, the latter is characterized by
chemoresistance and multiorgan failure and has a poor out-
come.

The Epstein—Barr virus (EBV) genome is frequently
present episomally in ANKL cells [3], suggesting a role for
EBV in discase pathogenesis. However, little is known of how
infection with EBV might trigger clonal growth of NK cells.
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Inactivation of tumor suppressor genes has been associated
with NK cell neoplasia. For instance, a homozygous deletion
of the genes for pl6INK4A, pI SINK4B, or p14ARF has been
detected [4]. Additionally, inactivating mutations of the FAS
gene have been found in nasal NK/T cell lymphoma [5].

A few studies have identified a potential contribution
of oncogenes to NK cell malignancy. Mutations that affect
codons 13 or 22 of KRAS2 were found in NK/T cell lym-
phoma [6] but not in ANKL [7]. Furthermore, although mu-
tations in KIT were associated with NK/T cell lymphoma,
transforming activity of the mutant KIT proteins was not
demonstrated {8]. A role for oncogenes in ANKL has not
been identified to date.

Functional screening based on transforming ability is
one potential approach to the efficient isolation of tumor-
promoting genes in ANKL. Focus formation assays with
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mouse 3T3 fibroblasts have indeed proved successful for
the identification of oncogenes in human cancer [9]. In such
screening assays, genomic DNA isolated from cancer spec-
imens is used to transfect 3T3 cells and the formation of
transformed cell foci is then evaluated. Expression of the ex-
ogenous genes in such experiments is driven by their own
promoters or enhancers, however, so that oncogenes can ex-
ert transforming effects in 3T3 cells only if their regulatory
regions are active in fibroblasts. Given the distinct devel-
opmental origins of NK cells and fibroblasts, expression of
oncogenes associated with ANKL in 3T3 cells under these
conditions is not guaranteed.

This problem might be expected to be overcome by the
expression of test cDNAs under the control of an ectopic pro-
moter in 3T3 cells. We have therefore constructed a retroviral
c¢DNA expression library from the ANKL cell line KHYG-1
[10] and used this library to infect 3T3 cells. In preparation
of the cDNA library, we took advantage of a polymerase
chain reaction (PCR)-based system that preferentially ampli-
fies full-length cDNAs. The resulting library was found to
have sufficient complexity and to contain a high percentage
of full-length ¢cDNAs. Focus formation assays with 3T3 cells
resulted in the identification of KRAS2 as a transforming gene
in KHYG-1 cells.

2. Materials and methods
2.1. Cell culture and clinical samples

KHYG-1 and NKL cells [11] were kindly provided by
M. Yagita and Y. Yokota, respectively, and were cultured
in RPMI 1640 medium (Invitrogen, Carlsbad, CA) sup-
plemented with 10% fetal bovine serum (Invitrogen) and
human interleukin-2 (20 U/mL) (Roche, St. Louis, MO).
The BOSC23 packaging cell line for ecotropic retroviruses
[12] and mouse 3T3 fibroblasts were maintained in Dul-
becco’s modified Eagle’s medium (DMEM)-F12 (Invitro-
gen) supplemented with 10% fetal bovine serum and 2 mM
L-glutamine.

Mononulear cells were isolated by Ficoll-Hypaque den-
sity gradient centrifugation from peripheral blood of the
subjects with informed consent. The cells were incubated
with anti-CD3 MicroBeads (Miltenyi Biotec, Auburn, CA),
and loaded onto MIDI-MACS magnetic cell separation
columns (Miltenyi Biotec) to remove CD3" cells. The flow-
through was then mixed with anti-CD56 MicroBeads (Mil-
tenyi Biotec), and was subjected to a MINI-MACS column for
the “positive selection” of CD56" cells. Cells bound specif-
ically to the column was then eluted according to the manu-
facturer’s instructions.

2.2. Construction of a retrovirus library

Total RNA was extracted from KHYG-1 cells with the use
of an RNeasy Mini column and RNase-free DNase (Qiagen,

Valencia, CA), and first-strand cDNA was synthesized from
the RNA with PowerScript reverse transcriptase, a SMART
HA oligonucleotide, and CDS primer 1IA (Clontech, Palo
Alto, CA). The resulting cDNA molecules were then ampli-
fied for 12 cycles with 5-PCR primer lIA and a SMART PCR
cDNA synthesis kit (Clontech), with the exception that LA
Taq polymerase (Takara Bio, Shiga, Japan) was substituted
for the Advantage 2 DNA polymerase provided with the kit.
The PCR products were treated with proteinase K, rendered
blunt-ended with T4 DNA polymerase, and ligated to a Bs¢X1
adapter (Invitrogen). Unbound adapters were removed with a
c¢DNA size fractionation column (Invitrogen), and the mod-
ified cDNAs were ligated into the pMX retroviral plasmid
(kindly provided by T. Kitamura) [13] that had been digested
with Bs¢XI. The pMX-cDNA plasmids were introduced into
ElecroMax DH10B cells (Invitrogen) by electroporation.

