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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-f 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? 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 RAT1 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 cDNAs. With this library, we
have revealed that the lymphotoxin-f 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
I1A oligonucleotide, and CDS primer IIA (Clontech, Palo Alto, CA). The
resulting cDNAs were amplified for 14 cycles with 5’ PCR primer ITA and
a SMART PCR c¢DNA synthesis kit (Clontech), with the exception that
LA Tagq polymerase (Takara Bio, Shiga, Japan) was substituted for the
Advantage 2 DNA polymerase provided with the kit. The amplified
c¢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 DI 10B
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-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 IIA and LA
Tag 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 sceded 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 c¢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 (§'-
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-GACTCGAGTCGACATCGATTTTTITTITITIT
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
foct 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
B UBQLN1 NM_013438 Yes
6 TBCID2 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 AA627562 ND
13 PFKP NM_002627 Yes

ORF, open reading frame; ND, not determined.

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

Identification of a truncated form of LTBR

Although the nucleotide sequence of both ends of our
LTBR ¢DNA was identical to that of human LTBR, the
size of our cDNA (1452 bp) 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 ¢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 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, | mm.
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gcectggaggeceggectggecgeteceggecctggggtgcacateggecctgagteceg 60

tceccaggetetgggetcegggcageegeegecacegetgeccaggacgtegggectectge 120

cttcctcccaggcccccacgttgctggccgcctggccgagtggccgccatgctcctgcct 180
L L P

tgggccacctctgcccccggcctggcctgggggcctctqgtgctgggcctctthggctc 240
W A T S A P G L

ctggcagcatcgcagccccaggcggtgcctccatatgcgtcggagaaccagacctgcagg 300
L A A S Q P Qg & V P P Y A S Q

gaccaggaaaaggaatactatgagcecccagcaccgeatetgectgecteeccgetgeecegeca 360
D Q E K E Y Y E P Q H R I C C S8 R C P P

ggcacctatgtctcagctaaatgtagccgcatccgggacacagtttgtgccaoatgtgec 420
Y 5 A K ¢ 8§ R I R DT V C A& T C A

gagaattcctacaacgagcactggaactacctgaccatctgccagctgtgccgcccctgt 480
E N § Y N E W Y L T I ¢ @ L ¢ R P C

gacccagtgatgggcctc gaggagattgcececctgecacaagcaaacggaagacccagtge 540
D P VvV M L F E I A P C T 8§ K R K T 9 C

cgctgccagccgggaatgttctgtgctgcctgggccctcgagtgtacacactgcqaqcta 600
Q G M o] ¢ T H € E L

ctttcLgactgcccgcctggcactgaagccgagctcaaagatgaagttgggaagggtaac 660
L 8 bp ¢ P P G T B A E L K D E V N

aaccactgcgtcccctgcaaggcJgggcacttccagaatacctcctcccccagcgcccgc 720
N H C P ¢C K A G H F Q N T 8§ § P S8 A R

tgccagccccacaccaggtgtgagaaccaaggtctggtggaggcagctccaggcactgcc 780
¢ @ P H T (o4 Q G L VvV E A P G T A

¢ §s b r T ¢C K NP L E P L P P E s G T
) RACE-2
atgctgatqctggccgttctgctgccactggccttctttctgctccttgccaccgtcttc 900
M L. AV L L P L AF ¥ LL L L A T V F

cagtccgacacaacctgcaaaaatccattagagccactgcccccagatcaggaacc 840
¢

tcctgcatctggaagagccacccttctctctgcaggaaactgggatcgctgctcaagagg 960
K

S S H p 8 L C R K
RACE 1
cgtccgcagggagagggacccaatcctgtagctggaagctgggagcctccgaaggcccat 1020
R P Q G P N P W E P P K A H
RT pnmer
ccatacttccctgacttggtacagccactgctacccatttctggagatgtttccccagta 1080
P ¥ F P DL V Q P L L P I 8 G s PV

