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ABSTRACT

Allelic loss of chromosome 9p21 is common in small cell lung cancer
(SCLC), but inactivation of the tumor suppressor gene CDKN2a is rare,
Implying the existence of another target gene at 9p2l. A recent deletion
mapping study of chromosome 9p has also identified a site of deletion in
non-small cell lung cancer (NSCLC) centered around D9S126. The Hel-Ni
(human elav-like neuronal protein 1) gene encodes a neural-specific RNA

binding protein that is expressed in SCLC. We have mapped this poten
tinily important gene in lung tumorigenesis to within 100 kb of the D9S126
marker at chromosome band 9p21 by using homozygously deleted tumor
cell lines and fluorescence in situ hybridization to normal metaphase
spreads. Hel-Ni Is, therefore, a candidate target suppressor gene in both
SCLC and NSCLC. We have determined the genomic organization and
intron/exon boundaries of Hel-Ni and have screened the entire coding
region for mutations by sequencing 14 primary SCLCs and cell lines and
21 primary NSCLCs preselected for localized 9p21 deletion or monosomy
of chromosome 9. A homozygous deletion including He/-Ni and CDKN2a
was found in a SCLC cell line, and a single-base polymorphism in exon 2

of Hel-Ni was observed in eight tumors. No somatic mutations of Hel-Ni
were found in this panel of lung tumors. Hel-Ni does not appear to be a
primary inactivation target of 9p21 deletion in lung cancer.

INTRODUCTION

Hel-N13 belongs to a family of highly conserved, neural-specific
RNA-binding proteins identified by their homology to the Drosophila
prototype, Elav (1, 2). Other members of the family that have been
characterized include HuD and HuC (3). Although the exact role of
Hel-Ni is unknown, studies have shown that Hel-Ni binds specifi
cally to the 3' untranslated region of many mRNAs that regulate cell
proliferation, including granulocyte macrophage-colony-stimulating
factor, c-fos, and c-myc (2, 4). More specifically, Hel-Nl binds to the
AU-rich element resident in these mRNAs, potentially regulating the
expression of these mRNAs by modulating their stability. The impor
tance of the AU-rich element in the regulation of gene expression is
well established (5). Hel-Ni, like HuD, is an antigenic target of
anti-Hu antibodies implicated by paraneoplastic neurological disease
(6, 7). Expression of these antigens by tumor cells is believed to
trigger the anti-Hu immunological response (3, 7, 8). Although only a
small number of SCLC patients develop anti-Hu antibodies, Hel-Ni is
known to be expressed in most SCLCs (9).

LOH of chromosome 9 is frequently seen in SCLC (10). The tumor
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suppressor gene C'DKN2a is localized at 9p2l and is known to be the

inactivation target ofdeletion in many tumor types (11â€”13).However,
CDKN2a is usually expressed intact in SCLCs (14, 15) and, therefore,
appears not to be the target of 9p2l deletion in SCLC, implying the
existence of another target gene on chromosome 9. Although
CDKN2a is known to be a target of 9p2i deletion in NSCLC, a recent
deletion mapping study of chromosome 9p in NSCLC identified a
novel region of homozygous deletion on chromosome 9p2i between
the markers D9S259 and D9S265 (16).

We have mapped the Hel-Ni gene to within 100 kb of the marker
D9S126 on chromosome 9p2l using PCR amplification analysis of
cell lines with 9p2l homozygous deletions and FISH to normal
metaphase spreads. This fine mapping was consistent with previous
FISH mapping of Hel-Ni to chromosome band 9p2 1 (17). D9S126 is
located between the markers D9S259 and D9S265 (16). Thus, the
Hel-NI gene, potentially involved in small cell lung carcinogenesis,
maps to a selectively deleted area of 9p2 1 implicated in NSCLC (16).
We have determined the genomic organization of the Hel-Ni gene and
identified intron-exon boundaries to facilitate sequencing analysis to
screen for mutations in preselected SCLC and NSCLC primary tu
mors and cell lines. Sequence analysis of the 1.1-kb coding region in
these samples revealed a polymorphism in exon 2 and a homozygous
deletion of both Hel-Ni and CDKN2a. However, no other somatic
mutations of Hel-Ni were identified in 35 lung carcinomas.