2.3. Focus formation assay

BOS(C23 cells (1.8 x 10°) were seeded onto 6-cm culture
plates, cultured for 1 day, and then transfected with a mixture
comprising 2 pg of retroviral plasmids, 0.5 jug of pGP plas-
mid (Takara Bio), 0.5 g of pE-eco plasmid (Takara Bio), and
18 nL of Lipofectamine reagent (Invitrogen). Two days after
transfection, polybrene (Sigma, St. Louis, MO) was added at
a concentration of 4 pg/mL to the culture supernatant, which
was then used to infect 3T3 cells for 48 h. For the focus for-
mation assay, the culture medium of 3T3 cells was changed
to DMEM-high glucose (Invitrogen) supplemented with 5%
calf serum and 2 mM r-glutamine. Transformed foci were
isolated after 3 weeks of culture.

2.4. Recovery of cDNAs from 3T3 cells

Each 3T3 cell clone was harvested with a cloning syringe
and cultured independently ina 10-cm culture plate. Genomic
DNA was subsequently extracted from the cells and subjected
to PCR with 5/-PCR primer IIA and LA Taq polymerase for
50 cycles of 98 °C for 20s and 68 °C for 6 min. Amplified
genomic fragments were purified by gel electrophoresis and
ligated into the pT7Blue-2 vector (EMD Biosciences, San
Diego, CA) for nucleotide sequencing.

2.5. Mutation-specific PCR for KRAS?2

Detection of KRAS2612A ¢cDNA was performed as de-
scribed previously [14] but with minor modifications. In
brief, a 5'-region of KRAS2 cDNA was amplified from
oligo(dT)-primed cDNA by PCR with 5-RAS primer (5'-
ACTGAATATAAACTTGTGGTAGTTGGACCT-3’; the un-
derlined cytosine was incorporated to generate a BsiNI
site) and 3'-RAS primer A (5-CTGTGTCGAGAATAT-
CCAAGAGACA-3"). The PCR product was subjected to di-
gestion with Bs/NI (New England Biolabs, Beverly, MA) and
then to a second PCR with 5'-RAS primer and 3’-RAS primer
B (5-CTGTGTCGAGAATCCAGGAGACA-3’; the under-
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lined guanine was incorporated to generate a Bs/NI site). The
second PCR product was then also subjected to digestion with
BstNI, and the resulting DNA fragments were separated by
agarose gel electrophoresis.

3. Results

3.1. Construction of a full-length cDNA expression
library for KHYG-1 cells

Full-length ¢cDNAs were selectively amplified from
mRNA of KHYG-1 cells and ligated into the retroviral vec-
tor pMX. We obtained a total of 5.61 x 109 colony-forming
units (cfu) of independent plasmid clones. To evaluate the
quality of the library, we randomly selected 40 clones and
examined the incorporated cDNAs. Thirty-nine of the 40
clones contained inserts with an average size of 2.03 kbp.
The cDNA inserts from 20 out of these 39 clones were se-
quenced from both ends, and the determined sequences were
used to screen, with the BLAT search program [15], the nu-
cleotide sequence database assembled as of July 2003 by the
Genome Bioinformatics Group of the University of Califor-
nia at Santa Cruz (http://genome.ucsc.edu/). Both ends of 14
of the 20 cDNAs could be matched to the mRNA sequences
of known genes, and 13 of these cDNAs included complete
open reading frames (data not shown). We therefore con-
cluded that the retroviral cDNA expression library was of
sufficient complexity and sufficiently enriched in full-length
cDNAs for the present study.