tccactgggctccccgcagccccagttttggaggcaggggtgccgcaacagcagagtcct 1140
T G L P A A P V L E P O Q Q P

ctggacctgaccagggagccgcaqttggaacccggqgagcagagccaggtggcccacggt 1200
L b L T R Q P Q Q Vv H

accaatggcattcatgtcaccggcgggtctatgactatcactggcaacatctaca‘cctac 1260
T N G I H V T M T I P® G N I Y I Y

aatggaccagtactggggggaccaccgggtcctggagacctcccagctacccccgaacct 1320
N ¢ P V L P P P D L P A TP E P

ccataccccattcccgaagagggggaccctggccctcccgggctctctacaccccaccag 1380
P Y P I P E E G P G P P G L 8§ TP H Q

qaagatggcaaggcttggcacctagcggagacagagcactgtggtgccacaccctctaac 1440
H L A E T o A T P S8 N

aggggcccaaggaaccaatttatcacccatgactgacggagtctgagaaaaggcagaaga 1500
R P R N Q F I T H D End

aggggggcacaagggcactttcteccttgaggetgcectgeccacgtgggattcacaggg 1560
gcetgagtagggcceggggaageagagecctaagggattaaggetcagacacctetgaga 1620
gcaggtgggcactggetgggtacggtgecctccacaggactetecectactgectgagecaa 1680
acctgaggectececggecagaccecacccacceectggggetgetecagectcaggcacggac 1740
agggcacatgataccaactgctgcccactacggcacgecgecaccggagcacggcaccgag 1800
ggagccgcecacacggtcacctgcaaggacgtcacgggecccctectaaaggattegtggtge 1860
tcatccccaagettcagagacecttitggggticcacacttecacgtggactgaggtagace 1920
ctgcatgaagatgaaattatagggaggacgetecttecctecectoctagaggagaggaa 1980
agggagtcattaacaactagggggttgggtaggattcctaggtatggggaagagttttgg 2040
aaggggaggaaaatggcaagtgtatttatattgtaaccacatgcaaataaaaagaatggg 2100
acctaaactecgtgecgetegtgecgaattectgeag 2136

Fig. 2. Characterization of an LTBR cDNA isolated by screening for transformation activity. Amino acid residues of the full-length LTBR protein are
aligned with the previously determined nucleotide sequence of LTBR ¢cDNA (NM_002342). The cDNA 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 arc
indicated by closed circles in alignment with the reported LTBR ¢cDNA sequence. Numbers on the left indicate nucleotide positions relative to the
translation initiation site of the full-length (wild-type) cDNA. The arrow indicates the 5’ end of the cDNA isolated by retroviral screening in the present

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

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

Discussion

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

Our screen also identified a transforming cDNA that
encodes an 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-0182 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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pMXS-KRAS2

10/10 6/6

Fig. 4. Transforming activity of short-type LTBR. (A) Focus formation assay. 3T3 cells infected cither 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 pm. (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. Itis 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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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 (n=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
EBYV indisease pathogenesis. However, little is known of how
infection with EBV might trigger clonal growth of NK cells.

* Corresponding author. Tel.: +81 285 58 7449; fax: +81 285 44 7322.
E-mail address: hmano@jichi.ac.jp (H. Mano).

0145-2126/$ ~ see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/.Jeukres.2005.02.002

Inactivation of tumor suppressor genes has been associated
with NK cell neoplasia. For instance, a homozygous deletion
of the genes for p16INK4A, p15INK4B, or pl14ARF 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
cDNA 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 KRAS? 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 (20U/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
ITA oligonucleotide, and CDS primer IIA (Clontech, Palo
Alto, CA). The resulting cDNA molecules were then ampli-
fied for 12 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 PCR products were treated with proteinase K, rendered
blunt-ended with T4 DNA polymerase, and ligated to a BstX1
adapter (Invitrogen). Unbound adapters were removed with a
¢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 BstXI. The pMX-cDNA plasmids were introduced into
ElecroMax DH10B cells (Invitrogen) by electroporation.