MATERIALS AND METHODS

Tumor and Constitutional DNAs. Primary tumor specimens were oh

tamed at surgery and frozen immediately. Peripheral blood or normal tissue
from each patient was collected as a normal control. Tumor was microdis
sected from the frozen biopsies, and leukocytes were pelleted from blood
samples before extraction and purification of DNA (18). The SCLC cell lines,

DMS53, H69, H82, H209, H249, H1618, and H128, were obtained from the
American Type Culture Collection (Rockville, MD).

Chromosomal Submapping by PCR and Southern Analysis. The glio

blastoma cell lines, U1l8 and Ul38, were obtained from the American Type
Culture Collection, and the mapping of the homozygous deletions of chromo
some 9p2l in these cell lines has been described previously by Weaver
Feldhaus et a!. (19). If a particular marker mapped within the homozygously
deleted region, the absence of template would result in no PCR amplification,
whereas if the marker mapped outside the homozygously deleted region,

template DNA would be present and PCR amplification would occur. A
negative control with no template DNA and a positive control of normal
lymphocyte DNA were also included. For PCR mapping, 40 ng of template

DNA (U1l8, U138, or normal human lymphocyte) were amplified at 95Â°Cfor
30 s, 58Â°C for 1 mm, and 72Â°C for I mm for 30â€”35 cycles with a final

extension step at 72Â°C for 5 mm with He/-NJ or microsatellite markers. The

primer sequences for the chromosome 9 microsatellite markers used in this
study were obtained from Research Genetics (Huntsville, AL) or the Genome
Database (Johns Hopkins University, Baltimore, MD). PCR products were
visualized on a 2% agarose gel after ethidium bromide staining. Southern
analysis was performed as described previously (13). The P1 contig from JFNa

to CDKN2a has been reported previously by us (13). The Southern blot of the
contig included a positive control lane with a He/-NJ clone.
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Fig. I. A. PCR amplification mapping of Hel-Ni and D9S126. Lane M, 50-bp marker DNA; Lane 1. negative control; Lane 2, PAC 12920; Lane 3, PAC I2921; Lane 4. positive
control. Absence of PCR product in the negative control lane indicated that there was no contamination of PCR reagents with genomic DNA. Presence of a PCR product of the correct
size in the positive control lane indicated that the PCR reaction had worked. For the 5' end of Hel-Ni, a 407-bp product is absent in Lane 1 but visible in Lanes 2â€”4,indicating that
PACs 12920and 12921contain the 5' end of Hel-Ni. For exon 2, no product is visible in Lanes 1â€”3,indicating that this locus is not contained in PACs 12920and 12921. For D9SI 71.
no product is visible in Lanes 1â€”3,indicating that this locus is also not contained in PACs 12920 and 12921. For D9S126. a product is visible in Lanes 2â€”4.indicating that this locus
is included on PACs 12920 and 12921. The difference in size of the product in Lanes 2 and 3 compared with Lane 4 arises because D9S126 is a polymorphic marker and the template
DNA is from different individuals. Because of inadvertent carry-over from the excessive amount of PCR product generated. minimal (< 100-fold) bands may be seen in negative lanes.
B, FISH of interphase and metaphase nuclei from normal human lymphocytes. Overlapping signals can be seen from the 2230 P1 containing CDKN2a (red) and the 13247 PAC
containing Hel-NI (green), indicating their proximity on chromosome 9p21.
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CI@CFAATAGGT-3';exon 3 ampF, 5'-GUAATGACAAGACCATATGCC-3';
exon 3 ampR, 5'-CITCFG1TCCGCAAGTAGATAT-3'; exon 3 seqF, 5'-GTf
GATCFCTGTCAACAGTATAG-3';exon 4 ampF, 5'-GCACCFGAmGCfl
GAACflC-3'; exon 4 ampR, 5'-CTGGCCCACATATACC1Tl@GATA-3';exon
4 seqF, 5'-CATGGGAAAGUACCGAGGCA-3'; exon 5 ampF, 5'-GTAGGT

GAAAACATGUCVFGAG-3'; exon 5 ampR, 5'-GACACTAUCCFCAAG
TAGATfC-3'; exon 5 seqR, 5'-GGACAGTAAACCFGAGTAUCTC-3'; exon
6 ampF, 5'-CAGCATI'CFGAGTCITCACAT-3'; exon 6 ampR, 5'-TCATFAG
GUGCACATGCAA-3'; exon 6 seqF, 5'-TCGGAAGATGGCAGTAATGAG
3'; exon 7 ampF, 5'-CAGTAGTCTAGCATGTCACTGC-3'; and exon 7 ampR,
5'-TAAATGGACFGAGGACAAGAGC-3';exon 7 seqF, 5'-CAUGCTATA
ACCAACCTCTG-3'.