3.2. Identification of KRAS291?4 in KHYG-I cells

We generated a recombinant ecotropic retrovirus library
by introducing 7.1 x 10° cfu of the generated plasmids into a
packaging cell line. This library was then used to infect mouse
3T3 fibroblasts. After culture of the infected cells for 3 weeks,
we detected 33 transformed foci (Fig. 1). Each focus was
isolated, expanded independently, and subjected to extraction
of genomic DNA for the recovery of retroviral inserts by PCR
with the primer used originally to amplify the cDNAs during
construction of the library. In most instances, a single major
DNA fragment was recovered from each genome (Fig. 2A),
suggestive of original infection of a single 3T3 cell with a
single retrovirus.

The recovered cDNA fragments were sequenced from
both ends for all 33 clones. Screening of the human genome
sequence database with the insert sequences revealed that
those from 31 of the 33 clones (#1-#29, #31, #33) matched,
with >98% identity, the sequence of human KRAS2 (Gen-
Bank accession number, NM_004985). The genome of 3T3
clone ID #30 yielded two PCR fragments (Fig. 2A); the larger
(~1.4kbp) and the smaller (~0.9 kbp) fragments were re-
vealed to be derived from $-actin (ACTB; GenBank accession
number, NM_001101) and profilin I (PFNI; GenBank acces-

sion number, NM_005022) genes, respectively. The final 3T3

clone (#32) yielded a major PCR fragment corresponding to
the gene for isocitrate dehydrogenase 3 (NAD™) B (IDH3B;
GenBank accession number, NM_006899).

KRAS2 belongs to the RAS gene family and is involved
in a wide variety of human cancers [16]. Given that point

Fig. 1, Focus formation assay with a retroviral library derived from KHYG-1 cells. Mouse 3T3 cells were infected with the empty virus (A), a retrovirus
expressing v-Ras as a positive control (B), or retroviruses from the KHYG-1 cell library (C and D). The cultures were photographed 3 weeks after infection.

Scale bar, 100 wm.
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Fig. 2. Identification of a KRAS mutant gene with transforming activity: (A) Genomic DNA isolated from transformed 3T3 cell foci (clones #2, #30, #31, and
#32) was subjected to PCR for amplification of the DNA inserts. The left lane contains DNA size markers (1-kbp DNA ladder; Invitrogen); (B) The nucleotide
sequences of the DNA inserts derived from 31 of the 33 transformed foci matched that of KR4S with a single nucleotide substitution (G to C) in the second
position of codon 12 that results in a change in the encoded amino acid from glycine to alanine; (C) A recombinant retrovirus encoding KRAS261?A was used
to infect 3T3 cells. The cells were photographed after culture for 2 weeks. Scale bar, 50 um.

mutations in KRAS2 confer oncogenic activity, we compared
the nucleotide sequences of the KRAS2 cDNAs derived from
KHYG-1 cells with the published sequence of the wild-type
gene. Although oncogenic mutations have previously been
shown to affect codons 12, 13, and 59 of KRAS2, all of the
KHYG-1 cell cDNAs harbored the same mutation: the GGT
sequence of codon 12 was changed to GCT, resulting in the
substitution of an alanine residue for the glycine normally
present at this position (Fig. 2B). To verify the transforming
ability of KRAS291?A | we inserted the corresponding cDNA
into the pMX retroviral vector and generated recombinant
retroviruses for infection of 3T3 cells. The recipient 3T3 cells
indeed underwent transformation (Fig. 2C), confirming that
KRAS2P12A possesses oncogenic activity.

3.3. Screening for KRAS2'%4 in NK cell leukemia

To determine whether KRAS2612A is frequently associated
with NK cell leukemia, we applied a slightly modified version
of a rapid screening method previously described by Kahn
et al. [14]. KRAS2 c¢DNA was first amplified by PCR with

5'-RAS primer and 3'-RAS primer A (Fig. 3A). The 3’ end
of 5'-RAS primer corresponds to codon 11 of KRAS2 but
contains a cytosine substitution in the first position of codon
11, which generates a BsiNI recognition site [CC(T/A)GG]
that includes the first and second positions of codon 12. The
presence of a point mutation at the first or second position
of codon 12 would therefore prevent digestion of the PCR
product by Bs/NIL