2.3. Focus formation assay

BOSC23 cells (1.8 x 10°%) were seeded onto 6-cm culture
plates, cultured for 1 day, and then transfected with a mixture
comprising 2 jug of retroviral plasmids, 0.5 ug of pGP plas-
mid (Takara Bio), 0.5 g of pE-eco plasmid (Takara Bio), and
18 L 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 vL-glutamine. Transformed foci were
isolated after 3 weeks of culture.

2.4. Recovery of cDNAs from 373 cells

Each 3T3 cell clone was harvested with a cloning syringe
and cultured independently in a 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 KRASZ2

Detection of KRAS2C12A ¢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 BstNI
site) and 3’-RAS primer A (5-CTGTGTCGAGAATAT-
CCAAGAGACA-3'). The PCR product was subjected to di-
gestion with BstNI (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 BstNI 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 10° 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 KRAS2C1?A in KHYG-1 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 B-actin (ACTB; GenBank accession
number, NM_001101) and profilin 1 (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™) 8 (IDH3B,8
GenBank accession number, NM_006899).

KRAS?2 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 pm.

— 308 —



946 Y.L. Choi et al. / Leukemia Research 29 (2005) 943-949

s
[}
o
B
<
o
2
2
=

#2
#30

#31
#32

M T E Y K L VvV V V 6 A G G V G

atgactgaatataaacttgtggtagttggagetggtggegtagge

Published 1
KHYG-1
clones 1

®)

©

v

atgactgaatataaacttgtggtagttggagetgetggegtagge
M T E ¥ K L V V V G A &2 G V G

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 KRAS 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 KRAS26!24 was used
to infect 3T3 cells. The cells were photographed after cuiture 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 KRAS2G124 | 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
KRAS2612A possesses oncogenic activity.

3.3. Screening for KRAS29'%A in NK cell leukemia

To determine whether KRAS2C124 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 cDNA 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 BstNI 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 BsfNI.

After BsiNI digestion, the PCR product was subjected to
a second PCR with 5'-RAS primer and 3/-RAS primer B.
Given that BsNI digestion removes the binding site for 5'-
RAS primer, only KRAS2 cDNA with a mutation at the first or
second position of codon 12 should yield a second PCR prod-
uct. Even if BstNI digestion of the initial PCR product was
not complete and the second PCR amplified a trace amount
of wild-type KRAS2 cDNA, a second BsfNI digestion further
discriminates between the wild-type and mutant genes. The
3'-RAS primer B thus contains a guanine substitution that
generates a BstNI site. The second PCR product of wild-type
KRAS2 cDNA would thus contain two BstNI 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 BsiNI. The nucleotides shown in red were incorporated into the primers to generate a BstNI site. Open circles indicate
BsiN1 sites; closed circles indicate corresponding mutant sequences that are not susceptible to BstNI; (B) cDNA isolated from the NKI. and KHYG-1 cell lines
as well as from CD3~CD36* NK cell fractions derived from healthy volunteers (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 (n=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 BstNI digestion, indicat-
ing that only KHYG-1 cells harbor a codon 12 mutation of
KRAS?2. The presence of the 143-bp band may indicate that
KHYG-1 cells are heterozygous for the KRASZ 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 BstNI to

generate a 125-bp band, Bs¢NI 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-I 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 109, 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 KRAS2C12A | 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 Pfiil 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
is 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 MDM?2.