RESULTS AND DISCUSSION

We mapped the He/-NJ gene to a region of human chromosome
9p2l by PCR amplification mapping using two gliobla.stoma cell lines
(U! 18 and Ul38) with known homozygous deletion at chromosome
9p2l (19). A 407-hp PCR product from the 5' UTR of the Hel-Ni
gene and microsatellite markers known to map within or outside the
homozygously deleted region in the glioma cell lines were tested for
PCR amplification using DNA from the two cell lines as template.
The 5' UTR Hel-Ni PCR product did not amplify from either of the
glioblastoma cell line DNAs, which indicated that the 5' end of
Hel-Ni mapped within the 9p2 1 deleted region of these cell lines.
Chromosome 9 microsatellite markers, D9S736, D9SI 71, D9S265,
D9S126, D9S259, and D9S169, known to map within the deleted
region (19), all failed to amplify. The markers D9S162, distal to and
outside the deleted region, D9SJ6J, proximal to and outside the
deleted region, and D9S15, from the q arm all amplified, confirming
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FISH Analysis. Normal lymphocytes were obtained from healthy male
peripheral blood, and lymphocyte spreads were prepared (20, 21). Lymphocyte
spreads were denatured in 70% formamide, 2X SSC at 72Â°Cfor 2 mm,
followed by dehydration in cold ethanol; then the spreads were allowed to air

dry.
Two genomic DNA probes were used for FISH analysis: the P1 2230

containing the p16 gene (13); and PAC 13247, which contains the He/-NI
gene. P1 and PAC probe DNASwere labeled by nick translation with digoxi
genin-ll-dUTP (Boehringer Mannheim, Indianapolis, IN) and biotin-ll-dUTP
(Sigma Chemical Co., St. Louis, MO), respectively (20, 21). The hybridization
mixture consisted of 10% dextran sulfate, 50% formamide, 2X SSC, 0.1
,,Lg of the labeled probes, 10 @xgof Cot-l DNA (Life Technologies, Inc.,

Gaithersburg, MD), and 10 @xgof salmon sperm DNA (5 Prime â€”*@ Prime,
Inc., Boulder, CO). The hybridization mixture was denatured at 75Â°Cfor 5 mm
and allowed to preanneal at 37Â°Cfor 15 mm.

The two probes were simultaneously hybridized to denatured lymphocyte
spreads overnight at 37Â°C.After hybridization, slides were washed for S mm
with 0.5X SSC at 72Â°Cand then incubated with rhodamine-anti-digoxigenin
and FITC-avidin (Oncor, Gaithersburg, MD) and counterstained with 2-
phenylindole-dihydrochlonde. Slides were examined under a Zeiss Axiophot

epifluorescent microscope with triple-band pass filter. For documentation,

images were captured with a cooled CCD camera (Photometrics, Tucson, AZ)
and the Oncor Image analyzing system (Oncor).

PCR Amplification and Cycle Sequencing ofHel-Nl. Fiftyngof genomic
templateDNA were amplifiedwith primers for each exon at 95Â°Cfor 30 s, 58Â°C
for 1mm, and 72Â°Cfor I mm for 30â€”35cycles with a finalextensionstep at 72Â°C
for 5 mm.The resultingPCR productwas cycle sequencedwith an internalprimer
according to the manufacturer's instructions (Perkin-Elmer, Roche Molecular
Systems Inc., Branchburg, NJ) and run on a 6% aciylamide gel. The primer

sequences used for amplification and sequencing of the He/-NJ gene were as

follows: exon 2 ampF, 5'-CGACFGTGUAGTGACAAGTG-3'; exon 2 ampR,
5'-ATCVFGAGACACGATCCGTF-3'; exon 2 seqF, 5'-GGATGGAGT
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Table 1 Intron/exon boundaries ofHel.N1The

position of the first nucleotide and the size of each exon is given. The numbering of the nucleotides is according to the cDNA sequence deposited in GenBank (accessionno.41
243 1). Exon sequence (5' exon . . . 3 â€ẽxon) is in bold. Intron sequence (Intron) flanking each exon is contiguous with the exonsequence.Exon