After BsfNI digestion, the PCR product was subjected to
a second PCR with 5'-RAS primer and 3’-RAS primer B.
Given that Bs/NI digestion removes the binding site for 5'-
RAS primer, only KR4S2 cDNA with a mutation at the first or
second position of codon 12 should yield a second PCR prod-
uct. Even if Bs/NI digestion of the initial PCR product was
not complete and the second PCR amplified a trace amount
of wild-type KRAS2 ¢cDNA, a second Bs/NI digestion further
discriminates between the wild-type and mutant genes. The
3’-RAS primer B thus contains a guanine substitution that
generates a BsiNI site. The second PCR product of wild-type
KRAS2 cDNA would thus contain two BsiNI sites, whereas
that of mutant KRAS2 contains only one.
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Fig. 3. Mutation-specific PCR analysis of NK cell leukemia cell lines and clinical specimens: (A) KRAS2 cDNA was amplified with 5-RAS primer and 3’-RAS
primer A. The PCR product was subjected to digestion with Bs/NI and then to a second PCR with 5'-RAS primer and 3’-RAS primer B. The second PCR product
was also subjected to digestion with Bs/NI. The nucleotides shown in red were incorporated into the primers to generate a BsfNI site. Open circles indicate
BsiNI sites; closed circles indicate corresponding mutant sequences that are not susceptible to BséNI; (B) cDNA isolated from the NKI and KHYG-1 cell lines
as well as from CD3-CD56" NK cell fractions derived from healthy volunieers (Normal) or individuals with CNKL was subjected to mutation-specific PCR
analysis. A reaction without input DNA was also performed as a negative control (—). The size of DNA fragments is indicated on the left.

With this approach, we analyzed cDNA prepared from two
ANKL cell lines (NKL and KHYG-1) and from CD3~CD56"
NK cell fractions purified from the peripheral blood of
healthy individuals (»=4) and patients with CNKL (n=4).
The first PCR step yielded a single DNA fragment of 172 bp
from all samples. Furthermore, only the PCR product from
KHYG-1 cells was refractory to Bs/NI digestion, indicat-
ing that only KHYG-1 cells harbor a codon 12 mutation of
KRAS2. The presence of the 143-bp band may indicate that
KHYG-1 cells are heterozygous for the KRAS2 mutation. The
second PCR generated a 172-bp DNA fragment only with the
NKL and KHYG-1 cell samples. Whereas this fragment de-
rived from NKL cells was completely digested by BsiNI to

generate a 125-bp band, BsiNI digestion of the fragment de-
rived from KHYG-1 cells generated a band of 154 bp. Of
all the samples analyzed, therefore, mutation of the first or
second position of codon 12 of KRAS2 was detected only in
KHYG-1 cells.

4. Discussion

We have constructed a retroviral cDNA expression library
for an ANKL cell line. Given that >97% (39/40) of the viral
plasmids contained cDNA inserts and that the overall clone
number was >5 x 10%, our library likely represents most of
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the transcriptome of KHYG-1 cells. The high probability that
the incorporated cDNAs are full length is also an important
advantage for functional screening,

In our screening, most of the 3T3 transformants were
found to have incorporated a single cDNA fragment corre-
sponding to KRAS2912A  with only two transformants found
to contain other cDNAs. One of these two cDNA inserts was
derived from the gene for PFN1, a protein that binds to un-
polymerized actin [17]. Homozygous deletion of Pful re-
sults in embryonic death in mice, with the encoded protein
apparently being indispensable for cell growth or differenti-
ation during embryonic development [18]. The other cDNA
insert isolated from 3T3 transformants contained the entire
open reading frame for IDH3B, which catalyzes the oxida-
tive decarboxylation of isocitrate and is a key enzyme in the
tricarboxylic acid cycle [19]. Neither PFNI nor IDH3B has
previously been shown to possess oncogenic activity. It is
currently under examination whether a long terminal repeat
(LTR)-driven overexpression of PFNI or IDH3B leads focus
formation in 3T3 cells.

Comparative genomic hybridization analysis identified a
wide variety of genetic alterations at a high frequency in
ANKL cells [20], suggesting that leukemogenesis in ANKL
1s associated with multiple steps of oncogene activation. An
analysis of patients with NK cell neoplasia failed to detect
any changes in the genes for members of the RAS and MYC
families of proteins [7], however. This previous study did
find a frequent increase in the abundance of the cell cycle
regulator MDM2.

In contrast, we have detected a transforming KRAS2 mu-
tant gene in an ANKL cell line. Given that the mutation
in codon 12 of this gene was detected by two different ap-
proaches (retroviral screening of PCR-amplified cDNAs and
mutation-specific PCR), we conclude that it was not an arti-
fact of PCR. KRAS?2 is a GTP-binding protein with a rela-
tive molecular mass of ~21 kDa. Together with HRAS and
NRAS, it plays an important role in cell growth and differ-
entiation. Many mitogenic signals promote the loading of
KRAS2 with GTP, which in turn triggers various downstream
signaling events including activation of the mitogen-activated
protein kinase (MAPK) pathway.

