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We have isolated a 12 kb clone from the murine genome
which we show by DNA transfection studies to contain an
entire functional L-myc gene and the transcriptional promoter
sequences necessary for its expression. We have also isolated
a 3.1 kb cDNA sequence from a murine brain cDNA library
which corresponds to most of the L-myc mRNA. We have
identified the L-myc coding region within the genomic clone
by a combination of Si nuclease analyses, Northern blotting
analyses and comparative nucleotide sequence analyses with
the cDNA clone. The L-myc gene appears to be organized
similarly to the other well-characterized myc-family genes,
c-myc and N-myc. The predicted amino acid coding sequence
of the L-myc gene indicates that the L-myc protein is signifi-
cantly smaller than c- and N-myc, but is highly related. In
particular, comparison of the N- and c-myc protein sequences
reveals seven relatively conserved regions interspersed among
non-conserved regions; the L-myc gene retains five of these
conserved regions but lacks two others. In addition, a portion
of one highly conserved region is encoded within a different
region of the L-myc gene but, due to changes in the size of
L-myc exons relative to those of N- and c-myc , maintains its
overall position in the peptide backbone with respect to other
conserved regions. We discuss these fmdings in the context
of potential functional domains and the possibility of over-
lapping and distinct activities of myc-family proteins.
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Introduction
The myc family of cellular oncogenes is currently known to con-

tain at least three members, the c-myc, N-myc and L-myc genes

(reviewed by Alt et al., 1986; DePinho et al., 1987). The c-myc

and N-myc genes have been demonstrated to have a very similar
overall organization which consists of three exons with a major
coding region occurring in exons two and three (Battey et al.,
1983; Kohl et al., 1986; Stanton et al., 1986; DePinho et al.,
1986). The coding regions of these genes exhibit extensive hom-
ology (Kohl et al., 1986; Stanton et al., 1986; DePinho et al.,
1986) and encode similar sized nuclear proteins (Slamon et al.,
1986; Ikegaki et al., 1986; Ramsay et al., 1986). Both genes

also cooperate similarly with an activated ras oncogene to yield
malignant transformation of prnmary rat embryo fibroblasts (Land
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et al., 1983; Yancopoulos et al., 1985; Schwab et al., 1985).
The L-myc gene was initially isolated on the basis of its high-
level amplification in a subset of human small-cell lung carci-
nomas and its homology to a conserved region of exon two of
the other myc genes (Nau et al., 1985); a highly related sequence
was isolated independently from the normal murine genome on
the basis of homology with conserved regions of the second and
third exons of the N-myc gene (Zimmerman et al., 1986; see
below). The overall relationship between the L-myc gene and
the c- and N-myc genes was not previously characterized;
however, limited nucleotide sequence analysis of the human L-
myc clone confirmed the existence of two short homologous
sequences shared among the genes and suggested that L-myc was
a true member of the myc gene family (Nau et al., 1985).
The normal function of the myc family genes is unknown,

although it is believed that these genes may play some role in
cellular differentiation and proliferation (reviewed by Kelly and
Siebenlist, 1986; Marcu, 1987). The similar activities of N- and
c-myc with regard to transformation suggest at least overlapping
oncogenic activities. However, the conservation of the different
myc genes as distinct sequences throughout vertebrate evolution
(e.g. King et al., 1986; Van Beneden et al., 1986; DePinho et
al., 1987; Collum and Alt, unpublished data) and the distinct
tissue- and stage-specific patterns of c-, N- and L-myc expression
during murine development (Jacobovits et al., 1985; Zimmerman
et al., 1986) suggest unique functions as well. The differential
patterns of myc gene expression observed in normal cells and
tissues is also reflected in the patterns of myc gene activation
in different tumors. The c-myc gene is activated in a wide variety
of different tumor types and by many different mechanisms in
correspondence with its generalized expression patterns in devel-
oping murine tissues; in contrast, activation of the N- and L-myc
genes has been observed thus far in a limited set of tumors and
only by gene amplification (Schwab et al., 1983; Kohl et al.,
1983; Nau et al., 1985), again perhaps reflecting the much more
restricted expression of these genes in normal cells (reviewed
by Alt et al., 1986). It has been suggested that differential or
perhaps combinatorial expression of these genes may be related
to the progression of cells through various differentiation path-
ways (Zimmerman et al., 1986).
To define the relationship between the L-myc gene and other