5' position Size (bp) Intron 5' exon . . . 3' exonIntron2

572 257 TGGAACATTTCTTGTTTTCTCTGTTTTTAG CAGGTAATTOCT. . .ACAAAATAACAGGTAAGCAGTTTTATGTAGATGATTTATATT3

816 106 ATATGCCTTTTTCCCCTTCCTTTTCATTAG GGCAGAGCTTOG. . .AACAATAAAAGTATGTTTAAAGTTTTTTTATATCTACTTGCG4
923 148 TACATTTAATTTTATTTTCCTTTTCCAGGT TTCCTATOCTCG . . . GACCAGGTCACTGGTAAGTAGACAGCCACTCCGGACAGTCTT5
1073 230 TTTTCCAAATCTTTACTCAAATCTACCATA GGCATATCAAGG. . .AOCOTTTTAGGTAAGTCTGGTTTGGTTCTTGTGCCAGCTACT6
1302 34 TGAAGTTTGCTAAATGTGTGTTTTGCAGGT TGGACAATCTGC . . . GOAGTAAAGAGGTAATGATAGAGGTCATGATACTCATAATCC7
1337 333 TGTATGTGTGTATTTCCTATTCTGTTTAGC AGGTTTTCTCCA. . .AAAGCCTAATGAGCTCTTGTCCTCAGTCCATTTATATATGAA5358

MUTATION ANALYSIS OF HEL.NI IN LUNG CANCER

the extent and fidelity of the homozygous deletion of 9p21 in the two
glioblastoma cell lines. All markers showed a PCR product of the
correct size in the positive control lane and no amplification product

in the negative control lane.

We further localized Hel-Ni by finding that after Southern analysis,
a Hel-NI cDNA clone did not hybridize to a P1 contig telomeric to
CDKN2a. Therefore, the 5' end of Hel-Ni was mapped to the area
between CDKN2a and the proximal marker D9S161. Three PAC
clones were isolated from a human genomic library using a Hel-NI 5'
PCR product and 3' PCR product as probes. One PAC clone, 13247,
appeared to contain the whole He/-NI gene because PCR products
from the 5' UTR, exon 2, and the 3' UTR of Hel-Nl were all
amplified using the PAC clone as template. The other two PAC
clones, 12920 and 12921, contained the 5' UTR end of the gene only.
PCR amplification of 9p2l microsatellite markers, together with pos
itive and negative controls, revealed no product for any marker tested
(D9S171, D9S265, D9S126, D9S259, and D9S169) from PAC 13247
containing the entire gene. However, one of these markers, D9S126,
did amplify from PACs 12920/1 containing the 5' end of Hel-NI only
(Fig. 1A). Thus, the D9S126 locus was included in the 100-kb PAC
clones 12920/i with the 5' end of Hel-Ni, indicating that the Hel-Ni
gene maps within 100 kb of D9S126. To confirm the mapping data of
Hel-Ni to 9p2i, we performed FISH analysis on normal metaphase
spreads using two-color hybridization with a P1 clone containing
CDKN2a and the 13247 PAC clone containing all of Hel-NI. The
proximity of the signals for each gene confirmed that Hel-NI maps
close to CDKN2a at chromosome 9p2l (Fig. 1B).

A recent deletion mapping study of NSCLC has identified a small
region of deletion centered around D9S126 and flanked by D9S265
and D9S259 (16). Chromosome 9p LOH is common in SCLC (10),
and one targeted area appears to be where the tumor suppressor gene
CDKN2a is located at 9p2l (13). However, mutation of CDKN2a is
rare in SCLC ( 13â€”15), raising the possibility that another target gene
is located nearby. Because the He/-NJ gene mapped to this minimally

deleted region in NSCLC (16) and because of its potential biological
role of regulating growth-related mRNAs (4), we investigated Hel-Nl
asa putativetumor suppressorgenetarget.To enableusto screenfor
sequence mutation, we initially established the genomic organization
of Hel-Nl. Primers located at 200-bp intervals within the coding
region of He/-NJ were designed using the known He/-NJ cDNA
sequence (GenBank accession no. U 1243 1) and were used to se
quence the PAC clone 13247, which contained the entire gene, to
obtain the genomic sequence of He/-NJ. Intron/exon boundaries were
identified by the divergence of genomic sequence from the cDNA
sequence, allowing the design of primers to amplify and sequence
each exon. Six coding exons, 2â€”7,were identified (exon 1 is noncod
ing), representing the entire coding region of He/-NJ and comprising

approximately 1.1 kb of sequence. The intron/exon boundaries and the
size of each exon are described in Table 1.

