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We analyzed in detail the structure of the L-myc gene isolated from human placental DNA and characterized
its expression in several small-cell lung cancer cell lines. The gene is composed of three exons and two introns
spanning 6.6 kilobases in human DNA. Several distinct mRNA species are produced in all small-cell lung
cancer cell lines that express L-myc. These transcripts are generated from a single gene by alternative splicing
of introns 1 and 2 and by use of alternative polyadenylation signals. In some mRNAs there is a long open
reading frame with a predicted translated protein of 364 residues. Amino acid sequence comparison with c-myc
and N-myc demonstrated multiple discrete regions with extensive homology. In contrast, other mRNA
transcripts, generated by alternative processing, could encode a truncated protein with a novel carboxy-
terminal end.

The L-myc gene was first isolated from a human small-cell
lung cancer (SCLC) cell line, where it was detected by the
presence of gene amplification and its sequence homology to
c-myc and N-myc (42). Our initial studies showed that this
gene was located in human chromosome region lp32 and
was frequently expressed with and without gene amplifica-
tion in human SCLC cell lines. Given the abundant evidence
of a role for deregulated c-myc or N-myc expression in
several tumor types and their transforming activity in trans-
fection assays (15, 31, 53, 56, 59), it seemed possible that
deregulated expression of L-myc might be significant in the
pathogenesis of SCLC.
C-myc and N-myc both have three exons, including an

apparently untranslated exon 1, and several areas of nucle-
otide sequence homology (4, 29, 55). Comparison of their
predicted amino acid sequences reveals several discrete,
highly conserved domains. Although the biochemical func-
tion of c-myc or N-myc remains unknown, both genes code
for nuclear phosphorylated proteins of short half-life and
both bind to DNA (22, 23, 46). These similarities suggest that
c-myc and N-myc are functionally related. Recently, c-myc,
N-myc, and L-myc were found to have different patterns of
expression in developing murine tissues, with L-myc ex-
pressed selectively in fetal lung, brain, and kidney and in
adult lung but not other tissues examined (61). This was in
contrast to the widely distributed expression of c-myc in
many tissues and more similar to the restricted expression of
N-myc. These findings suggested that the temporal and
tissue-specific expression of N-myc and L-myc is important
in mammalian development.

In this paper we describe the primary structure of the
human L-myc gene and in so doing characterize its transcrip-
tional unit, identify open reading frames, and examine its
expression in SCLC. The topology of the L-myc gene is
similar to those of c-myc and N-myc, with the major open
reading frame sharing several areas of substantial amino acid
sequence homology to the other myc family members inter-
spersed with regions of unique sequence. In contrast to
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c-myc and N-myc, however, L-myc transcripts undergo a
complex series of alternative mRNA processing and poly-
adenylation site selection in SCLC, giving rise to a family of
several different mRNA species. These species not only
predict the existence of a generic myc family protein but also
offer the possibility of other proteins with novel carboxy-
terminal sequences that lack exon 3.

MATERIALS AND METHODS

Cell lines and cell culture. SCLC cell line derivation and
culture were as previously described (13).

Nucleic acids. Total RNA (14) and poly(A)-selected RNA
(3) were extracted from the SCLC cell lines. The nuclear
RNA fraction was obtained as previously described (51).
The monoribosome- and polyribosome-associated fractions
of total cytoplasmic RNA were obtained by centrifugation of
a cytoplasmic preparation through a 10%-25% sucrose gra-
dient and pooling of the appropriate fractions (25, 51).

Isolation and sequencing of L-myc cDNA and genomic
clones. A cDNA library primed by oligo(dT)12 to poly(A)-
selected RNA from SCLC line NCI H209 (a cell line express-
ing but not amplified for L-myc) was constructed as de-
scribed by Gubler and Hoffman (21), except that after
synthesis of the second strand, the cDNA was methylated,
EcoRI linkers were added, and the product was ligated into
the EcoRI site of Agtll (36, 60).
To obtain clones extending to the 5' end of L-myc mRNA,

a random-primed and specific-oligonucleotide-primed library
was constructed as follows. Oligonucleotides complemen-
tary to sequence coordinates (see Fig. 2) 719 to 740, 739 to
758, and 752 to 773 were separately (approximately 2 ,ug
each) mixed with 50 ,ug of dpN6 (Collaborative Research,
Inc., Waltham, Mass.) and 10 ,ug of poly(A)-selected RNA
from NCI H510 and evaporated to dryness. The pellet was
dissolved in 9 ,ul of H20 and 1 ,ul of 0.1 M methyl mercury
hydroxide (Alfa Products, Danvers, Mass.). After this mix-
ture was heated to 42°C for 10 min, 2-mercaptoethanol was
added to 0.016 M and first-strand synthesis was performed
with Moloney murine leukemia virus reverse transcriptase
(1,000 U in a 100-,ul volume) and buffer supplied by the
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manufacturer (Bethesda Research Laboratories, Gaithers-
burg, Md.). Second-strand synthesis was performed as for
the oligo(dT)12-primed library. The double-stranded product
was then passed over Sephadex G100 after phenol extrac-
tion, precipitated, and then blunt ended with T4 DNA
polymerase in the presence of T4 polynucleotide kinase. The
EcoRI sites were methylated, followed by attachment of
EcoRI linkers, and size fractionated on a 5% polyacrylamide
gel. The resulting cDNA was then ligated to XgtlO.
Genomic L- myc clones were isolated from a partially

MboI-digested human placental library constructed in Cha-
ron phage 28A (a generous gift from P. Leder). L-myc-
specific clones were screened by using a previously charac-
terized 1.9-kilobase (kb) genomic SmaI-EcoRI fragment
from SCLC line NCI H378 (42) and isolated by plaque filter
hybridization methods (18). The nucleotide sequence was
determined with overlapping M13 phage clones (40) by using
the dideoxynucleotide chain termination method (50). An
M13 universal primer (Collaborative Research) or synthetic
oligonucleotide primers (Applied Biosystems 380B DNA
synthesizer) were used for sequencing.
RNA analysis. (i) Northern analysis. For Northern (RNA)

blot analysis, total or poly(A)-selected RNA was transferred
to nitrocellulose filters after electrophoresis through dena-
turing formaldehyde-containing gels (34). Hybridization of
nitrocellulose filters with [32P]dCTP nick-translated DNA
fragments was performed as previously described (48).