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
KRAS?2 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
ANKL, 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
tothe KHYG-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

Acute myeloid leukemia (AML) is characterized by clonal growth of immature leukemic blasts and develops either de novo
or secondarily to anticancer treatment or to other hematologic disorders. Given that the current classification of AML, which
is based on blast karyotype and morphology, is not sufficiently robust to predict the prognosis of each affected individual, new
stratification schemes that are of better prognostic value are needed. Global profiling of gene expression in AML blasts has
the potential both to identify a small number of genes whose expression is associated with clinical outcome and to provide
insight into the molecular pathogenesis of this condition. Emerging genomics tools, especially DNA microarray analysis, have
been applied in attempts to isolate new molecular markers for the differential diagnosis of AML and to identify genes that
contribute to leukemogenesis. Progress in bioinformatics has also yielded means with which to classify patients according to
clinical parameters such as long-term prognosis. The application of such analysis to large sets of gene expression data has begun
to provide the basis for a new AML classification that is more powerful with regard to prediction of prognosis.
Int J Hematol. 2004;80:389-394. doi: 10.1532/1JH97.04111
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1. Introduction such genomics approaches, DNA microarray analysis has
probably been the most successful to date. A DNA microarray

The human genome project was launched in 1991 as a resembles a microscope slide and contains tens of thousands
joint program by the United States, the United Kingdom, of genomic fragments, complementary DNAs (cDNAs), or
Japan, France, Germany, and China. Ten years later, the first ~ oligonucleotides present in individual spots. Hybridization of
draft sequence of the entire human genome, including the  such arrays with labeled cDNAs derived from a sample
nucleotide sequence of approximately 90% of euchromatin ~ mRNA population allows measurement of the amounts of
with 99.9% accuracy, was completed by the international the original mRNAs for all genes represented on the array
team [1]. The total number of protein-coding genes was esti- [3]. The high density of DNA fragments achievable on cur-
mated to be approximately 31,000, only twice that for a  rently available microarrays makes it possible to quantitate
nematode [2]. Completion of the human sequencing project ~ the mRNA levels for all human genes with 1 array experi-
was announced in 2003, with the determined nucleotide ment. Such profiling of gene expression in a given cell or tis-

sequence encompassing >99% of euchromatin with an accu-  sue type promises to provide a new dimension to our under-

racy of 99.99% (http://www.ncbinlm.nih.gov/genome/guide/  standing of biology.

human). Annotation of the final sequence is still in progress Microarray analysis has been applied, for instance, to

but is expected to be completed soon. The postgenome era is characterize the differentiation [4] and the inflammatory

therefore about to begin. response [5] of human cells. Gene expression profiling has
Compilation of the catalog of human genes has spurred also helped to develop new classification systems for human

the development of new technologies to investigate and char-  diseases that had previously been categorized on the basis of

acterize changes—at the gene, messenger RNA (mRNA), or pathology or cell morphology. Microarray analysis of human
protein level—in the entire gene set simultaneously. Among specimens of prostate cancer, for example, has resulted in the
identification of new biomarkers that predict poor prognosis
[6]. Characteristic patterns of gene expression, or “molecular
signatures,” are similarly expected to provide a basis for the

Correspondence and reprint requests: Hiroyuki Mano, MD, subdivision of patients with the same clinical diagnosis into
PhD, Division of Functional Genomics, Jichi Medical School, groups with distinct prognoses [7].
3311-1 Yakushiji, Kawachigun, Tochigi 329-0498, Japan; 81-285-58- Acute myeloid leukemia (AML) is characterized by the
7449; fax: 81-285-44-7322 (e-mail: hmano@jichi.ac.jp). clonal growth of immature leukemic blasts in bone marrow
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(BM) and can develop de novo or from either myelodysplas-
tic syndrome (MDS) or anticancer treatment [8]. One of the
most robust predictors of AML prognosis is blast karyotype
[9,10]. A good prognosis is thus predicted from the presence
in leukemic clones of t(8;21), t(15;17), or inv(16) chromoso-
mal rearrangements, whereas —7/7q—, 11q23, or more com-
plex abnormalities are indicative of a poor outcome. Such
stratification is not informative, however, [or predicting the
prognoses of patients with a normal karyotype, who consti-
tute approximately 50% of the AML population.