Activating mutations of KRAS2 have been identified in a
wide range of human cancers. Mutations of codon 12, for
example, are associated with acute lymphoblastic leukemia
[21], lung cancer [22], and pancreatic cancer [23]. No such
mutations have previously been detected in association with
ANKIL, however. Although we have now identified a KRAS2
mutation affecting codon 12 in the ANKL cell line KHYG-1,
we did not detect this mutation in another ANKL cell line
(NKL) or in CD3"CD56" NK cell fractions isolated from
healthy volunteers or from individuals with CNKL. Mutation
of KRAS2, at least of codon 12 of this gene, might therefore
be an infrequent event in NK cell neoplasia. Indeed, it re-
mains possible that the detected KRAS2 mutation is specific
to the KHHYG-1 cell line. Nevertheless, our identification of an
activating KRAS2 mutation in KHYG-1 cells might provide

insight into the role of the RAS-MAPK signaling pathway in
ANKL carcinogenesis. Furthermore, given the high quality
of our retroviral expression library, the strategy adopted in
the present study also might prove useful for the functional
screening of genes associated with various clinical character-
istics of ANKL, such as chemoresistance.
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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.
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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 p53, 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 ¢DNAs.
The resulting library had sufficient complexity with a high
percentage of full-length cDNAs. 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, Carls-
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
IIA oligonucleotide, and CDS primer ITA (Clontech, Palo Alto, CA). The
resulting cDNAs were amplified for 14 cycles with 5’ PCR primer IIA and
a SMART PCR cDNA synthesis kit (Clontech), with the exception that
LA Taq polymerase (Takara Bio, Shiga, Japan) was substituted for the
Advantage 2 DNA polymerase provided with the kit. The amplified
cDNAs 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 pg
of pE-eco plasmid (Takara Bio), and 18 ul 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-FI12
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 1A and LA
Taq polymerase for 50 cycles of 98 °C for 20s and 68 °C for 6 min.
Amplified DNA fragments were purified 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% 10%) 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, NJ)], 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 x 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 ¢cDNA 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 (Amicon, 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-GACTCGAGTCGACATCGATTTTTTTTTTTTT
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 cDNAs. 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
¢DNAs, 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 KRAS? has been
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Table 1
MiaPaCa-2 cell cDNAs isolated from 3T3 transformants

Clone ID #  Gene symbo!l  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 FKBP10 NM_021939 Yes
8 HCCA2 NM_053005 Yes
9 Unknown AK123415 ND

10 KRAS2 NM_004985 Yes

11 STK11IP NM_052902 Yes

12 Unknown AAG27562 ND

13 PFKP NM_002627 Yes

ORF, open reading frame; ND, not determined.

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

Identification of a truncated form of LTBR

Although the nucleotide sequence of both ends of our
LTBR cDNA was identical to that of human LTBR, the
size¢ of our ¢DNA (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 ¢cDNAs was generated with an LTBR-specific
reverse transcription (RT) primer (Fig. 2) from RNA iso-
lated from MiaPaCa-2 cells. Poly(A) was added to the 3’
end of the cDNAs, which were then subjected to nested
PCR in order to amplify the 5’ ends. PCR products (rang-
ing from a few hundred to 2000 bp) were detected only
when reverse transcriptase was included in the procedure
(Fig. 3A), indicating that the products were synthesized
from cDNA, not from genomic DNA. The nucleotide
sequence of 96 randomly chosen PCR products was deter-
mined. Sixty-eight of the 96 products matched the LTBR
cDNA 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 into nude mice.
Tumors formed at all (n = 10) sites injected with 3T3 cells
expressing short-type LTBR (Fig. 4B). Again, 3T3 cells
expressing activated KRAS2 also generated tumors at a
high frequency, whereas those infected with the empty
virus did not induce tumor formation. Together, these
results thus confirmed that short-type LTBR possesses
transforming activity.