(ii) Si nuclease assay. A uniformly 32P-labeled DNA probe
was annealed with 20 ,ug of total RNA from an unamplified
SCLC cell line designated NCI H209. Generation of the
single-stranded probe in the M13 vector system, hybridiza-
tion conditions, and digestion with Si nuclease were as
previously described (18). Protected species were identified

by electrophoresis on 5% polyacrylamide-8 M urea gels and
autoradiography.

(iii) Primer extension. A uniformly labeled DNA fragment
was generated by priming of a 55-base-pair (bp) synthetic
oligonucleotide template (coordinates 209 to 263) with a
complementary oligonucleotide (coordinates 254 to 263) in
the presence of 32P-labeled deoxynucleotides as previously
described (17). The radioactive antisense strand was then
purified from a strand-separating gel (37) and allowed to
anneal in the presence of 40 jig of total RNA from SCLC cell
lines that either express or do not express L-myc mRNA.
Hybridization conditions were as previously described for
the S1 nuclease assay (18). The overnight hybridization
mixture was then ethanol precipitated and suspended in
reverse transcriptase buffer (Bethesda Research Laborato-
ries) in the presence of 0.8 mM deoxyribonucleotides and 25
U of Moloney murine leukemia virus reverse transcriptase
(Bethesda Research Laboratories) at 37°C for 1 h. The
reaction was terminated with phenol extraction and ethanol
precipitation, followed by denaturing 6% polyacrylamide
electrophoresis and autoradiography.

RESULTS

L-myc genomic and cDNA clones. A previously character-
ized 1.9-kb SmaI-EcoRI L-myc probe (42) was used to
isolate a series of overlapping bacteriophage clones from a
normal human placental genomic library (47). Restriction
site mapping analysis showed that these clones contained the
expected L-myc-specific 6.6- and 10-kb EcoRI fragments
responsible for a previously reported restriction fragment
length polymorphism (42), as well as genomic DNA flanking
these fragments (Fig. 1).
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FIG. 1. Structural organization of the human L-myc locus, partial restriction enzyme map, and depiction of representative normal genomic
DNA and SCLC cDNA clones. Boxes enclosed with solid lines, containing exons 1, 2, and 3, are identified. The stippled box between exons
1 and 2 represents intron 1, which is retained in many mature L-myc mRNA transcripts. The box enclosed with a dashed line adjacent to exon
2 represents that portion of intron 2 retained in mature mRNA which terminates at an alternative poly(A) (pA) signal in intron 2. The area
filled in with hatched lines within this box represents predicted untranslated sequences, whereas the solid area of the exon 3 box similarly
represents an untranslated region. Abbreviations: E, EcoRI; B, BamHI; P, PvuII; H, Hindill. Several additional PvuII sites within exon 3
are not shown.
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A series of cDNA clones was isolated from cDNA librar-
ies from two SCLC cell lines that express the L-myc gene:
NCI H510, a cell line with L-myc amplification, and NCI
H209, a cell line without amplification. Specific oligonucle-
otides were used, in addition to a random hexamer primer, to
initiate first-strand cDNA synthesis in one of the libraries
(H510) in an effort to enrich for clones extending to the 5'
end of L-myc transcripts (see Materials and Methods).
Figure 1 shows a comparison of the structures of the
genomic and several representative cDNA clones isolated
from these libraries. This comparison reveals a three-exon
structure for the L-myc gene in genomic DNA, analogous to
that previously reported for the c-myc and N-myc genes (4,
29, 55). In addition, many of the cDNA clones retained
intron 1, portions of intron 2, or both, indicating a hetero-
geneous pattern of intron removal characteristic of alterna-
tive RNA processing.

Nucleotide sequence of the L-myc gene. The nucleotide
sequence of the human L-myc gene, obtained from both
placental genomic and SCLC cDNA clones, is shown in Fig.
2. The structural organization of this gene closely resembles
the pattern established for the myc gene family, with three
exons and two introns spanning approximately 6.6 kb.
Comparison of the nucleotide sequences of placental DNA
and our SCLC cDNA clones revealed no somatic mutations
except for several isolated differences in the 3' untranslated
region, which may represent polymorphisms. Identification
of the intron-exon splice boundaries was confirmed by our
cDNA clones, and analysis of the nucleotide sequence
revealed appropriate consensus and flanking sequences for
the 5' donor and 3' acceptor of intron 1 (41). Similar
consensus sequences are present for intron 2, except that
two purines interrupt the stretch of flanking pyrimidines just
adjacent to the 3' acceptor of intron 2 at positions 4043 and
4044. A long open reading frame initiates near the 5' end of
exon 2 (nucleotide position 582) and extends for 364 pre-
dicted amino acid residues until a TAA stop codon within
exon 3 at nucleotide position 4647 (Fig. 2). There are
numerous stop codons in other reading frames of exons 2
and 3 and, as shown later, this translational frame generates
a protein with significant homology to other myc proteins (4,
29, 55).
The L-myc gene undergoes alternative mRNA processing to

generate several mRNA species. Our analysis of L-myc cDNA
clones revealed a significant difference from those reported
for c-myc and N-myc, namely, the presence of abundant
mRNA transcripts which retain sequences from intron 1 or
2. We identified two major groups of cDNA clones which
represent transcripts which either contaip or have spliced
out intron 1 but which have properly removed intron 2.
These cDNA clones differ by only the presence or absence
of the 363 bp encoding the first intron and do not disrupt the
long open reading frame (nucleotides 582 through 4647)
which codes for a protein similar in structure to those of
c-myc and N-myc. Both forms terminate at a consensus
AATAAA polyadenylation signal at nucleotide position 6572
in the 3' untranslated region located 10 bp upstream from the
poly(A) tail in exon 3. In addition, another polyadenylation
signal is found in this exon at position 4795 in the 3'
untranslated region, but we found no evidence that this site
is functional.

