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Epigenetic silencing of 4 XIN2 in colorectal carcinoma with microsatellite

instability
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Mutation or epigenetic silencing of mismatch repair genes,
such as MLHI and MSH2, results in microsatellite
instability (MSI) in the genome of a subset of colorectal
carcinomas (CRCs). However, little is yet known of genes
that directly contribute to tumor formation in such
cancers. To characterize MSI-dependent changes in gene
expression, we have now compared transcriptomes be-
tween fresh CRC specimens positive or negative for MSI
(n =10 for each) with the use of high-density oligonucleo-
tide microarrays harboring >44000 probe sets. Corres-
pondence analysis of the expression patterns of isolated
MSI-associated genes revealed that the transcriptome of
MSI* CRCs is clearly distinct from that of MSI™ CRCs.
Such MSI-associated genes included that for AXIN2, an
important component of the WNT signaling pathway.
AXIN?2 was silenced, apparently as a result of extensive
methylation of its promoter region, specifically in MSI+
CRC specimens. Forced expression of AXIV2, either by
treatment with 5-azacytidine or by transfection with
AXIN2 ¢cDNA, resulted in rapid cell death in an MSI+
CRC cell line. These data indicate that epigenetic
silencing of AXIN2 is specifically associated with
carcinogenesis in MSI* CRCs,

Oncogene (2006) 25, 139-146. doi:10.1038/sj.onc.1209009;
published online 10 October 2005
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Colorectal carcinoma (CRC) is one of the leading causes
of cancer death in humans. Evidence indicates the
existence of two major types of genomic instability
in CRCs: chromosomal instability and microsatellite
instability (MSI) (Lengauer et al., 1998). Whereas
chromosomal instability is associated with an abnormal
DNA content (such as aneuploidy), inactivation of the
tumor suppressor gene 7TP53, and activation of onco-
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genes (Kinzler and Vogelstein, 1996), MSI is associated
with defects in DNA mismatch repair (MMR) that
result in frameshift mutations in microsatellite repeats
and thereby affect the structure of genes containing such
repeats (Ionov et al., 1993).

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

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

To identify genes whose expression is specifically
altered in MSI+ CRCs, we first compared the tran-
scriptomes of CRCs with or without MSI. A total of 248
consecutive cases of CRC were examined for MSI status
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as well as for methylation of the promoter region of
MLHI (Koinuma et al., 2004). Most (n=213) of the
cancer specimens were MSI, with the remainder
(n=35) being positive for MSI. To compare the
transcriptomes of these two subtypes of CRC, we
randomly selected 10 specimens from each group and
subjected them to gene expression profiling with
microarrays (Affymetrix GeneChip HGU133) that
harbor >44000 probe sets. The clinical characteristics
of the patients whose CRC specimens were subjected to
microarray analysis are summarized in Table 1.

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

attempted to identify ‘MSI-associated probe sets’ whose
expression intensities differed significantly (Student’s
t-test, P<0.001) between the two classes and whose effect
size (absolute difference in mean expression level} was
250U, Two-way clustering analysis with the 24 probe
sets that fulfilled both these criteria clearly separated
the individuals of the two clinical classes (Figure 1a).
The distinct transcriptomes of the two classes were also
confirmed by correspondence analysis (Fellenberg et al.,
2001), which reduced the complexity of the gene
expression patterns from 24 to three dimensions.
Projection of the study subjects into a virtual three-
dimensional space based on their calculated coordinates
revealed that the MSI* specimens were positioned apart
from the MSI~ ones (Figure 1b). These data indicate
that the two classes of CRC possess distinct gene
expression profiles, or ‘molecular signatures’, and they
also suggest the feasibility of gene expression-based
differential diagnosis of the two CRC subtypes.

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

Patient Age Sex MSI status MLHI1 BRAF KRAS2 Tumor site Dukes Pathology AXIN2
1D - (years) methylation  gene gene stage methylation
225 83 Female Positive Yes Mutant  Wild Proximal C Well Yes
263 86 Female Positive Yes Mutant  Wild Proximal C Mod Yes
280 83 Female Positive Yes Mutant  Wild Proximal C Well Yes
305 74 Male Positive Yes Mutant  Wild Proximal B Sig No