Transforming activity of wild-type LTBR
To determine whether the full-length (435-amino acid)
LTBR protein also possesses oncogenic potential, we per-

formed the focus formation assay and in vivo tumorigenicity
assay with a recombinant retrovirus encoding the wild-type

ID# 10

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

for 2 weeks. Scale bars, I mm.
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ctggacctgaccagggagccgcagttggaacceggggagcagagecaggtggeccacggt 1200
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gcaggtgggcactggctgggtacggtgecectccacaggactetcectactgectgagcaa 1680
acctgaggcecteceggecagacccacccacececctggggetgetcagectecaggcacggac 1740
agggcacatgataccaactgctgeccactacggcacgecgeaceggagecacggcaccgag 1800
ggagecgecacacggtcacctgcaaggacgtcacgggeccctctaaaggattegtggtge 1860
tecatccccaagettecagagaccctttggggttecacacttecacgtggactgaggtagace 1920
ctgcatgaagatgaaattatagggaggacygctecttececteecctectagaggagaggaa 1980
agggagtcattaacaactagggggttgggtaggattecctaggtatggggaagagttittgg 2040
aaggggaggaaaatggcaagtgtatttatattgtaaccacatgcaaataaaaagaatggg 2100
acctaaactegtgecgetegtgecgaattectgeag 2136

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

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

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

Discussion

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

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

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

lymphotoxin-a1p2 and LIGHT [10,11]. LTBR is expressed
by many cell types (but not by lymphocytes), whereas
expression of the LTBR ligands is restricted to activated
lymphocytes [11] Signaling by LTBR is important in the
development of lymphoid tissue and in generation of adap-
tive humoral immune responses [12,13]. In general, LTBR
function is thought to be linked to apoptosis. Indeed, acti-
vation of LTBR by its endogenous ligands or by anti-re-
ceptor antibodies triggers the death of various tumor cell
lines [14,15). Activation of the LIGHT-LTBR signaling
pathway in tumor cells also induces marked chemokine-de-
pendent recruitment of T cells to tumors, resulting in the
rejection of established tumor cells [16].

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

The frequency of tumor formation determined is indicated.

Tumor
formation

10/10

Fig. 5. Transforming activity of full-length LTBR. The transforming activity of a retroviral vector encoding full-length (wild-type) LTBR was evaluated
by the focus formation assay (left) or the in vivo tumorigenicity assay (right). Scale bar, 1 mm.

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

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

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

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

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

Materials and Methods

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

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

5To whom correspondence should be addressed. E-mail: hmano@jichi.ac.jp
Abbreviations: ACTB, P-actin; EPPK1, epiplakin 1; ERCP, endoscopic retrograde
cholangiopancreatography; H2BFB, H28 histone family, member B; KNN, & nearest
neighbor; NRCAM, neuronal cell adhesion molecule; PCR, polymerase chain reac-
tion; PDC, pancreatic ductal carcinoma; PLOD2, procollagen-lysine, 2-oxoglutarate
5-dioxygenase 2; RASAL2, RAS protein activator-like 2; SCGB3A1, secretoglobin,
family 3A, member 1; SST, somatostatin; WV, weighted vote.
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monoclonal antibody to MUC1 (Novocastra Laboratories, New-
castle upon Tyne, UK), washed with MACS binding buffer, and
mixed with MACS MicroBeads conjugated with antibodies to
mouse immunoglobulin G (Miltenyi Biotec, Auburn, CA, USA).
The resulting mixture was subjected to chromatography on a
miniMACS magnetic cell separation column (Miltenyi Biotec),
and the eluted MUCI1* cells were divided into portions and
stored at —80°C. Portions of the unfractionated cells as well as
the isolated MUC1* cells of each individual were stained with
Wright-Giemsa solution to examine the purity of the ductal
cell-enriched fractions.

Microarray experiments. Total RNA was extracted from the
MUC1* cell preparations with the use of an RNeasy Mini
column and RNase-free DNase (Qiagen, Valencia, CA, USA)
and was subjected to two rounds of mRNA amplification with
T7 RNA polymerase."? The high fidelity of the amplification
step has been demonstrated previously.!" One microgram of the
amplified cRNA was then converted to double-stranded cDNA
by PowerScript reverse transcriptase (BD Biosciences Clontech,
Palo Alto, CA, USA), and the cDNA was used to prepare biotin-
labeled cRNA with an ENZO BioArray Transcript Labeling Kit
(Affymetrix, Santa Clara, CA, USA). Hybridization of the
labeled cRNA with GeneChip HGU133 A&B microarrays,
which contain >44 000 probe sets, was performed with the
GeneChip system (Affymetrix). The mean expression intensity
of the internal positive control probe sets!® was set to 500
arbitrary units (U) in each hybridization, and the fluorescence
intensity of each test gene was normalized accordingly. All
normalized array data are available at the Gene Expression
Omnibus web site (http://www.ncbinlm.nih.gov/geo) under the
accession number GSE1542.