In contrast, we identified a distinct set of cDNA clones
which retain part of intron 2 and terminate at a functional
polyadenylation site at nucleotide position 2383 within intron
2 or possibly at two other potential polyadenylation signals
(positions 1460 and 2036) also present in intron 2. These

species are considerably smaller, since they contain variable
portions of intron 2 but lack all of exon 3. More importantly,
mRNA species represented by these cDNA clones can no
longer encode an L-myc protein that contains exon 3 protein-
coding sequences. These RNA-processing alternatives result
in a family of L-myc transcripts of differing sizes depending
on both the polyadenylation site and the splicing pattern
used. Therefore, we designated the family ofmRNA species
which have completely removed intron 2 and terminate at a
polyadenylation signal in distal exon 3 as long-form tran-
scripts. In contrast, those mRNA species which have not
processed intron 2 and terminate early at polyadenylation
signals in intron 2 are called short-form transcripts. The
dotted lines in Fig. 2 enclose sequences from intron 1 or 2
which are retained with high frequency in L-myc mRNA.
To confirm that our cDNA clones were representative of

mRNA expression in SCLC, we examined the pattern of
expression of the L-myc gene in SCLC by using probes
specific for various mRNA forms (Fig. 3). A probe generated
exclusively from intron 1 (probe A) only detected the larger
3.9-kb band representing the L-myc transcript which has
retained intron 1 and, on a longer exposure, this intron 1
probe also recognized the upper half of the heterogeneous
short-form transcripts. Using either an exon 1 probe (data
not shown) or an exon 2 probe (probe B), we recognized two
mRNA species at 3.9 and 3.6 kb (long forms) and a heterog-
eneous population of short-form transcripts at approxi-
mately 2.2 kb. In contrast, an intron 2 probe (probe C) only
detected the short-form transcripts, demonstrating that in-
tron 2 remains only in the shorter 2.2-kb family of mRNA
species. Finally, when a fragment from exon 3 was used as a
probe (probe D), only the 3.9- and 3.6-kb bands were seen,
even on an overexposed film, demonstrating that the 2.2-kb
family of mRNAs lacks exon 3 sequences. The two long-
form bands could be clearly separated by using a shorter
exposure from a different experiment (probe E).
To establish that these transcripts are, in fact, not unstable

nuclear precursors, we analyzed the monoribosome- and
polyribosome-derived RNA fractions from NCI H209 cells
for the presence of these mRNA species. Both long-form
transcripts (spliced and unspliced intron 1) and the family of
short-form transcripts (unspliced intron 2 terminating at a
polyadenylation signal within intron 2) are enriched in the
ribosome-associated fraction (Fig. 4).
Mapping of the initiation site and alternative processing of

intron 1. To define precisely the 5' boundary of the L-myc
gene and to establish the prevalence of mRNA forms that
included or lacked intron 1, we used S1 nuclease and primer
extension analyses. We prepared two adjacent qeqomic
fragments for S1 nuclease analysis (probes A and B in Fig. 5)
that spanned 883 nucleotides and extended from the pptqtive
5'-flanking region to the middle of intron 1. No region of
upstream probe A was protected by mRNA from cells
producing L-myc transcripts. In contrast, probe B revealed
two major species of protection corresponding to L-myc
mRNA transcripts which have either retained (405-bp pro-
tection) or spliced out (205-bp protection) intron 1, consist-
ent with the alternative splicing observed in our cDNA
clones.
Although this analysis suggested an exon 1 of approxi-

mately 205 bp, we could not exclude the possibility of an
additional upstream exon. To resolve this question, a primer
extension experiment was performed with mRNAs from two
cell lines which produce L-myc (NCI H510 and NCI H209)
and from a cell line which produces N-myc but no detectable
L-myc (NCI N592) (Fig. 5). Extension from an oligonucleo-
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-223 CGGGCCGCATCAGCCCTCCTCCTGTTTGCGCTCCCCAGCOTOGCAATTATTTGGGGGGCTACCOGGGGUTAACGGAGCGGGC¢AGCGCTGCCAGGAGOT
-123 GGOGCCGGCCCCACCTGTCGACTGCCCGTAGTAGGCAGGGAg&dAG GTTGTCCCATAGCCZAGTCCCTGGGTCCCGGGCGCGCGAC
-23 GAGATATAAGGCAGTCAGGAA ATGCGCCTGCAGCTCGCGCTCCCGCGCCOATCCCGAGAGCOTCCGGGCCGCCGTGCGCGAGCGAGGOAGGGCGCG
78_____ ~~~~~~~~~~~~~~Exon178 | CGCGGGGGGGGCGCGCTCOTGAGTGCGGGCCGCGCTCTCGGCGGCGCGCATGTGCGTGTGTGCTGGCTGCCGGGCTGCCCCGAGCCGGCGGGGAGCCGG I jEo

178 TCCGCTCCAGGTGGCGGGCGGCTGGAOCGA TGAGGCTGCGOGTGOCCAGGOCACGGGCGCGGGTCCCGCGGTGCGGGCTGGCTGCAGGCTGCCTTCTO g

273 GGCACGGCGCGCCCCCGCCCGGCCCCGCCGGGCCCTGGGAGCTGCGCTCCGGGCGGCGCTGGCAAAOTTTGCTTTGAACTCGCTGCCCACAGTCGGGTCC
378 GCGCGCTGCGATTGGCTTCCCCTACCACTCTGACCCGOG,GCCCGGCTTCCCOGGACGCGAGGACTGGGCGCAGGCTGCAAGCT,GGTGGGGTTGGOGAGGA378 *

478 ACOAGAGCCCGGCAGCCGACTGTGCCGAGGGACCCGGGGACACCTCCTTCGCCCGGCCGGCACCCGGTCAGCACGTCCCCCCTTCCCTCCCGCA GAGC

6578 TTGAGCATGGATAGACTCOTACCCATGCACTATTCTACGACTATGACTCCGGCGGAGGATTCACCOCTCCACCGGCGAGCCCACCAGGACACGTOGAGAAAM.tAspTyrAspSerTyrGlnHi sTyrPh.TyrAspTyrAspCysGly0luAspPh.TyrArgSerThrAlaProSerGluAspIl1.TrpLysLys