myc-family members, we have characterized in detail the structure
of the murine L-myc gene. Our analyses clearly demonstrate that
the L-myc gene has a similar overall organization to that of the
other two family members; the putative coding regions are rela-
tively conserved, but potential regulatory regions are totally
divergent. Furthermore, the putative L-myc protein contains
blocks of sequences highly conserved with those of N-myc and
c-myc interspersed with totally divergent regions; the conserved
regions are interspersed over the entire length of the L-myc pro-
tein and constitute a subset of the regions conserved between N-
and c-myc. Taken together, our findings provide further support
for an extended myc gene family with common and divergent
functional activities.
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Fig. 1. Organization of the murine L-myc gene. A. Murine N- and L-myc-related sequences. Ten micrograms of BALB/c genomic DNA was digested with
EcoRI, fractionated by agarose gel electrophoresis, transferred to nitrocellulose and assayed either for (panel N) hybridization to a human N-myc exon

2-specific probe (XhoI-BamHI fragment; Kohl et al., 1986) or for (panel L) hybridization to a mouse L-myc exon 2-specific probe (genomic probe 2, panel
B). The human probe was hybridized under reduced stringency conditions (DePinho et al., in preparation). B. Organization of the L-myc gene. Sections a and
b show a partial restriction endonuclease map of the 12 kb murine L-myc genomic clone and a 3.2 kb murine L-myc cDNA clone. Restriction endonuclease
sites are indicated as follows: B, BamHI; Bg, BgllI; H, Hind]II; P, PstI; R, EcoRI; S, Sacl; X, XAoI; the EcoRI sites created by linker addition during the
cloning of the cDNA are indicated with an asterisk. The large bracket above the map of the genomic clone indicates the region that was sequenced. The
boxes indicate the positions of the exons. The dashed box and the question mark indicate the position of a putative exon 1; see text for details. The shaded
areas indicate putative translated sequences. The arrows below the cDNA map indicate the sequenced portions and the sites which were end-labeled. Panel C
shows fragments of the genomic clone that were isolated for use as nick-translated probes. Panel D diagrams fragments of the genomic clone that were used
for the SI nuclease mapping; SI-resistant fragments after hybridization to total newborn brain poly(A) containing RNA are indicated by solid boxes; the size
of the protected fragment is given in parentheses. An asterisk at the end of a fragment indicates that the probe was terminally labeled. The arrow indicates the
presence of an S1-hypersensitive site in probe 7 which was not further characterized.

Results

Structure of the murine L-myc gene

A low stringency Southern blot assay of murine DNA for hybrid-
ization to an exon 2 probe derived from the human N-myc gene
revealed a variety of cross-hybridizing fragments in addition to
the 7.7 kb fragment containing the murine N-myc gene (Figure
IA, lane N); several of these EcoRI fragments also hybridized
to a third exon N-myc probe (data not shown). On this basis a

panel of murine myc-related clones was isolated from a genomic
EcoRI library. One of these clones, a 12 kb EcoRI fragment,
had strong homology to a probe specific for the human L-myc
gene (Nau et al., 1985), which is now known to correspond to
an exon 2 specific probe (DePinho et al., in preparation), and
weak, but distinct, homology to probes derived from correspond-
ing regions of the N-myc or c-myc genes (not shown). Under
normal stringency, unique sequence probes prepared from this
clone (e.g. probe 2, Figure IB) hybridized strongly only to the
homologous 12 kb fragment in murine DNA (Figure IA; lane
L) and to the polymorphic 10 kb or 6.6 kb fragment diagnostic
of the human L-myc gene (Nau et al., 1985) in human DNA (data
not shown). Based on these types of analyses, we conclude that
the isolated 12 kb fragment harbors sequences derived from the
murine homologue of the L-myc gene; a conclusion confirmed
by direct comparison of the nucleotide sequence of this fragment
with that of the human L-myc gene (DePinho et al., in prep-

aration).
Restriction mapping and hybridization assays revealed two sep-

arated regions of the L-myc genomic clone which respectively
had substantial sequence conservation with probes for conserved

sequences within the second or third exons of the N-myc gene
(data not shown), providing a tentative transcriptional orientation
for the clone. To further define the structure of the L-myc gene,
we employed a probe from the exon 2-homologous region to
isolate several L-myc cDNA sequences from a murine newborn
brain cDNA library (Figure IB); newborn brain is the naturally
occurring murine source with the highest known levels of L-myc
expression (Zimmerman et al., 1986). Comparison of the com-
plete nucleotide sequence of an 8.8 kb subfragment of the gen-
omic clone containing the N-myc homologous regions (Figure
2) with that of appropriate regions of the longest cDNA clone
(Figures lB and 2), coupled with extensive SI nuclease mapping
experiments, clearly defined the presence of two L-myc coding
exons separated by an intron of approximately 2900 kb. These
L-myc exons have considerable organizational homology to exons