Statistical analysis. Hierarchical clustering of the data set,
Welch’s analysis of variance (ANova), and k& nearest neighbor
(KNN) method-based class prediction were performed with
GeneSpring 6.2 software (Silicon Genetics, Redwood, CA).
The weighted vote (WV) method"® was performed with
GeneCluster 2.1.7.9% Correspondence analysis"® for all genes
showing a significant difference in expression was performed by
using ViSta software./'® Each sample was plotied in three
dimensions based on the coordinates obtained from the
correspondence analysis. With the exception of the effect-size
selection, in which linear values were used for calculation, all
normalized expression values were transformed to logarithms
prior to analyses.

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

Results

Transcriptome of pancreatic ductal cells. As demonstrated previ-
ously, affinity purification with antibodies to MUCI yielded an
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Table 1. Clinical characteristics of patients with PDC
Patient Age Sex Cytollogifal Atypical. cell  Clinical
(years) examination  proportion* stage’
ID073 74 Male \" H IVa
D086 72 Female v M Va
D088 65 Male A" L Wb
D089 70 Female i L n
D090 72 Male Hi L IVa
D095 85 Female ] L 0
ID0%6 76 Female v L Va
D098 61 Female v L Va
D103 65 Male \' H Vb
ID117 76 Female [\ L IVa
ID119 73 Female v L IVa
D120 70 Female 1] M 0
ID125 75 Male ] L |
ID131 67 Female 1] L IVa
D142 69 Male ] H I
D147 51 Male \' L Vb
D202 56 Female i M IVa
D203 73 Male H] M |
D218 51 Male I L 0
D224 71 Male \ L Va
1D225 50 Female I L WVa
D227 65 Male | L n
D229 60 Female v M IVa
D234 71 Male [H] L Va

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

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

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

PDC-specific molecular signature. To capture a PDC-specific
molecular signature, we next identified genes whose expression
level differed significantly between the normal and cancerous
ductal cells. Application of Welch’s aNova (P < 0.001) for this
purpose yielded 26 out of the 7778 probe sets examined.
However, some of the probe sets thus identified had low
absolute expression levels throughout the samples, even though
the ratio of the expression levels between the two classes was
relatively large. To eliminate such ‘nearly silent’ genes and to
enrich genes whose expression level was markedly increased in
at least one of the classes, we further selected those whose effect
size (absolute difference in mean expression intensities)!'®
between the two classes was = 50 U.
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Fig. 1. Gene expression profiles of the purified pancreatic ductal cells.
Hierarchical two-way clustering of the study subjects (normal ductal
cell specimens [green and PDC specimens {red]) was performed on the
basis of the expression profiles of 7778 probe sets. Each column
corresponds to a single probe set, and each row corresponds to a
separate subject. The expression level of probe sets is color-coded
according to the indicated scale.

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

Ishikawa et al.

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

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

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

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

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

For both WV and KNN methods, the cross-validation was
performed with the 49 specimens and with different numbers of
class predictor genes (n =1 to 20, 30, 40, 50, 60, 70, 80, 90, or
100). Both methods had similar error rates, with the WV method
having a slightly lower error rate than the KNN method
(Fig. 3a). The best prediction accuracy (81.6%) was obtained by
the WV method with five class predictor genes. In this cross-
validation, different sets of five predictors were selected for each
leave-one-out trial, with a total of 11 probe sets (corresponding
to 10 genes) used as predictors. Two-way clustering of the
expression profiles of these 11 probe sets yielded the dendro-
gram shown in Fig. 3b. It should be noted that two probe sets
(DKFZp56411922 and EPPK1) were selected as the predictors
in all 49 leave-one-out trials.