Ph4GIuLeuValProSerProProThrSerProProTrpOlyL-uGlyProGlyAl&GlyAspProAlaProGlyI leGlyProProGluProTrpProG xoExon 2
778 GAGGGTGCACCGGAGACGAAGCGGAATCCCGGGGCCACTCGAAAGGCTGGGGCAGGAACTACGCCTCCATCATACGCCGTGACTGCAT¢TGGAGCGGCTT

lyGlyCysThrGlyAspOluAlaGluS.rArgGlyHNsS.rLysOlyTrpGlyArgAsnTyrAlaS.rIl.Il.ArgArgAspCysMetTrpSorGlyPh
878 CTCGGCCCOGGGAACGGCTGGAGAGAGCTGTGAGCGACCGGC~TCGCTCCTGGCGCGCCCCGGGGGAACCCGCCCAAGGCGTCCGCCGCCCCGGACTGCACT

*S-rAlaArgGluArgLouGluArgAlaValS-rAspArgLouAlaProGlyAlaProArgGlyAsnProProLysAlaSerAlaAlaProAspCysThr
978 CCCAGCCTCGAAGCCGGCAACCCGGCGCCCGCCGCCCCCTGTCCGCTGGGCGAACCCAAGACCCAGGCCTGCTCCGGGTCCGAGAGCCCAAGCGACTCGO

Pro orLeuGluAloGlyAsnProAlaProAlaAlaProCysProLouGlyGluProLysThrGlnAlaCysS.rGlySerGluSerProSerAspSerG

1079 OTAAGaACCTCCCCGAGCCATCCAAGAGGGGGCCACCCCATGGGTGGCCAAAGCTCTGCCCCTGCCTGAGGTCAGGCATTGGCTCTTCTCAAGCTCTTOGG
1 178 I GCCATCTCCGCCTCTCTTTGGCTGAAGCTOCCCGTGTAGTCCCCAACCGTGTCTGTCTGGCACGTGGGTGTGTTGGTAAACAGTTTGGAAAAGTGGCGTGI
1278 I GAGCCAGCCTCCCTTTGATGATTATTGGAGCCCCAGGGGACAAGGGATTTGAGGfGAGGGTTGGCGCTTAGAGA6GACAATACtGGGGTTGGACTGTAAI
13s71 GGGATTGAAGOGeGTACCTTAAGAGACACTCCAAACCTGAAGTTTTTTTGCTGCTGCCTCTTTCCCTAGGAAACTCACACT GGGAGAAGAAG
147 eICCAGAGCCTTTTGTGCAAAGCCAAAACCTTCGTCCTTTTAAAAACCTAGGTCTCCAGTTGGCTTTACTTTAAAATG;CCAAT ATATCCCTCTTCtCI
15S78 OTGCCTCCCCACCACCACTTACCACTCOTGCATCCCTGAGACAGGGAGGGAAGAATGAACACTCCCCATTAACAGATOGGAA TGCTTAGAGATA
1679 OACAATCACTACAAGTCAGCTCCAGCTTTCTGCCATCTAOCCAGCCCCTCTTCCCCAATGCTCCATCCCAACCAGGCACCTCTTCCTTGATGTTTGGGGT
1778 CTTTGTGGTAGCTTATCTTAGAAGCACTACACCTTOCCTTGCTGTTTGTCCTGAGATGGAAAAGTGTCCTTCTTGCTCCCCCTCAATAGATCTCCAGCGT
1978 CAGCTGCTCCCTGGCATTCAACAAATATTCACTGGCCCCTACTTTOTGGCAATCTGTGGGCTACATGCTGGGGTCAAGGCAGTAGAACTCCAGGCCCTCC
1978 TCTCCCATCCTTGATOCAAGTGCAACCTCGCTGAGGGCAGACTOGGGGCATCCTGTGC ATACTACATTGTTCTTATTCTGGCATCTTAGACCTCCACI
2078 1 CCCOTGAGAAATCCTGGAGAGGGTATTTTTGTAGAOTOTAGACTGTGGCTAGTGAC AIATAGGACCAAGAAAGCTCACTGTAGCTTTTAGGAAT
2178 1 ACTTTTACACGACCATTTGATAGGGAACTGGGGAATGGGOTATGGAAGTTTTCCTA ITiGAGAAAAAATAGGATAACAAAAATTAAAAGTCTTTTI
2279 1 TTCCTGGTCCACTGTGTTAAGOTCATTTTTAACCAGCTTGCTTTCTACACCAAGAGTTTATGTTTGTTTAATGGCTGGAAAGAGAATCTTGAGATCAAA_I2378 AI ArMGATOTATUCTI-LAC - C,;- -AACGGCTGGTGGAGTGGTAGAGTGGAAAGAGCATTGCTTTGGAAGTTGGAACATTTTAGTTTGAGATCCAGAACGT
247 8 TAC_AAAGT AT TTaCTTCGCTGATCTGGGCCTCAGTTTCCCCATTTGCACACGATGOG¢GTTGGACTTGATTGTCCTGCTGATGACATTTCCTTGT
257 8 CTGGATAGAGTAAGACACTACTCTCTOAAAGGGAGAATGOTGTGCTTAAATTATTTCTTTCTTAGATAGAATCTTCCTGAGCCACGAGGCTTAACACTGA
2678 AAATTAAAGTTTGGGATCTAGGAAAGCCTOCCTGAATCATTTTCTAACCTACCTCTTTA CCTGATTTTGTGAGCCT CTCACAGGCCAC
2778 ATGGCCTGGAACAAAATGCAACAGATTGBCAAACAATGAGGCOGGGGGTGGGGAAAGTGATTGGCAGCAGAGCTCACCCAATAGGGGCTAGGGGCTOGGTA
2I78 AGACAGAATTCCAAACACAGCGTAATCAGCCAATCATGGTTTCTGGGGCCAGGAGGGCTGAATGGTCAGGTTTATTAATGGAGAAATAATGCGATTGTCC
2978 ACACAATGGAAGCCTTCCTTACAAAGCGGCTCAAGCTTCCTGATATGCAAAGAAGCTGAGAACGGAGCTCTTCCGCCGAGGCCGAGATCCATTAAGO
t 078 TCGGACTTCTGTGTOGAGGCTGCAAAATGTGTGAGCAGGAGGAGACTTTTCTCCCAATTGCCCCTCTCCTGGTTAGGTTAACCTAAGAGACCTTCAAGC
31 78 CAGTGAATGAGAAGGGCGTGTCCAGGTGTCTCCAGGTCTCTGGTGTTATGAGCCCCATATCTOGGACATTCTGCTGC;CCAGTCTCTGCCTCTGGTGCAGG
3278 TAGTTTGGAAATGGTCGCTTGTACCTTTGTGAAGTTCCTGCAGCTTCGCCGACCTATGATTACAAATCTAACCTTCTAGTCCAGGGAAGGAGGTGGGGCA
3378 GGCOACCTATAAATGATGGATGACTTTAGAAACCCATTGAACCCAGGAGCAAAATGCTCCTAAGGGAAACCCTTTCCCTCCCTCTGTGOGTGAAGA0GG
3478 ATGGGTTGTAGCCCTCCCTTCTCTOAATCTTCAGCTOAAAGGGATGGCAGAATAGAGAGGTGOGGGAATAATAG(EI AACTTGTGAAAAGTAACAA
3578 TTCCCCAAGTGCAGCCTCTTCTCGACAGCAACAAAGOGCAGCTCTGCCCACAGACCCCTTITACTATTCTGATAGGGCATGAAAGAGCCCGACTCGCC
3678 AAGATCTTTAATAGCTTAAACTTTCATTTTAOCTCTTTCTTCCAACCCCTCCGTGAGGGGACGAAACCTTTGCAGACTGGGGGCTGTTAGGACT
3778 TIGGTCTGCCTTTTGATTTTATCTAAACCTTGCTGTGGCAAAAGGAAATTGGTTAGGCTAAATTAGTCCCCTCCTTTTTCACTOTGCCC
3878 TTACCACATTACAAATGAATCAGCTTTCTGCTCACCTCGATTTOTATATATCTAAATTOGAAAAATGTCTCCTACCTTCCCAAGCACCAGCGTAGACAGC