2 and 3 of the N-myc and c-myc genes (Figures lB and 2); we
refer to them as exons 2 and 3 of the L-myc by analogy with
those of other myc genes, although the putative exon 1 sequences
of the gene have been less clearly defined (see below). The pres-
ence of a poly(A) tail defined the relative orientation of the cDNA
clones and confirmed the orientation of the genomic clone pre-

dicted by the N-myc homologous regions (Figures 1 and 2). A
consensus adenylation sequence, AATAAA (Proudfoot and
Brownlee, 1976), occurs at position 7227 of the genomic clone
(Figure 2), just upstream from the point at which the cDNA
sequence diverges from the exon 3 genomic sequence due to the
beginning of the poly(A) tract. The approximate exon 2-3 junc-
tion predicted from the S1 nuclease mapping studies (Figure ID)
was precisely mapped from the cDNA sequence to occur between
positions 1786 and 4669 in the genomic clone; the sequences
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Fig. 2. Complete nucleotide sequence of mouse L-myc gene. Restriction fragments from the genomic clone were cloned into the M13 phage, and the sequence
was performed by the dideoxynucleotide method (Sanger et al., 1977). Solid or dashed boxes around the sequence indicate the position of the determined or
putative exon sequences; see text for details. The dashed line at nucleotide 1260 indicates an imprecision in the localization of the 5' end of exon 2 by the S1
nuclease method; see Figure 1. The dashed box indicates the possible location of a putative exon 1 based on evidence described in detail in the text. The
arrow at nucleotide 1431 indicates the position of the 5' end of the cDNA clone as determined by comparison of the genomic and cDNA nucleotide
sequences; a corresponding polyadenylation signal present at nucleotide 7227 is boxed.

CTG/GTAAGG spanning the 3' boundary of exon 2 and TCC-
TCTTGAACAG/AA spanning the 5' boundary of exon 3 are
acceptable donor and acceptor splice junctions (Mount, 1982).
Restriction endonuclease analyses confirmed the co-linearity of
the cDNA and genomic clone within the exon 3 sequence (Figure
iB); thus exon 3 extends for approximately 2600 bp.
Our longest cDNA sequence (approximately 3.2 kb) extended

through most of exon 2 to position 1431 (arrow, Figure 2) but
ended just before the 5' border of this exon, approximately located
by SI nuclease protection experiments (Figure LB). Thus the
cDNA did not allow accurate positioning of the upstream exon
2 boundary. In this regard utilization of genomic probe 3 in the
SI experiments revealed two protected bands, suggesting one
exon 2 border that terminates at approximately position 1250-
1300 and another extending further 5' (Figure ID). Notably a
human L-myc pseudogene has a spliced exon 2 at a region con-
served within the murine gene at a point corresponding to pos-
ition 1281 (DePinho et al., in preparation). Together, these data

support the notion that at least one form of the murine L-myc
mRNA derives from three exons with the 5' boundary of exon
2 probably occurring at position 1281; an acceptable splice ac-
ceptor sequence spans this position.
We have not located the putative first exon of the murine gene,

but again comparison with the human L-myc pseudogene reveals
that in the pseudogene a region homologous to positions 700-919
of the murine genomic clone is directly linked to the exon 2-
homologous sequences (DePinho et al., in preparation). Again
an acceptable donor splice sequence spans position 919 in the
murine gene. Additional Northern blotting data support the con-
clusion that sequences from this region are found in the L-myc
mRNA (see below). Whether the longer probe 3 protected frag-
ment (Figure iB) derives from an alternative form of the L-myc
mRNA or from precursor sequences remains to be determined.
It is notable that several different forms of the c-myc and N-myc
RNAs derive from variations in 5' initiation and splicing patterns
(Battey et al., 1983; Bernard et al., 1983; Kohl et al., 1986; Zim-
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Fig. 3. Expression of an introduced L-myc gene in transformed rat embryo fibroblasts. Panels A and B: Ten micrograms of total RNA prepared from the
indicated sources was fractionated by formaldehyde-agarose gel electrophoresis, transferred to nitrocellulose and assayed for hybridization to either L-myc
genomic probe 1 (panel A) or probe 2 (panel B); see Figure 1 for description of probes. Panel C: Genomic probe 5 (see Figure 1) was uniformly labeled
with 32P and assays for hybridization with 20 itg of total RNA of the indicated samples were performed by the SI nuclease digestion method (Kohl et al.,
1986). In this figure, 'REF' refers to normal, untransformed rat embryo fibroblasts; 'BRAIN' refers to newborn mouse forebrain. Panel D shows a map of
the L-myc retroviral constructs which were prepared as described in the text and in Materials and methods. The arrows indicate the direction of the
transcription from promoters located in the viral LTR or from the putative L-myc promoter (P).