318 76 Female Positive Yes Mutant  Wild Proximal B Well Yes

336 68 Male Positive Yes Mutant  Wild Proximal B Muc No

413 69 Female Positive Yes Mutant  Wild Proximal A Well No

416 76 Female Positive Yes Mutant  Wild Proximal B Muc No

433 54 Female Positive Yes Wild wild Proximal D Well Yes
479 74 Female Positive Yes Mutant  Wild Proximal B Mod No

238 74 Male Negative No Wild Mutant Distal A Well No

249 62 Male Negative No Wwild wild Proximal B Well No

278 73 Male Negative No wild Wwild Proximal C Well No

295 71 Female Negative No wild Mutant Proximal C Well No

298 70 Male Negative No Wwild Mutant Proximal D Well No

307 80 Female Negative No wild Wwild Proximal C Mod No

308 62 Male Negative No wild wild Distal B Mod No

319 53 Female Negative No wild Wwild Distal A Well No

419 45 Female Negative No wild Mutant Proximal D Muc No

426 42 Female Negative No Wild wild Proximal C Well No
Well = well-differentiated adenocarcinoma; Mod =moderately differentiated adenocarcinoma; Sig=signet ring cell adenocarcinoma;

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

Figure 1 Comparison of transcriptomes between CRCs positive or negative for MSL. (a) Subject tree generated by two-way clustering
analysis with 24 probe sets that contrasted the two clinical conditions (P<0.001; effect size, > 50 U). Tumor samples were obtained
from individuals with sporadic CRC who underwent surgical treatment at Jichi Medical School Hospital. Written informed consent
was obtained from all patients, and the present study was approved by the ethics committee of Jichi Medical School. Microsatellite
stability was determined by analysis of nine microsatellite repeat loci (three dinucleotide repeats and six mononucleotide repeats) as
described previously (Miyakura et al., 2001), and MSI status was stratified according to the criteria of the National Cancer Institute
workshop (Boland et al., 1998). Total RNA was extracted from ~ 100 mg of tissue, and was used in the hybridization experiments with
GeneChip HGU133 A&B microarrays (Affymetrix), which harbor >44000 probe sets corresponding to ~33000 human genes, as
described previously (Ohki-Kaneda et al., 2004). The mean expression intensity of the internal positive control probe sets (http://
www.affymetrix.com/support/technical/mask_files.affx) on the microarrays was set to 500 units (U) in each hybridization, and the
fluorescence intensity of each probe set was normalized accordingly. All normalized array data are available at the Gene Expression
Omnibus website (http://www.ncbi.nlm.nih.gov/geo) under the Accession Number GSE2138. Each column corresponds to a separate
sample (MSI~, green; MSI*, red), and each row to a probe set whose expression is color-coded according to the indicated scale. Gene
symbols are shown on the right; 225541 _at, 226545 _at, and 242414 _at are expressed sequence tag 1Ds designated by Affymetrix (http://
www.affymetrix.com). Annotations and expression intensities for the probe sets are presented in Supplementary Table 1. Note that
MLH] expression was specifically suppressed in the MSI* samples. (b) Samples were projected into a virtual space with coordinates
calculated by correspondence analysis of the 24 probe sets shown in (a). Correspondence analysis was performed with ViSta software

(http://www.visualstats.org) for all genes showing a significant difference.
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The isolated MSI-associated genes include AXIN2
and CTNNBI! (f-catenin), both of which encode key
participants in the WNT signaling pathway (Tolwinski
and Wieschaus, 2004). Dysregulation of ubiquitin-
dependent degradation of f-catenin contributes to
carcinogenesis in a variety of CRCs and hepatocellular
carcinomas {Narayan and Roy, 2003). AXIN2, similar
to AXINI, functions as a scaffold protein to facilitate
this ubiquitination process by recruiting adenomatous
polyposis coli (APC), glycogen synthase kinase-3f,
and fB-catenin (Behrens et al., 1998). Defects in the de-
gradation of f-catenin have been shown to result
from mutations in AXINI, AXIN2, APC, or CTNNBI
(Rubinfeld er al., 1997; Liu et al., 2000; Satoh et al.,
2000; Smith et al., 2002). Our data therefore suggest that
transcriptional suppression of 4AXIN2 might represent a
novel mechanism by which the function of the APC-
AXIN—-fi-catenin complex is impaired in CRC.