CanerSci | July2005 | vol.96 | no.7 | 389
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Fig. 2. Isolation of a PDC-specific molecular signature. (a) Dendrogram of the 21 probe sets whose expression level differed significantly (Welch's
ANovA, P < 0.001) with an effect size of = 50 U between normal and cancerous specimens. Each row corresponds to a separate subject, and each
column to a probe set whose expression is color-coded according to the scale in 1. Gene symbols are shown at the top; 229860_x_at, 228088 _at,
214036_at, 230296_at, and 240770_at are expressed sequence tag IDs designated by Affymetrix. Detailed information on the genes and their
expression levels is provided in Supplementary Information at the Cancer Science web site. (b) Correspondence analysis of the 21 probe sets
identified three major dimensions in their expression profiles. Projection of the specimens into a virtual space with these three dimensions revealed
that those from individuals with a normal pancreas and those from patients with PDC were partially separated.
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Fig. 3. Supervised class prediction. (a) Cross-
validation trials for class prediction of normal or
PDC specimens based on various numbers of
predictor genes were performed with the WV or
KNN methods. Correct prediction rate (%) is plotted
for each trial. (b) Expression profiles of 11 probe
sets identified by the WV method with five
predictors. Samples are clustered according to the
similarity in the expression pattern of the 11 probe
sets. Asterisks indicate the two probe sets selected
in all trials. Detailed information on the genes and
their expression levels is provided in Supplementary
Information at the Cancer Science web site.
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Fig- 4. Validation by reverse transcription and real-time PCR analysis
of gene expression profiles obtained by microarray analysis. The
relative amounts of mRNA corresponding to SS7, SCGB3A1, KIAA1324
or EPPKT in the MUC1* cells derived from (O) healthy individuals or
(@) patients with PDC were determined by reverse transcription and
real-time PCR with ACTB transcripts as the internal standard. The
resulting values are plotted against those obtained by microarray
analysis. Pearson's correlation coefficient (r) values are provided for
each comparison.

Confirmation of expression data. To confirm the gene expression
profiles obtained by microarray analysis, we measured the mRNA
levels of some genes by reverse transcription and quantitative real-
time PCR analysis. The relative amounts of mRNA derived from
the SST (GenBank accession number NM_001048) or SCGB3A1
(GenBank accession number AA742697) genes, for example,
determined by this latter approach were highly comelated with
those quantitated by microarray analysis (Fig. 4).

Discussion

In the present study, we constructed the largest gene expression
database available to date for pancreatic ductal cells. Our
statistical approach to identify genes associated with a diagnosis
of PDC resulted in the extraction of 21 probe sets, three of
which were preferentially expressed in normal ductal cells
and the remaining 18 were preferentially expressed in
cancerous ductal cells. The latter group contained the genes
for H2B histone family member B (H2BFB; GenBank
accession number BC002842), RAS protein activator-like 2
(RASAL2; GenBank accession number NM_004841), procollagen-
lysine, 2-oxoglutarate S5-dioxygenase 2 (PLOD2; GenBank
accession number NM_000935), adlican (DKFZp56411922;
GenBank accession number AF245505), and epiplakin 1
(EPPKI; GenBank accession number AL137725). H2BFB
functions as a linker histone in nucleosome compaction.®” The
increased expression of H2BFB in PDC cells therefore
probably reflects the increased proliferation rate of these cells.
RASAL?2 shares a GTPase-activating protein (GAP)-related
domain with members of the RAS-GAP family of proteins
and is thought to contribute to the regulation of small GTP-
binding proteins. RASALZ is localized within the prostate
cancer susceptibility locus at chromosome 1¢25@%, so an
altered activity of the encoded protein might thus be directly
linked to carcinogenesis.

The expression profile of these disease-associated genes was
not, however, sufficient to separate the specimens into the
normal or cancer class with a high accuracy. We therefore applied
sophisticated algorithms in the supervised mede in an attempt to
achieve this goal. In our trials of the WV and KNN methods
with various numbers of predictor genes, the WV method
trained with five genes gave the best result. The accuracy of cor-
rect diagnosis achieved (81.6%) is higher than that obtained by
cytological examination of pancreatic juice.?®

In the ‘leave-one-out’ trials for all 49 samples, a total of 11
probe sets were chosen by the WV algorithm as the class
predictors. These probe sets corresponded to 10 genes, includ-
ing those for EPPK1, DKFZp56411922, PL.OD2, SCGB3Al,
SST, and neuronal cell adhesion molecule (NRCAM; GenBank
accession number NM_005010). NRCAM belongs to the immuno-
globulin (Ig) superfamily of proteins, contains multiple repeats
of the Ig domain in its extracellular region, and is expressed at
the surface of neuronal cells. The DKFZp56411922 protein also
contains 12 repeats of the Ig domain.®® Increased expression
of these Ig domain-containing proteins may thus be a specific
property and a novel molecular marker of PDC.

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

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

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