3978 TAAAGCTGTAGTCTATCTTTGTGTTTCTCATGTGGTCTTTTTCTTCTCTTGATTTTTTTCGGACATGCTGAAAGAAATCTTGTGATCAGTA
uAsnGluGluIlleAspValValThrVal

4078 GAGAAGAGGCAAOTGTTCTCT CGGAAGCCGTCACCATCACGTGCAGCAGACCCCCTGATCCC CAT AAGCATT CCACATCTCCATCCATC
GluLysArgGInSerLouGlyIleArgLysProValThrIleThrValArgAlaAspProL-uAspProCysMatLysHisPhaNisI@SerIleHisG

417.AGCAACAGCACAACTATGCTGCCCGTTTTCCTCCAGAAAGCTGCTCCCAAGAAGAGGCTTCAGAAGGGGTCCCCAAAGAAGAGGTTCTGAGAGAGATGC
lnllnGlnH sAsnTyrAlaAlaArgPhoProProGluS*rCysSerOln0luGl uAlaSerGluArgGlyProGlnGluGl uVal L uGluArgAspAI1

4278 TGCAGGOGAAAAGGAAGATO}AGGAGGATGAAGAGATTOTGAOTCCCCCACCTGTAGAA AGTGAGGCTGCCCAGTCCTGCCACCCCAAACCTGTCAGTTCT
aoAl aGly0luLysGluAspOluGluAspGl'uGlulIllValSrProProProValGluS-rGl uAlaAlaGlnSerCysH isPro LysProValSerSer

4373 GATACTGAGGATGTGACCAAGA¢GAAGAATCACAACTTCCTGGAGCOCAAOAGGCaGAATGACCTGCGTTCGCGATTCTTGGCGCTGAGGGACCAGGTGC
AspThrGluAspValThrLysArgLysAsnH isAsnPh L*uGluArgLysArgArgAsnAspL*uArgSarArgPhoL uA l aL uArgAspOlnValP

4478 CCACCCTGGCCAGCT¢CTCCAAGGCCCCCAAAGTA¢TGATCCTAA¢CAA¢GCCTT¢GAATACTT¢CAAGCCCTGGTGGGGGCTGAGAAGAGGATGGCTAC
roThrL-uAlaS-rCysSarLysAlaProLysValValIleL-uS*rLysAlaLsuGluTyrL-uGInAlaLeuValGlyAlaGluLysArgMetAlaTh

4573 AGAGAAAAGACAGCTCCGATGCC¢GCA¢CAGCAGTTGCAGAAAAGAATTGCATACCTCAGTGGCTACTAACTGACCAAAAAGCCTGACAGTTCTGTCTTA Eo
rGluLysArgGlnL-uArgCysArgGlnGlnGlnL-uGlnLysArgI leAlaTyrLouS-rGlyTyrTer Eo