merman and Alt, unpublished data); additional evidence from
the analysis of human L-myc cDNA sequences supports the possi-
bility of several forms of the L-myc mRNA which differ in their
5' sequences (DePinho et al., in preparation). Thus one form
of the L-myc gene could consist of a first exon of at least several
hundred bp, a second exon of approximately 550 bp and a third
exon of 2600 bp. The combined size of these sequences plus a
poly(A) tract could account for the size of the murine L-myc
mRNA of approximately 3.6-4.0 kb (Zimmerman et al., 1986).

Expression of the L-myc genomic clone
Due to the lack of a full-length cDNA clone, and no high level
expression source to allow ready analysis of the L-myc RNA
sequences, we resorted to transfection assays to further define
coding and functional aspects of the cloned L-myc gene. Because
the major defined coding regions of N-myc and c-myc are found
within the second and third exons, it seemed possible that the
12 kb L-myc genomic clone could contain a complete copy of
the L-myc gene. To test this possibility the 12 kb clone was
inserted between two directly repeated Moloney murine leukemia
virus long terminal repeats (LTRs) in the retroviral vector
pVcos7. The L-myc genomic clone was inserted in both transcrip-
tional orientations relative to the promoter in the LTR. We have
found that direct transfection of such myc expression vectors into
permanent cell lines often does not yield transfectants which
express the introduced genes at very high levels (Zimmerman
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and Alt, unpublished data); however primary rat embryo fibro-
blasts malignantly transformed by LTR-N-myc plus Ha-ras ex-
pression vectors almost always have substantial expression levels
of the introduced N-myc gene (Yancopoulos et al., 1985). There-
fore to readily assay expression and also to obtain a preliminary
assessment of the functionality of the L-myc genomic clone, we
co-transfected the two types of vectors (L-myc RI and R2; Figure
3D), independently with an activated Ha-ras gene into primary
rat embryo fibroblasts (REFs), and searched for the appearance
of transformed foci which overgrew the normal monolayers.
LTR-vectors with L-myc clones in either orientation in conjunc-
tion with the activated Ha-ras gene led to the appearance of
transformed foci which also grew in soft agar and formed tumors
in syngeneic rats (data not shown). These preliminary data suggest
that, like the c-myc and N-myc genes (Land et al., 1983; Yan-
copoulos et al., 1985; Schwab et al., 1985), the L-myc gene can
cooperate with activated ras genes to cause tumorigenic trans-
formation. However we did not perform a large enough set of
co-transformation assays to strictly confirm this point or to deter-
mine the relative activity of L-myc in the assay.

To examine the nature of the L-myc transcripts produced from
these vectors, we isolated a permanent REF line derived with
each vector, grew these to large numbers and assayed their total
RNA for hybridization to various L-myc probes. Hybridization
of RNA prepared from various sources to an exon 2-specific
probe revealed that although normal REFs do not produce L-
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5
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199 LysArgGluProAlaPro 204

202 Asp SerSerSerPro 206

204 GlnCGnHisAsnTyrAlaAlaArgPhePro ProGluSer 216 L myc

328 GlnGlnHisAsnTyrAlaAlaProserProTyrvalGluser 341 N- myc

269 ProGlnSerCysHisPro.ysProV-lS-rS-rAspThrGluAspValThrLyzArgLys
: .1 :

365 ProLysAlaLysSerLeuSerProArgAsnSerAspSerGluAspSerGluArgAr5Arg
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385 AsnHisAsnIleLeuGluArgGlnArgArgAsnAspL uArgSerSerPhe.euThrLeu

309 ArgAspGlnValProThrLeuAlaSerCysSerLysAlaProLysValValIleLeuSer 328

405 ArgsMpHisValProGluLeuValLysAsnGluLysAlAlaLysValValIleL.uLys 424

329 LysAlaL uGluTyrLeuGlnAlaLeuValGlyAlaGluLysLysMetAlaThrGluLys 348
iI 1: :I I: I

425 LysAlaThrGluTyrV.lHisS.rLeuGlnAlaGlucluHisGlnL*uLAuLeuGluLys 444
349 ArgGlnLeuArgCysArgGlnGlnGlnLeuGlnLysArgIleAlaTyrLeuSerGlyTyr 368