A clinical record of a preceding MDS phase is also an
indicator of poor prognosis for individuals with AML. Ther-
apy-related acute leukemia (TRL) can develop after the
administration of alkylating agents, topoisomerase inhibitors,
or radiotherapy. The clinical outcome of TRL is generally
worse than that of de novo AML [11], and a subset of indi-
viduals with TRL also exhibits multilineage dysplasia of
blood cells. Prediction of the outcome of and optimization of
the treatment for each AML patient would thus be facili-
tated by the ability to differentiate de novo AML from MDS-
related AML and TRL. However, dysplastic changes (in par-
ticular, dyserythropoiesis) in differentiated blood cells are
also found not infrequently in the BM of healthy elderly indi-
viduals [12]. The differential diagnosis among AML-related
disorders is therefore not always an easy task in the clinical
setting, especially if a prior record of hematopoietic parame-
ters is not available.

The application of DNA microarray analysis to AML has
the potential (1) to identify molecular markers for the differ-
ential diagnosis of AML-related disorders, (2) to provide a
basis for the subclassification of such disorders, and (3) to
yield insight into the molecular pathogenesis of AML. In this
article, I review progress related to the first 2 of these goals.

2. Identification of Molecular Markers for the
Differential Diagnosis of AML

2.1. Karyotype

Given that the current classification of AML relies on
blast karyotype, it would be informative to determine
whether karyotype is related to the gene expression profile
of blasts. In other words, is DNA microarray analysis able to
substitute for conventional karyotyping?

Schoch et al performed microarray analysis with BM
mononuclear cells (MNCs) isolated from individuals with
AML and compared the data among the patients with
t(8;21), t(15:17), or inv(16) chromosomal anomalies [13].
Each of these 3 AML subgroups was found to possess a dis-
tinct molecular signature, and it was possible to predict the
karyotype correctly on the basis of the expression level of
specific genes. The leukemic blasts of these subgroups of
AML manifest distinct differentiation abilities, however.
Blasts with t(8;21) remain as immature myeloblasts, those
with t(15;17) differentiate into promyelocytes, and those with
inv(16) differentiate into cells of the monocytic lineage. The
overall gene expression profiles of these 3 types of blasts
therefore might be substantially affected by the mRNA
repertoires of the differentiated cells present within BM. It
remains to be determined whether such “karyotype-specific”

molecular signatures are indeed dependent on karyotype or
are related to French-American-British (FAB) subtype (dif-
ferentiation ability).

The gene expression profiles of BM MNCs derived from
a large number of pediatric AML patients were examined by
Yagi et al [14]. Clustering of these patients according to the
expression pattern of the entire gene set resulted in their sep-
aration into FAB subtype-matched groups, indicative of a
prominent influence of differentiated cells within BM on the
gene expression profile. It may nevertheless prove possible
to capture bona fide karyotype-dependent genes from large
data sets with the use of sophisticated bioinformatics
approaches and then to use the expression profiles of these
genes for “pseudokaryotyping.”

Virtaneva et al purified CD34* progenitor cells from the
BM of individuals with AML and compared the gene expres-
sion profiles of the patients with a normal karyotype and
those with trisomy 8 [15]. They also compared such AML
blasts with CD34* fractions isolated from the BM of healthy
volunteers. The use of CD34* (immature) cells for microar-
ray analysis would be expected to reduce the influence of dif-
ferentiated cells within BM on the overall pattern of gene
expression. These researchers found that the AML blasts dif-
fered markedly from normal CD34" cells in terms of the gene
expression profile. However, the blasts with trisomy 8 did not
appear to differ substantially from those with a normal kary-
otype. It is possible that blasts with a normal karyotype or
those with trisomy 8§ are too diverse to allow identification of
distinguishing gene markers.