4678 CGAAGACACAAGTTATTTT CCTCCCTCTCCCCTTTAGTAATTTGCACATTTTGGTTATG¢GTGGGACAGTCTGGACAGTAGATCCCAGAATGCATT
4774 GCAGCCGt}TGCAZCTAC Cm¢TTGCATTCTTGGAAACCTTGAAACCCAGCTCTCCCTCTTCCCTGACTCATGGGAGTGCTGTATOTTCTCTGGCG
4878 CCTTTGGCTTCCCAGCAGGAGTACTGAGGAGCCTTGGGGTCTOCCTAGCTCACTAGCTCTGAAGAAAAGGCTGACAGATGCTATGCAACAGGTGGTO
4971 GATOTTGTCAGOGGGTC CCTGCATGAAATCTCACACTCTGCATGAGCTTTAOGCTAGGAAAGGATGCTCCCAACTGGTGTCTCTOGGGGTGATGCAAG
507 GACAGCTOG;GCCTGGATOCTCTCCCTGAGGCTCCTTTTTCCAGAAGACACACGAGCTGTCTTOGGTGAAGACAAGCJTTCAGACTTGATCAACATTGACC
51 71 ATTACCTCACTGTCAGACACTTTACAGTAOCCAAGGAGTTGGAAACCTTTATGTATTATGATGTTAGCTGACCCCCTTCCTCCCACTCCCAATGCTGCGA
527 CCCTGGGAACACTTAAAAAGCTTGGCCTCTAGATTCTTTGTCTCAGAGCCCTCTGGGCTCTCTCCTCTGAGGGAGGGACCTTTCTTTCCTCACAAGGGAC
5370$ TTTTTTGTTCCATTATGCCTtGTTATGCAATOGGCTCTACAGCACCCTTTCCCACAGGTCAGAAATATTTCCCCAAGACACAGGGAAATCGGTCCTAGCC
5479 TOGGGCCTOGGGGATAGCTTOGAGTCCTGGCCCATGAACTTGATCCCTGCCCAGOT6TTTTCCGAGOGGCACTTGAGGCCCAGTCTTTTCTCAAGGCAGOT
5571| TAAGACACTCAGAGOGAGAACTGTACTGCTGCCTCTTTCCCACCTTCCTCATCTCAATCCTTGAGCGGCAAGTTTGAAGTTCTTCTGGAACCATGCAAA
567 ?CIGTCCTCCTCATGCAATTCCAAGGAGCTTOCTGGCTCTGCAGCCACCTCTGGGCCCCTTCCAGCCTGCCATGAATCAGATATCTTTCCCAGAATCTGO5778 OCTTTCTGAAGTTTTGOGGGAGACTGTTGGOACTCATCCAOTGCTCCAOAAGGTGGACTTGCTTCTGGGGGGTTTTAAAGGAGCCTCCAGGAGATATGC
5S79 TTAGCCAACCATGATGOATTTTACCCCAGCTGGACTCGGCAGCTCCAAGTGGAATCCACOTGCAGCTTCTAGTCTGGGAAAGTCACCCAACCTAGCAGTT
5979 OTCATOTGGGTAACCTCAGGCACCTCTAAGCCTGTCCTGGAAGAAGGACCAGCAGCCCCTCCAGAACTCTGCCCAGGACAGCAGGTGCCTGCTGGCTCTO
6 078 GGTTTOGAAGTTTOGOGGGTAGOGGGTGOTAAGTACTATATATGGCTCTGGAAAACCAGCTGCTACTTCCAAATCTATTGTCCATAATGGTTTCTTTC
6178 TOAGGTTGCTTCTTGGCCTCAGAGOACCCCAGGGGATGTTTOGAAATAGCCTCTCTACCCTTCTGGAGCATGGTTTACAAAAGCCAGCTGACTTCTGGAA
6278 TTGTCTATOGA^GACAGTTTGGGTGTAGGTTACTOATGTCTCAACTOAATAGCTTOTOTTTTATAAGCTGCTGTTGGCTATTATGCTGGGGGAGTCTTTT
6378 TTTT TATATTGTATTTTTGTATGCCTTTTGCAAAGTGGaITTAACTGTTTTTGTACAAGaAAAAAAAACTCTTGOGGCAATTTCCTOTTGCAAGQGGTCtG
6478 TTTaAAAaGCAAAGCATTCACCTGAAATTTTaT01GT3GATTGCTATATGATCTGCCATTTTAAAATGTTGCCTTCTOGGACATCTTCWATIAAA6578 AATCTCAm

' ATOTCAGAOTGGGGCAGCTTATGCCACCTGGATCCTCCTCAACCACGGAAAACTATTTCA%GGTAGCCACAAGTGATCCAGAGGGC
6673 TGCACTTCTCTAACCATGTTGCTAACCTGGTCATTCCACTCTGGTTCCTOAAATGCCATTTCAGACATGTTGAAACAATGTAGGCTCAGTACTCAGTGA
6778 ACACWAATTC

FIG. 2. Nucleotide sequence of the human L-mvc gene. Solid boxes enclose the three exons of the L-mvc gene, and dotted lines indicate
sequences from introns- 1 and 2 which are retained with high frequency in mature L-mvc mRNA. Two Spl-binding sites are enclosed in boxcs
at positions -50 and -73. A consensus TATAA (position -19 to -15) is underlined and, although no CCAAT elements are present, a CAAT
sequence and its inverted repeat ATTG are also underlined at positions -181 and -156, respectively. Polyadenylation signals are indicatesd
with a line above and below the sequence AATAAA. Recently, Shaw and Kamen (54) have described an AT-rich sequence in the 3;
untranslated region which confers selective mRNA instability, and a consensus ATTT-lA sequence has been recognized by comparative
analysis of a number of distinct short-lived mRNAs. Analysis of the L-myc sequence identified two closely spaced AT-I-lA elements at
positions 6478 and 6514 enclosed in a box in the distal 3' untranslated region. Two other additional ATTT-lA pentamer sequences are also
present in distal intron 2.
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FIG. 3. Analysis ofRNA expression with nonoverlapping probes
revealed distinct L-myc mRNA species. Lanes A to D: Poly(A)-
selected RNA (1 jig) from NCI H510 was size fractionated and
transferred to nitrocellulose. Duplicate lanes were then hybridized
with the following probes. Probe A: Two different oligonucleotides
spanning nucleotide coordinates 209 to 263 and 518 to 572 (both
contained within intron 1) were uniformly labeled by priming with a
complementary nanomer oligonucleotide in the presence of 32p_
labeled deoxyribonucleotides (17). Probe B: A 200-bp SmaI-SmaI
fragment from the 5' region of exon 2. Probe C: A 1-kb BglII-EcoRI
fragment from intron 2. Probe D: A 2-kb cDNA insert containing
only exon 3 sequences. For lane E, 10 ,ug of total RNA was size
fractionated in a similar experiment but hybridized with probe E (a
1.9-kb cDNA insert containing sequences from exon 1, intron 1,
exon 2, and portions of exon 3). A light exposure is presented to
demonstrate clearly the two distinct long-form mRNA transcripts of
L-myc (see the text).

tide primer (originating from nucleotide coordinates 209 to
263) mapped the 5' boundary of the L-myc gene to the same
location previously implicated by S1 nuclease analysis. This
site is also within 5 nucleotides of our most 5' cDNA clones.
Taken together, these data establish this location as a
transcription initiation site of the L-myc locus (nucleotide 1
in Fig. 2). A consensus TATAA sequence is found 15 bp
upstream from this site, and a CAAT sequence and its
inverted repeat ATTG are found at nucleotide positions
-181 and -156, respectively. In addition, this region is
flanked by two consensus Spl-binding sites (9 of 10 nucleo-
tides match) (27) at positions -50 and -73. Similar GC-rich
regions with Spl-binding sites have been identified in an

increasing number of eucaryotic genes, including house-
keeping genes (19, 39) and, more recently, proto-oncogenes
(5, 26). Such elements have been associated with 5' hetero-
geneity of gene transcription (52). Although we observed
several discrete intermediate bands on longer exposures of
the 51 nuclease and primer extension experiments, further
investigation is required to determine whether these bands
also represent heterogeneous transcription start sites (Fig.
5).