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

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

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

On the basis of these findings, we examined the
methylation status of the AXIN2 promoter in 37 clinical
specimens and five cell lines by combined bisulfite
restriction analysis (COBRA) (Xiong and Laird, 1997).
CpG methylation was detected in five of the 17 MSI+

Oncogene

specimens, but in none of the 20 MSI~ specimens
(Table 1; see Supplementary Table 2). Methylation of
the AXIN2 promoter was not detected in normal colon
tissue obtained from the individuals with MSI+ CRC
(data not shown), suggesting that 4AXIN2 methylation
was a somatic event in these patients.

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

To examine directly whether epigenetic silencing of
AXIN2 is relevant to the change in the growth properties
of CRC cells, we restored 4XIN2 expression, either by
5'-azacytidine treatment or by introduction of AXIN2
c¢DNA, in an MSI* CRC cell line. 5-Azacytidine
inhibits de novo methylation of genomic DNA and
thereby induces demethylation of the genome of
proliferating cells (Christman, 2002). HCT116 cells were
incubated for 3 days with various concentrations of
5'-azacytidine and were then subjected to COBRA for
determination of the methylation status of the 4AXIN2
promoter. Treatment with 5-azacytidine reduced the
level of methylation of the AXIN2 promoter in a
concentration-dependent manner (Figure 3a). This
effect of 5'-azacytidine was accompanied by an increase
in the amount of AXTN2 mRNA in the cells (Figure 3b)
as well as by the induction of cell death (Figure 3c).

Given that 5'-azacytidine likely affects the transcrip-
tion of other genes in addition to that of AXIN2, the
growth inhibitory effect observed in HCT116 cells might
not have been attributable solely to the induction of
AXIN2 expression. To examine the direct effect of
AXIN2, we introduced its cDNA into HCT116 cells by
transfection. However, an introduction of AXIN2
cDNA (even with the use of an inducible system)
resulted in rapid cell death, and we could not establish
stable transformants of cell lines with such expression
constructs (data not shown). Therefore, we generated an
amphotropic recombinant retrovirus that confers simul-
taneous expression of both an MYC epitope-tagged
form of AXIN2 and mouse CD8. Human kidney 293
cells infected with this virus, but not those infected with
a mock virus, expressed AXIN2 (Figure 3d). HCT116
cells were then infected with the virus and were subjected
to affinity chromatography 48h thereafter to isolate
cells that express CD8. Given that CD8-expressing cells
would be expected also to express AXIN2, this column
purification step should result in rapid enrichment of
AXIN2-expressing cells. The isolated cells indeed con-
tained a substantial amount of AXIN2 mRNA as
revealed by RT-PCR (Figure 3e). The purified CD8*
HCT116 cells were then cultured for 3 days to
characterize their growth properties. Forced expression
of AXIN2 resulted in marked inhibition of cell growth
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Figure 2 Suppression of 4XIN2 expression in CRCs positive for MSI. (a) Comparison of the abundance of AXIN2 mRNA in study
specimens as determined by microarray and RT-PCR analyses. For the latter, the amount of 4 XIN2 mRNA was expressed relative to
that of ACTB mRNA. Pearson’s correlation coefficient (r) for the comparison is indicated. Portions of double-stranded cDNA were
subjected to PCR with a QuantiTect SYBR Green PCR Kit (Qiagen). The amplification protocol comprised incubations at 94°C for
15s, 63°C for 30s, and 72°C for 60s. Incorporation of the SYBR Green dye into PCR products was monitored in real time with an
ABI PRISM 7700 sequence detection system (PE Applied Biosystems), thereby allowing determination of the threshold cycle (Cr) at
which exponential amplification of products begins. The amount of target cDNAs relative to that of the f-actin (4CTB) cDNA was
calculated from the Cy values with the use of Sequence Detector ver. 1.6.3 software (PE Applied Biosystems). The primers used for
PCR amplification were 5-CTGGCTCCAGAAGATCACAAAG-¥ and ¥-ATCTCCTCAAACACCGCTCCA-Y for AXIN2 and
5-CCATCATGAAGTGTGACGTGG-3 and 5-GTCCGCCTAGAAGCATTTGCG-Y¥ for ACTB. (b) Comparison of the amount of
AXIN2 mRNA relative to that of ACTB mRNA (as determined by RT-PCR) between MSI+ (closed bars) and MSI~ (open bars) CRC
specimens and cell lines. (¢) Genomic DNA of the indicated clinical specimens and CRC cell lines was treated with sodium bisulfite
(Koinuma et al., 2004), after which the AXIN2 promoter region was amplified by PCR with the primers 5-TTGTATATAGTTTA
GYGGTTGGG-3 and 5-AAATCTAAACTCCCTACACACTT-3. Closed and open circles indicate methylated and unmethylated
CpG sites, respectively. The positions of the CpG sites are indicated at the top, the Hhal digestion site for COBRA is indicated by the
arrow, and the microarray data for AXIN2 expression are shown on the right. (d) Immunohistochemical analysis of the indicated
clinical specimens with antibodies to AXIN2. The MSI status and the expression level of AXIN2 determined by microarray analysis are
indicated. Immunohistochemical analysis of AXIN2 expression was performed as described previously (Leung et al., 2002). Sections
(5 um) of formalin-fixed, paraffin-embedded tissue were mounted on Probe-On slides (Fisher Scientific), which were then incubated
first for 1 h at room temperature with 1.5% normal horse serum and then overnight at 4°C with goat polyclonal antibodies to AXIN2
(Santa Cruz Biotechnology). Immune complexes were detected by the avidin-biotin-peroxidase method with 3,3 -diaminobenzidine as
the chromogenic substrate (Vectastain ABC kit, Vector Laboratories). The sections were counterstained with hematoxylin. Scale bar,
50 pm.