2.2. De Novo AML versus MDS-Related AML

Although dysplasia is the diagnostic hallmark of MDS,
such abnormal cell morphology is also associated with other
conditions, and the subjective assessment of the extent of
dysplasia suffers from the risk of variability from physician to
physician. It is therefore desirable to identify molecular
markers that are able to distinguish de novo AML from
MDS-associated AML. It is also important to clarify whether
de novo AML and MDS-associated AML are indeed distinct
clinical entities or whether they overlap to some degree.

Although DNA microarray analysis is a promising tool
for the identification of such molecular markers able to dif-
ferentiate de novo AML from MDS-related AML, a simple
comparison of BM MNCs for these 2 conditions is likely to
be problematic. The cellular composition of BM MNCs dif-
fers markedly among individuals. Differences in the gene
expression profile between BM MNCs from a given pair of
individuals may thus refiect these differences in cell compo-
sition [16]. The elimination of such pseudopositive and
pseudonegative data necessitates the purification of back-
ground-matched cell fractions from the clinical specimens
before microarray analysis.

Given that de novo AML and MDS both result from the
transformation of hematopoietic stem cell (HSC) clones,
HSCs would be expected to be an appropriate target for
purification and gene expression analysis. With the use of an
affinity purification procedure based on the HSC-specific
surface protein CD133, also known as AC133 [17], we have
purified CD133* HSC-like fractions from individuals with
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various hematopoietic disorders, and we have stored these
fractions in a cell depository referred to as the Blast Bank.
With such background-matched purified samples, we
attempted to identify differences in gene expression profiles
between de novo AML and MDS-associated AML [18}. To
minimize further the influence of differentiation commit-
ment of blasts toward certain lineages, we used only Blast
Bank samples with the same phenotype, the M2 subtype
according to the FAB classification. We thus characterized
the expression profiles of >12,000 genes in CD133* Blast
Bank samples from 10 patients with de novo AML of the M2
subtype as well as from 10 individuals with MDS-related
AML of the same FAB subtype.

Selection with a Student ¢ test (P < .01) and an effect size
of =5 units for discrimination between the 2 clinical condi-
tions led to the identification of 57 “diagnosis-associated
genes,” the expression profiles of which are shown in a “gene
tree” format in Figure 1A. In this format, genes with similar
expression patterns across the samples are clustered near
each other. Patients were also clustered in this tree (2-way
clustering) on the basis of the similarity of the expression
pattern of the 57 genes (dendrogram at the top). All subjects
were clustered into 2 major groups, 1 composed mostly of de
novo AML patients and the other containing predominantly
patients with MDS-associated AML. Each of these 2 main
branches contained misclassified samples, however, indicat-
ing that simple clustering was not sufficiently powerful to dif-
ferentiate the 2 clinical conditions completely. Furthermore,
this analysis might not adequately address whether de novo
AML and MDS-associated AML should be treated as dis-
tinct entities, at least from the point of view of the gene
expression profile.

Decomposition of the multidimensionality of gene
expression profiles by the application of principal compo-
nents analysis [19] or correspondence analysis [20], for exam-
ple, is often informative for such purposes. Application of the
latter method to the data set of the 57 genes reduced the
number of dimensions from 57 to 3. On the basis of the cal-
culated 3-dimensional (3D) coordinates for each sample, the
specimens were then projected into a virtual 3D space (Fig-
ure 1B). Most of the de novo AML samples were positioned
in a region of this space that was distinct from that occupied
by the MDS-associated AML specimens. However, 2 of the
former samples were localized within the MDS region. These
results suggest that de novo AML and MDS-associated AML
are distinct disorders but that the current clinical diagnostic
system is not efficient enough to separate them completely.