Predicted proteins encoded by L-myc. Inspection of the
predicted amino acid sequence of the long form of the L-myc
protein readily identified numerous discrete regions of ex-

tensive homology with the c-myc and N-myc protein prod-
ucts (Fig. 6). Flanking these regions of extensive homology,
the three myc genes sharply diverge, with frequent insertions
and deletions. There are two additional upstream ATGs
present in exon 1 of L-myc. The first ATG is found only in
our most 5' cDNA clones at position 2 and is followed by a
stop codon in frame at position 98. The other exon 1 ATG is
found at position 128 and is in frame with the long-form open
reading frame if intron 1 has been spliced. Translation from
this upstream open reading frame would, therefore, add an
additional 30 amino-terminal residues. If intron 1 has not
been removed, however, the open reading frame commenc-
ing at position 128 is not in frame with the exon 2 ATG,
terminating at a stop codon at position 620. Neither of the
two exon 1 ATGs, however, conforms to the requirements
for a strong consensus translational start site (30) in that both
contain pyrimidines at the -3 position. In contrast, the
sequence CGGACATGG (coordinates 577 to 585) flanking
the exon 2 ATG is more favorable, suggesting that this is the
predominant initiation site for protein translation.

Since we also demonstrated that a substantial amount of
steady-state L-myc mRNA transcripts terminate in intron 2
(by use of an alternative polyadenylation site), we expect
that a protein that arises from such a short-form mRNA will
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FIG. 4. All L-myc mRNA species are enriched in the monoribo-

some- and polyribosome-associated fractions. RNA (2 ,ug) isolated
from either a nuclear preparation (nuclear) or the mono- and
polyribosome fractions (cytoplasmic) of cell line NCI H209 were
size fractionated and transferred to nitrocellulose. Probe C is
specific for the short-form transcripts, whereas probe D detects
exclusively long-form species.
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FIG. 5. (a) S1 nuclease analysis of the 5' end of the L-myc gene. Protection of a 447-bp SmaI-SmaI fragment (probe B) by RNA isolated
from an L-myc-producing cell line, NCI H209, revealed a major species at 405 bp (transcripts which have retained intron 1) and a closely
spaced doublet at 205 bp (transcripts which have removed intron 1), whereas a tRNA control offered no protection. An upstream SstI-SmaI
fragment (probe A) was not protected. This maps the 5' boundary of the first exon to within 5 nucleotides of our most 5' cDNA clones,
establishing an exon 1 of 208 bp. The lower band of the doublet at 205 bp may represent a population of mRNA species with an exon 1
approximately 10 bp smaller than that predicted by our longest cDNA clones. Although initiation of transcription from a start site slightly
downstream from that proposed in Fig. 2 appears more favorable given the location of the TATAA consensus sequence (nucleotide position
-15), we do not have direct evidence to support this hypothesis. Finally, this experiment demonstrated that large amounts of steady-state
transcripts with an unspliced intron 1 exist. (b) Primer extension analysis maps the initiation site. A 55-bp uniformly labeled oligonucleotide
primer (coordinates 209 to 263) was allowed to anneal with 40 pLg of total RNA either from two cell lines (NCI H510 and NCI H209) that
express L-myc or from a cell line (NCI N592) that produces no detectable L-myc. Full-length extension of approximately 260 bp in the
presence of reverse transcriptase (see Materials and Methods) confirmed the 5' boundary of the L-myc gene. Several intermediate bands
(arrowhead) were also seen. Since this is a highly GC-rich region with potential for secondary structure formation, such bands may only
represent strong stop sites for reverse transcriptase. Mapping of these smaller bands with the faint intermediate signals seen with the S1
nuclease assay revealed that they differ by approximately 20 bp. Further investigation, therefore, will be required to determine whether these
signals represent heterogeneous start sites for transcription.

retain the amino-terminal domain encoded by exon 2 yet will
have truncated the carboxy-terminal domain encoded by
exon 3. This predicted protein would span 206 amino acids
and contain 41 novel carboxy-terminal residues before
reaching a TGA termination codon at position 1200 (Fig. 7).
Thus, the presence of alternative splicing and alternative
termination patterns in L-myc suggests the existence of a
second type of myc protein that differs greatly from the
L-myc long form.

DISCUSSION
The myc gene family. This work demonstrates that the

structural organization of the myc gene family is highly
conserved, with three exons and two introns (2, 4, 29, 55). In
addition, the presence in L-myc of a predominant transla-
tional start site near the 5' end of exon 2, with an apparently
untranslated exon 1, resembles the organization of the other

myc genes (4, 29, 55). Attempts to explain the evolutionary
conservation of c-myc exon 1 have been controversial (12,
16), although recent evidence suggesting the possibility of
additional open reading frames in this region is provocative
(6). Sequence analysis of exon 1 and intron 1 of the L-myc
gene has shown no significant homology with analogous
regions of the c-myc and N-myc genes. This region of the
L-myc gene, however, is highly G and C rich and may
participate in the formation of very stable stem-and-loop
structures, as has been previously predicted for both c-myc
and N-myc (4, 29, 55). In addition, the exon 1-intron 1
boundary is a region of intragenic transcriptional pausing
that may be important in the regulation of the c-myc gene (7,
44) and has been associated with clustering of somatic
mutations in Burkitt lymphoma (45). These observations
have led to the hypothesis that changes in this region are
associated with alterations in the regulation of c-myc expres-
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FIG. 6. Comparative analysis of the predicted myc gene products shows multiple domains with striking amino acid homology. The amino
acid coordinates for the different myc gene proteins are shown in a column to the right. Amino acid alignment was performed by the computer
program PrtAln (58) and by visual inspection.