If He/-NJ were the target of 9p2l deletion, then tumors with one
deleted copy of 9p2l represented the most likely tumor subset to show
mutation, because the retained allele would likely contain an macti

Fig. 2. Sequencing gel showing a polymorphism in exon 2 of Hel-Ni. Autoradiograph
of a sequencing gel demonstrating a polymorphism at nucleotide 641 of Hel-NI (CAC
TAC) in primary SCLC and normal DNA. Tumors I and 2 (Lanes I and 2) show no
polymorphism. Tumor 3 (Lane 3) has the polymorphism (arrow), as does the correspond
ing normal DNA, N3 (Lane 4). Diminution of the signal for the C can be seen in 13 and
N3 (may not be obvious in reproduction). The polymorphism was confirmed by ream
plification and resequencing.

vating mutation. The tumor panel to be sequenced for mutation of
He/-NJ was preselected using data from microsatellite mapping of

chromosome 9p2l in NSCLC. Tumors with homozygous deletion of

9p2l and/or known to target CDKN2a by other mechanisms, such as
point mutation or methylation, were excluded. Twenty-one NSCLCs
with LOH through D9SJ26 were selected in this way. Seven SCLC
cell lines and two primary tumors were obtained, together with six
primary SCLCs with previously described 9p2i deletion including
D9SJ26 (22).

No somatic mutation was found after sequencing the six coding
exons in these 35 lung tumors. He/-NJ was observed to be homozy
gously deleted in a subclone of the SCLC cell line, Hi28, propagated
in our laboratory. However, mapping of the homozygous deletion

revealed that it extended through CDKN2a. We, therefore, cannot
establish He/-NJ as a primary target of the homozygous deletion. The
only sequence alteration observed was a C-T change (Thr to Thr) at
nucleotide 641 in exon 2, resulting in no amino acid change (Fig. 2).
Sequencing of corresponding normal DNA showed this change to be
a polymorphism present in 8 of 35 (23%) tumors. A comprehensive
mutation screen of the He/-NJ-related gene, HuD, which maps to
chromosome lp, also failed to reveal somatic mutations in lung cancer
cell lines (23).

We, therefore, have no direct genetic evidence that Hel-NJ is a
primary target of 9p2i deletions, because no point mutations of the
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retained allele were found in lung tumors with deletion of the other
allele. Because Wiest et a!. (16) demonstrated localized homozygous
deletion at D9S126, it is possible that point mutation is an infrequent
inactivating event of a primary target gene located nearby. Infrequent
point mutation but frequent homozygousdeletion of the CDKN2a
tumor suppressor gene is well documented (13, 24, 25). However, any

small localized, or even intragenic, homozygous deletion of He/-NJ
would certainly have been visible in the seven SCLC cell lines
because each exon was amplified separately, and indeed, we clearly
recognized the homozygous deletion in the Hi28 cell line. It is

possible that small homozygous deletions may have been missed in
the primary tumors, because normal cell contamination of the original
tumor biopsy ensures a PCR product in cases where there is a
homozygous deletion of a particular region specific to the tumor cells.
We consider this unlikely because homozygous deletions around
CDKN2a are nested in size, often extending hundreds ofkilobases and
even several megabases (13). Therefore, if homozygous deletion was
a common mechanism of Hel-Ni inactivation, we should have seen
homozygous deletion of D9S126 or nearby flanking markers, e.g.,
D9S265 or D9S259. Furthermore, Hel-Ni has been reported to be
expressed in the majority of SCLCs (9), which argues against ho
mozygous deletion as the primary mechanism of inactivation. Thus,

He/-Ni does not appear to be a primary target of suppressor gene
inactivation at chromosome 9p2l in lung cancer.
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