(Figure 3f), indicating that silencing of AXIN?2 is indeed  signaling pathway. For this purpose, we utilized a
relevant to tumorigenesis. We also examined if the  luciferase-based reporter plasmid (TOPflash) for the
expression of AXIN2 directly suppresses the WNT  T-cell factor (TCF) activity, which is a direct target of
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f~catenin (Korinek et al., 1997). As shown in Figure 3g,
a forced expression of 4XIN2 induced a marked suppres-
sion in the luciferase activity in HCT116 cells. On the
other hand, AXIN2 did not affect luciferase activity
driven by a mutated, nonfunctional TCF-binding sites
(FOPflash). These data clearly indicate that AXIN2 is
involved in the WNT-APC-f-catenin pathway in CRCs.
We have demonstrated preferential transcriptional
silencing of AXIN2 in MSI* CRCs. Recently, mutations
within exon 7 of the AXIN2 gene have been reported in
MSI* CRC specimens (Liu et al., 2000; Wu et al., 2001).
We have thus analysed the nucleotide sequence of the
AXIN2 gene among our MSI+ samples (#=9). Sequen-
cing of the AXIN2 exon 7 has revealed that only one
patient (ID no. 263) carried a mutated AXIN2 gene in
one allele (data not shown). A deletion of a cytosine
residue at the nucleotide position 2096 of the AXIN2
cDNA (GenBank Accession Number, AF078165) led to
a frame shift in the open-reading frame in this patient,
introducing a premature termination codon in AXIN2
protein at the amino-acid position of 688. However,
majority of the patients had intact AXIN2 genes,
indicating that silencing, but not mutation, of AXIN2
is the main pathway to impede the 4X7N2 function.
The COBRA experiments revealed that the promoter
region of AXIN2 was extensively methylated in MSI+
CRCs but not in MSI- CRCs. Although the difference
in the frequency of 4 XIN2 methylation between these
two classes of tumor was significant (Fisher’s exact
probability test, P=0.003), the frequency for the MSI*
specimens was still only 29% and therefore was not able
to account for all the observed instances of suppression
of AXIN2 expression. We judged COBRA data as
positive for methylation if >10% of the PCR products
were digested by Hhal. However, a small proportion
(< 10%) of the PCR products was digested in the analysis
of ~50% of MSI* CRC specimens (data not shown),

indicating that alterations in the methylation status of the
AXIN2 promoter were more widespread. It is therefore
possible that CpG sites other than that targeted by
COBRA are more frequently methylated in MSI+ CRCs
and are more important for transcriptional regulation.

Similar promoter methylation has been recently
described for other genes important for the WNT
signaling pathway. The genes for secreted frizzled-
related proteins are thus epigenetically silenced in MSI*
CRGCs, resulting in constitutive activation of the WNT
pathway (Suzuki et al., 2004). CpG sites within the APC
promoter were also found to be frequently methylated in
CRCs and other cancers (Esteller et al., 2000; Zysman
et al., 2002). These data thus suggest that not only
genetic mutations but also epigenetic silencing might
play an important role in tumorigenesis mediated by
activation of the WNT pathway.