Instead of extracting a molecular signature from the
expression profile of multiple genes, an alternative approach
is to attempt to identify individual gene markers specific to
either de novo AML or MDS-associated AML. We used the
Blast Bank array data to identify MDS-specific markers,
defined as genes that are silent in blasts from all de novo
AML patients but are active in those from at least some
patients with MDS-related AML [16]. This approach resulted
in the identification of a single gene, DLK, that matched
these criteria. DLK is expressed in immature cells [21] and is
implicated in the maintenance of the undifferentiated state
[22]. Selective expression of DLK in MDS blasts may thus
contribute to the pathogenesis of MDS. Increased expression
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Figure 1. Correspondence analysis and 3-dimensional (3D) projection
for differential diagnosis of acute myeloid leukemia (AML). A, Two-way
hierarchical clustering for 57 disease-associated genes and 20 patients.
Each row corresponds to a single gene and each column to CD133* cells
from a patient with de novo AML (blue) or myelodysplastic syndrome
(MDS)-related AML (red). The expression level of each gene is color
coded, with a high level in red and a low level in green. B, Projection of the
20 specimens from (A) into a virtual space with 3 dimensions identified by
correspondence analysis of the 57 genes. Patients with de novo AML
(AML) were separated from those with MDS-related leukemia (MDS).
C, Projection of specimens from patients with de novo AML without dys-
plasia (AML) or de novo AML with multilineage dysplasia (MLD) into a
3-dimensional space based on correspondence analysis of differences in
gene expression. The dendrogram in (A) and 3-dimensional projections in
(B) and (C) were constructed from data in [18] and [28].

— 315 —



392 Mano / International Journal of Hematology 80 (2004) 389-394

of DLK in blasts from individuals with MDS has also been
demonstrated in other studies [18,23].

Cell fractions other than CD133* cells are also potential
targets for microarray analysis. Pellagatti et al chose periph-
eral blood neutrophils to investigate the gene expression
profiles of MDS and MDS-associated AML [24]. They iden-
tified genes whose expression was dependent on MDS sub-
type. Given the high activity of ribonuclease in neutrophils,
however, it is important to confirm the reproducibility of
expression data obtained with these cells.

2.3. Dysplasia

In addition to the dysplastic blood cells associated with
MDS, prominent dysplasia is apparent in certain individuals
with de novo AML for whom the possibility of a prior MDS
phase can be excluded [25,26]. Such de novo AML with dys-
plasia has a poor outcome with conventional chemotherapy
[27], as does MDS-related leukemia. In the revised classifi-
cation of AML by the World Health Organization [8], an
entity of AML with multilineage dysplasia (AML-MLD)
has been proposed; this entity probably includes both de
novo AML with dysplasia and AML secondary to MDS.
Whether such an amalgamation has clinical relevance awaits
further studies.

To clarify directly whether de novo AML-MLD is indeed
a clinical entity distinct from de novo AML without dyspla-
sia, we searched for differences between the transcriptomes
of CD133"* cells derived from individuals with diagnoses of
these 2 conditions [28]. We attempted to construct a 3D view
of the samples with the coordinates calculated from corre-
spondence analysis of genes found to be associated with dys-
plasia (Figure 1C). Most cases of AML-MLD were separated
from those of AML without dysplasia in the 3D space. In
contrast to the prominent separation power of the first
dimension in Figure 1B, both the first and second dimensions
substantially contributed to separation of the samples in Fig-
ure 1C. These data indicate that de novo AML without dys-
plasia can be differentiated from de novo AML-MLD on the
basis of gene expression profiles.

3. Stratification of AML
3.1. Analysis of BM MNCs

Given that the current classification of AML is not suffi-
ciently powerful to predict the prognosis of each affected
individual, it is hoped that DNA microarray analysis will pro-
vide a better stratification scheme to separate AML patients
into prognosis-dependent subgroups. To this end, Bullinger
et al isolated MNCs from either BM or peripheral blood of
116 adult AML patients and examined the gene expression
profiles of these cells with DNA microarrays harboring
>39,000 cDNAs [29]. From the data set, they then screened
“class predictor” genes, whose expression was correlated
with the duration of patient survival. Class prediction based
on such genes separated the patients into 2 classes, and long-
term survival differed significantly between these 2 classes
for both the training set (P < .001, log-rank test) and the test
set (P = .006). This expression profile~based classification

also separated AML patients with normal karyotype into 2
classes with distinct prognoses (P = .046). Although the num-
ber of genes used for the class prediction was relatively large
(n = 133), these data demonstrated that DNA microarray
analysis is able to predict the prognosis of AML patients in a
manner independent of karyotype.