sion. Whereas there are no obvious conserved sequences
between c-myc and L-myc in the vicinity of this splice
boundary, it is reasonable to test whether this region partic-
ipates in similar regulatory processes in SCLC. The abun-
dance of mRNA transcripts that contain intron 1 permitted
us to sequence this region in cDNA from SCLC line H510,

which is amplified for L-myc. We found no mutations in the
expressed gene in this region in comparison with the normal
placental DNA sequence. It will be important to analyze this
region similarly in other SCLC lines activated for L-myc
expression.
Comparison of the three homologous myc family proteins

Exon 2

Predicted
amino acids
common * both
mRNA forms

GT AAG GAC CTC CCC GAG CCA TCC AAG AGG GGG CCA CCC CAT GGG TGG CCA Intron 2

Gly Lys Asp Leu Pro Glu Pro Ser Lys Arg Gly Pro Pro His Gly Trp Pro l

Predicted c-terminal
AAG CTC TGC CCC TGC CTG AGG TCA GGC ATT GGC TCT TCT CAA GCT CTT GGG : 41 amino acids
Lys Leu Cys Pro Cys Leu Arg Ser Gly Ile Gly Ser Ser Gln Ala Leu Gly unique to short

! mRNA forms

CCA TCT CCG CCT CTC TTT GGC TGA AGC TGC CCG TGT AGT CCC CAA CCG

Pro Ser Pro Pro Leu Phe Gly Ter I

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -_

FIG. 7. The primary structure of the short-form L-myc transcript predicts a novel carboxy-terminal open reading frame.

GAA CCC AAG ACC CAG GCC TGC TCC GGG TCC GAG AGC CCA AGC GAC TCG G
Glu Pro Lys Thr Gln Ala Cys Ser Gly Ser Gly Ser Pro Ser Asp Ser

Exon 2 splice boundary for long mRNA forms

I
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showed that L-myc has a putative translation product of 364
amino acids, whereas c-myc (439 residues) and N-myc (456
or 464 residues if counted from a more upstream start site)
contain larger translation products. Despite these differ-
ences, several regions of distinct amino acid sequence ho-
mology could be observed between the three proteins (Fig.
6). Recently, specific domains of the c-myc and v-myc
proteins that are involved in in vitro transformation and
nuclear localization have been described (24, 57). These
analyses identified two discrete areas within the c-myc
protein (c-myc amino acids 105 to 143 and 320 to 439) which
were critical for complementation of ras genes in transform-
ing normal rat embryo cells (57). These two critical domains
contain specific regions of amino acid homology with both
L-myc and N-myc. It will be of interest to test the biologic
activity of myc genes with small deletions that only involve
the areas of conserved sequence to further delineate specific
sites of functional activity.

In contrast, large deletions within the most amino-terminal
regions of the protein (c-myc amino acids 6 to 104) were
required to abrogate transformation activity, whereas even

large deletions in the middle of the protein (c-myc amino
acids 144 to 320) did not affect full transforming activity. As
shown in Fig. 6, there are several highly conserved amino
acid sequences within these regions which can be deleted yet
still allow retention of cotransformation activity. This sug-

gests the presence of other, as yet undescribed, functions for
these regions.

Evidence for alternative splicing in SCLC. We have pre-

sented evidence for multiple forms of L-myc mRNA tran-
scribed from a single gene. These species were generated by
alternative RNA splicing of introns 1 and 2 and by alterna-
tive polyadenylation site utilization. In addition, we have
demonstrated that these mRNA species are poly(A)+, con-

tain potential open reading frames, and are significantly
enriched in the ribosome-associated fraction of the cyto-
plasm. These observations support the notion that these are

mature mRNAs which may encode a truncated protein with
a novel carboxy-terminal end. Such a protein would lack
sequences predicted to be important for nuclear localization
and, therefore, would be expected to serve a different
functional role.

Posttranscriptional mRNA processing in eucaryotic cells
requires endonucleolytic cleavage and polyadenylation of
the nuclear mRNA precursor about 10 to 30 bp downstream
from a AATAAA consensus (8), occurring almost simulta-
neously with the removal of intervening sequences (1). In
this regard, c-myc lacks an analogous AATAAA sequence

whereas N-myc contains such a polyadenylation signal
within intron 2. This suggests a search for alternative proc-

essing of N-myc in SCLC lines that express this gene.

Despite the rapidly growing number of eucaryotic genes

now known to undergo complex posttranscriptional process-

ing, little is known about the specific mechanisms that
control these events (9, 33). cis elements, such as consensus

sequences flanking the intron-exon boundaries (41) and lariat
branchpoints (28, 49), are essential for efficient processing.
Thus, it will be of interest to study the role that the two
purines that interrupt a stretch of pyrimidines just adjacent
to the 3' acceptor sequence of L-myc intron 2 may play in
generating short-form transcripts. Recently, soluble trans

factors, induced during muscle-specific differentiation, have
also been identified to be involved in alternative splicing
(10). Neuron-specific alternative RNA processing has been
described for a number of genes, including the calcito-
nin/CGRP gene (32) and possibly the pp60src gene (38),

raising the questions of whether this is an important mech-
anism for gene regulation in neuroendocrine cells such as
SCLC and whether alternative processing of L-myc occurs
in other tissue types as well.

Biologic properties of the L-myc gene. Each of the myc gene
family members can complement a mutated ras gene in
transforming primary rat embryo fibroblast cells after co-
transfection (2, 31, 59). In addition, L-myc expression is
seen at specific periods in developing lungs, kidneys, and
central nervous systems of mice (61). These data are con-
sistent with the idea that the L-myc protein is involved in
tissue-specific regulation of cell growth and that alterations
in the expression of L-myc may participate in malignant
transformation. Human SCLC is a unique tumor, in which
amplification of all three myc family genes may be found in
different tumors (11, 35, 43). It is of interest, however, that
SCLC cell lines that produce L-myc tend to be relatively
slow growing, exhibit a classic small-cell morphology, and
express neuroendocrine markers, as compared with SCLC
cell lines that express large amounts of c-myc, tend to have
a variant morphology and rapid doubling time, and have lost
many neuroendocrine features (13, 20). L-myc deregulation,
therefore, may be important in one of the initial steps in the
progression of events which leads to malignant change in the
precursor of SCLC. Finally, the L-myc primary transcript is
often processed into a number of different mature mRNAs
which could be translated into structurally distinct proteins.
It will be important to explore the role that these predicted
protein products may serve in mediating normal or aberrant
cellular functions.
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