1 :
445 G,uLysLeu lnAlaArgGlnClnGlnLeuLeuLysLysIleCluHisAlaArgThrCys 464

150 GluProLysThrGInAlaCysSerGlySerGluSerProSerAspSer 165 L-myc
1: I I lI I

248 AspHisLysAlaLeuSerThrSerGlyGluAspThrLeuSerAspSer AspAspGluAspAspGluGluCluAspGlu 273 N -myc
3 166 GluClyGluGluIleAspValValThrValGluLysArgArgSerLeuAspIleArgLys ProValThr 188

274Glu GluGluIleAspValValThrValGluLyAgArgSrSerSerAsnThrLys AlaValThr 295

Fig. 4. Comparison of the c-, N- and L-myc proteins. Upper: The three boxes illustrate the results of a dot-matrix computer analysis of protein sequence

homology among members of the murine myc gene family. The comparison was performed using the Beckman MicroGenie Program with a window of 8 and
a stringency of 60%. From left to right the boxes show a comparison between the mouse L-myc and human N-myc proteins; the mouse L-myc and mouse c-
myc proteins; and mouse c-myc and human N-myc proteins. Regions of homology shared by all three proteins are numbered 1, 2, 3, 4 (less conserved in c-
myc) and 5. Region 3' in the L-myc protein is a possible transposition of a portion of region 3 in N-myc and c-myc. Regions NCl and NC2 are shared by N-
myc and c-myc, but are not found in L-myc. The arrow in the middle of the homology box 3 indicates the regions encoded by exon 2 or 3; the nucleotides
encoding this region span this splice junction. Lower: The amino acid alignment of the different homology boxes is indicated; not all c-myc/N-myc alignments
are shown. A solid line between amino acids indicates homology; a double dot indicates a conservative substitution.

myc transcripts identical in size to authentic 4 kb L-myc mRNA
(Figure 3B, arrow; in other blots the major transcripts were
shown to co-migrate with murine brain L-myc mRNA; see also
panel A). In addition SI nuclease assays with probe 5 (Figure
IB) confirmed that these transcripts protected a 190 bp band
diagnostic of a normal L-myc exon 3 splice junction (Figure 3C).
Strikingly, the steady state levels of L-myc RNA produced from
the L-myc R2 vector (with the gene in the opposite transcriptional
orientation from the LTR promoter) were even higher than those

produced from the L-myc Rl vector.
Together our results indicate that all of the sequences necessary

for generation of full length L-myc transcripts, including a tran-
scriptional promoter, are contained within the 12 kb L-myc gen-
omic clone, although the adjacent LTR may provide enhancer
function to obviate potential tissue-specific expression constraints
on the introduced L-myc genes. Assay of RNA from the trans-
formants, or from newborn brain, for hybridization to genomic
probe 1, which lies upstream of the exon 2 sequences, demon-

strated hybridization to normal size L-myc mRNA in all samples;
however an extensive lane background was present in the L-myc
Ri sample, presumably due to a heterogeneous series of tran-
scripts initiated from the viral LTR (Figure 3A). This finding
confirms that L-myc transcripts initiate upstream of the exon 2
region and supports the existence of the putative exon 1 region.
The c-myc gene appears to contain two independent promoter
regions that each contain CAAT and TATA motifs upstream from
their respective initiation sites (Battey et al., 1983), while tran-
scription of the N-myc gene appears to occur from multiple sites
in the absence of a TATA motif (Kohl et al., 1985; DePinho
et al., 1986). Although it was not possible to define the normal
L-myc promoter due to the very low abundance of L-myc mRNA
in known naturally occurring sources, a region with similarities
to the N-myc and/or c-myc promoter regions occurs just upstream
of the putative exon 1 sequences, starting with a potential TATA
motif at position 691 and extending approximately 100 bp in the
5' direction (Figure 2).
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The L-myc protein
Major forms of the c-myc and N-myc proteins are initiated from
ATG codons that are located near the beginning of exon 2. In
both of these genes exon 1 appears to be primarily an untranslated
leader sequence, although an additional form of the c-myc protein
has recently been demonstrated to be initiated from a variant (non-
ATG) initiation codon in exon 1 (King et al., 1987). An ATG
codon also occurs at a similar position within the 5' region of
L-myc exon 2 (position 1291). From this translation start site
an open reading frame extends for 1122 bp (allowing for splicing)
and terminates with a TAA stop codon after position 5277. Mul-
tiple termination codons interrupt this sequence in the other two
translational reading frames. Thus the putative murine L-myc
protein would contain 368 amino acids with a predicted size of
approximately 40 kd, a size significantly smaller than the murine
N-myc (462 amino acids; DePinho et al., 1986) or c-myc (450
amino acids; Stanton et al., 1984) proteins. However the substan-
tial homology of the putative L-myc protein to N-myc and c-myc