Similarly, Valk et al measured the expression levels of
approximately 13,000 genes in BM MNCs isolated from 285
patients with AML [30]. Unsupervised clustering based on
the gene expression profiles separated the patients into 16
subgroups. The prognoses of patients differed among these
clusters, but whether the ability to predict prognosis was
independent of karyotype was not addressed.

The gene expression profiles of BM MNCs from 54 pedi-
atric AML patients were compared for those individuals who
maintained complete remission (CR) for >3 years and those
who failed to enter initial CR [14]. Thirty-five genes were
identified as associated with prognosis and were used to sep-
arate the individuals into 2 groups. The difference in survival
between the 2 groups was again statistically significant (P =
.03), although whether this approach was independent of the
current classification system was not addressed.

3.2. Analysis of Purified Fractions

As described in section 2.2, microarray analysis of purified
fractions is likely to be more accurate than is that of BM
MNCs for the extraction of prognosis-associated molecular
signatures. We have analyzed the expression intensities of
approximately 33,000 genes (likely representing almost the
entire human genome) in CD133* HSC-like fractions iso-
lated from 66 patients with AML who received standard
chemotherapy. Of these patients, 51 individuals entered ini-
tial CR, whereas the remaining 15 failed to do so. Compari-
son of the data set for these 2 classes resulted in the identifi-
cation of a small number of outcome-related genes
(Yamashita et al, unpublished data). Principal components
were extracted from the gene expression patterns, and the
patients were projected into a virtual 3D space based on the
coordinates obtained by correspondence analysis. Individu-
als who entered CR were separated from those who did not
(Figure 2A), indicating that the gene expression profile of
leukemic blasts indeed differs between AML patients who
respond to chemotherapy and those who do not. In this
analysis, the separation of the 2 groups of patients was
achieved mostly in the first dimension. We therefore sepa-
rated the patients into 2 subgroups according to whether the
coordinate in the first dimension was <~0.3 or =-0.3. The
individuals in the latter group lived significantly longer than
did those in the former (Figure 2B). These data support the
feasibility of a novel stratification scheme for AML based on
the gene expression profile.

4. Conclusion

Newly developed genomics tools allow global assessment
of mRNA levels, DNA copy number, or genomic polymor-
phisms. Among these tools, DNA microarray analysis has
proved highly successful in studies of human specimens, not
only from individuals with hematopoietic disorders but also
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Figure 2. Stratification of acute myeloid leukemia (AML) on the
basis of microarray analysis of gene expression. A, Projection of speci-
mens from patients with AML who underwent initial chemotherapy-
induced complete remission (CR) and thosc who did not (Failure) into
a 3-dimensional space based on correspondence analysis of differences
in gene expression. B, Kaplan-Meier analysis of the subjects in (A),
revealing significantly different prognoses for the 2 classes with a coor-
dinate in the first dimension of <-0.3 or =-0.3.

from those with solid tumors or nonmalignant degenerative
diseases. Insight into many more human disorders is likely
soon to be provided by such global profiling of gene expres-
sion. It is important to bear in mind, however, that DNA
microarray data are prone to contamination with pseudopos-
itive or pseudonegative results. The efficient characterization
of AML thus appears to require optimal purification of tar-
get cell populations. Provided that experiments are designed
carefully, DNA microarray analysis is likely to shed new light
on the molecular pathogenesis of AML.
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