Methylation of the APC promoter in endometrial
cancer has been shown to occur preferentially in MSI+
tumors (Zysman et al., 2002). Despite the lack of an
MSl-associated difference in the expression of 4PC in
our CRC specimens (data not shown), the results of this
previous study together with our present findings
suggest the possibility that genes related to the WNT
signaling pathway are targeted for methylation specifi-
cally in cancers with MSI. Our data further indicate that
such methylation in MSI* cancers may be directly
relevant to the mechanism of malignant transformation
through epigenetic silencing of tumor suppressor genes.
MSI* CRCs have been thought to arise through genetic
events distinct from those that underlie MSI- cancers
(Rajagopalan and Lengauer, 2004), which are frequently
associated with aneuploidy and mutations in WNT
pathway genes such as APC and CTNNBI. However,
our data indicate that the molecular mechanisms for
malignant transformation overlap between MSI* and
MSI- CRCs.

>

Figure 3 Induction of cell death by restoration of AXIN2 expression in a CRC cell line with a methylated AXIN2 promoter. (a)
HCT116 cells were incubated for 72h with 0, 0.2, or 1 uM 5’-azacytidine and were then subjected to COBRA for determination of the
methylation status of the AXIN2 promoter (Xiong and Laird, 1997). Genomic DNA was denatured, incubated for 16h at 55°Cin 3.1 M
sodium bisulfite, and then subjected to PCR with the primers in Figure 2¢c. The PCR products were then digested with the restriction
endonuclease Hhal (Takara Bio), and the resulting DNA fragments were fractionated by polyacrylamide gel electrophoresis. The gel
was stained with SYBR Green I (Takara Bio) and scanned with an LAS3000 imaging system (Fuji Film). Genomic fragments were
determined to be positive for CpG methylation if >10% of the PCR products were cleaved by the restriction endonuclease. Lane M,
DNA size markers (50-bp ladder). (b) The cells from (a) were also subjected to RT-PCR analysis for determination of the amount of
AXIN2 mRNA relative to that of ACTB mRNA. (c) Cells treated as in (a) with 0, 0.2, 1, or 5 uM 5'-azacytidine were examined by light
microscopy. Cell death was estimated by counting the remaining viable cells in each culture dish by the dye-exclusion method. Scale
bar, 50 um. (d) Human kidney 293 cells infected with either a mock virus or a recombinant virus encoding both MYC epitope-tagged
AXIN2 and mouse CD8. A human cDNA for AXIN2 tagged at its NH,-terminus with the MYC epitope sequence was ligated into the
pMX-iresCD8 retroviral plasmid (Yamashita ez al., 2001) to yield pMX-AXIN2-MY C-iresCD8. The latter plasmid was introduced
into BOSC23 cells together with pE-ampho and pGP packaging plasmids (Takara Bio) by transfection with the use of Lipofectamine
(Invitrogen). The culture supernatant containing recombinant viruses was added to 293 cells with 4 ug/ml of polybrene (Sigma). Cells
were then subjected to immunoprecipitation with the antibodies to MYC (9E10, Roche Diagnostics), and to immunoblot analysis with
the same antibodies. (¢) HCT116 cells infected with the viruses in (d) were subjected to affinity chromatography to isolate CD8* cells,
which were then subjected to RT-PCR analysis for quantitation of AXIN2 mRNA relative to the amount of ACTB mRNA. (f) The
CD8* fractions in (e) were seeded at a density of 5 x 10* cells/dish and cultured for 72 h, after which the ratio of the final cell number to
the initial value was determined. Data are means + s.d. of triplicate from a representative experiment. The P-value for the indicated
comparison was determined by Student’s ¢ test. (g) HCT116 cells were seeded at a density of 2.5 x 10° cells/6cm dish. After 24 h of
incubation, the cells were transfected, with the use of Lipofectamine, with 2 ug of pMX-AXIN2-M YC-iresCD8 (AXIN2) or pMX-
iresCD8 (Mock). For the reporter plasmids, 0.5 ug of pGL4 (Promega, Madison, W1, USA) plus either 0.5 ug of pTOPflash or 0.5 ug of
pFOPflash (both from Upstate Biotechnology, Lake Placid, NY, USA) were added to the lipofection mix. The activity of Photinus
pyralis luciferase was measured after 24h of incubation with the use of the Dual-luciferase reporter assay system (Promega), and
normalized on the basis of the activity of Renilla reniformis luciferase produced by pGL4. Data are shown as the mean value +s.d. of
triplicate samples.
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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 celis
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.

Keywords: Aggressive NK cell leukemia; cDNA expression library; Retrovirus; KRAS2 oncogene

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 disease 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/j.teukres.2005.02.002

Inactivation of tumor suppressor genes has been associated
with NK cell neoplasia. For instance, a homozygous deletion
of the genes for pl 6INK4A, p15INK4B, 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 KRAS?2 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, Carisbad, 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
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 I1A and a SMART PCR
c¢DNA 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
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

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 pg of retroviral plasmids, 0.5 pg of pGP plas-
mid (Takara Bio), 0.5 wg of pE-eco plasmid (Takara Bio), and
18 pL of Lipofectamine reagent (Invitrogen). Two days after
transfection, polybrene (Sigma, St. Louis, MO) was added at
a concentration of 4 g/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 1r-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 I1A and LA Taq polymerase for
50 cycles of 98 °C for 20's 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 KRAS2912A ¢cDNA was performed as de-
scribed previously [14] but with minor modifications. In
brief, a 5'-region of KRAS2 ¢DNA was amplified from
oligo(dT)-primed cDNA by PCR with 5'-RAS primer (5'-
ACTGAATATAAACTTGTGGTAGTTGGACCT-3'; the un-
derlined cytosine was incorporated to gencrate a BstNI
site) and 3’-RAS primer A (5-CTGTGTCGAGAATAT-
CCAAGAGACA-3"). The PCR product was subjected to di-
gestion with BsfNT (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 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
c¢DNAs for the present study.

3.2. Identification of KRAS29'?4 in KHYG-1 cells

We generated a recombinant ecotropic retrovirus library
by introducing 7.1 x 103 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 (~0.9kbp) fragments were re-
vealed to be derived from B-actin (ACTB; GenBank accession
number, NM_001101) and profilin 1 (PFN1I; 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 KR4S 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 KRAS2612A was used
to infect 3T3 cells. The cells were photographed after culture for 2 weeks. Scale bar, 50 pm. ’

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 KRAS2912A 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 KRAS26'4 jn NK cell leukemia

To determine whether KRAS2512A 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 BseNI 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 KRAS2 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 BstNI site. The second PCR product of wild-type
KRAS2 cDNA would thus contain two Bs¢NI 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 Bs#NI site. Open circles indicate
BsiNI sites; closed circles indicate corresponding mutant sequences that are not susceptible to BsNI; (B) cDNA isolated from the NKL and KHYG-1 cell lines
as well as from CD3~CD56" 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
ANKUL 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 BsfNI 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 BstNI to

generate a 125-bp band, Bs¢NI digestion of the fragment de-
rived from KHYG-1 cells generated a band of 154bp. 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
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 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. KRAS2 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
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 KRAS?2, 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

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- 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 KRAS2 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

* Corresponding author. Fax: 481 285 44 7322,
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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-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 r-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 IIA (Clontech, Palo Alto, CA). The
resulting cDNAs were amplified for 14 cycles with 5’ PCR primer ITA and
a SMART PCR cDNA synthesis kit (Clontech), with the exception that
LA Tag polymerase (Takara Bio, Shiga, Japan) was substituted for the
Advantage 2 DNA polymerase provided with the kit. The amplified
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 ug of pGP plasmid (Takara Bio), 0.5 ug
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/mi,
and the supernatant was subsequently used to infect 3T3 cells for 48 h. The
culture medium of the 37T3 cells was then changed to DMEM-Fi2
supplemented with 5% calf serum and 2 mM r-glutamine, and the cells
were cultured for 2 weeks.

Recovery of cDNAs from transformants. Transformed 373 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 ITA 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 x 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)J], 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 (GeneCopocia, Germantown, MD) were
resuspended in 500 ul 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-GACTCGAGTCGACATCGATTTTTTTITTTIT
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 1.2x 10° 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 1§ transformed
foci were identified. No foci were observed for 3T3 cells
infected with the empty virus. Each transformed focus
was isolated, expanded, and used to prepare genomic
DNA. PCR amplification of the inserts identified a total
of 29 cDNA fragments, each of which was ligated into a
cloning vector and subjected to nucleotide sequencing from
both ends. Screening of the 29 cDNA sequences against the
public nucleotide sequence databases revealed that they
showed >95% sequence identity to 13 independent genes,
11 known and 2 unknown (Table 1).

To confirm the transforming ability of the isolated
cDNAs, we again ligated them into pMXS and used the
corresponding retroviral vectors to re-infect 3T3 cells.
Two of the 13 independent genes (clone 1D #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