strongly argues that this is the correct reading frame (Figure 4).
A dot matrix computer comparison of the N-myc and c-myc pro-

teins reveals seven clusters of amino acid sequences that are

relatively conserved with respect to composition and position on

the peptide backbone; the amino acid sequence linking these
regions is quite divergent (Figure 4; third panel). Comparison
of the L-myc peptide with the other two demonstrates that five
of these regions including those most conserved between N-myc
and c-myc (regions 1, 2, 3 and 5) are also highly conserved in
the L-myc protein. In some cases the L-myc homology to N-myc
is even greater than the N-myc/c-myc homology (e.g. regions
2 and 5). Two regions that are relatively conserved between the
N-myc and c-myc (NC1 and NC2) are absent from the L-myc
protein; they are encoded in regions of exon 2 where L-myc
appears to have major deletions relative to the N-myc and c-myc
proteins. The major size difference between L-myc and the other
two myc proteins appears to result from the relatively short coding
region contributed by exon 2 of L-myc; the exon 3 coding regions
are similar in size for the three proteins (Figure 4).
A portion of homology region 3 between L-myc and the other

two proteins appears to be interrupted compared with that of the
N-myc (or c-myc) proteins in that it lacks a major internal stretch
of acidic amino acids (polyglutamic acid stretch in c-myc, not
shown, or a polyglutamic and aspartic acid stretch in N-myc,
Figure 4, bottom). Homology region 3 is encoded by the 3'
portion of exon 2 (ending in Ser Asp Ser; Figures 2 and 4) and
the 5' portion of exon 3 (Figure 4, arrow); the splice junctions
of these exons appear to be conserved between the two genes,

suggesting that the truncated acidic amino acid stretch is missing
from just within the beginning of the exon 3 coding sequences

of L-myc. Notably, a polyglutamic acid stretch is encoded further
into the exon 3 sequence of L-myc and appears on the L-myc
peptide backbone in a position identical to the corresponding
sequences in the N-myc and c-myc proteins (conserved region
3'; Figure 4 upper and lower).

Discussion
The myc gene family
Our characterization of the murine L-myc gene clearly demon-
strates that it represents an additional member of the myc family
of cellular oncogenes (Figure 4). The fulfl extent of this family
is unknown; other potential members of the human and murine
myc family have been isolated by cross-hybridization, but the

only well-characterized of these is an L-myc pseudogene (De-
Pinho et al., in preparation). Our preliminary mapping data
confirm that the myc family is a dispersed family in both the
human and the mouse, with members lying on many different
chromosomes (R.DePinho et al., in preparation; D'Eustachio and
Alt, unpublished data). The c-, N- and L-myc genes are highly
conserved in vertebrate evolution, indicating fundamental but
distinct roles in normal cellular processes (DePinho et al., 1986;
DePinho et al., in preparation; Collum and Alt, unpublished
data); yet despite intensive investigation, the normal role of myc
gene products has not been elucidated. Various studies have
suggested that c-myc has a role in cellular differentiation and pro-
liferation (reviewed by Marcu, 1987). A role in differentiation
for N-myc was suggested on the basis of its decreased expression
in retinoic acid differentiated human neuroblastomas (Thiele et
al., 1985); the strikingly restricted tissue- and developmental
stage-specific expression patterns of both N- and L-myc in early
development and in tumor cells are also consistent for some stage-
specific role for these genes.

Deregulated c-myc expression has been implicated in the gen-
esis of various classes of tumors and by a number of different
mechanisms including promoter (enhancer) insertion, viral trans-
duction and amplification (reviewed by Varmus, 1984; Cole,
1987). In contrast, deregulated N-myc expression has been impli-
cated in a very restricted set of tumors including neuroblastomas
(Schwab et al., 1983; Kohl et al., 1983; Seeger et al., 1985),
small-cell lung carcinoma (Nau et al., 1986) and retinoblastoma
(Kohl et al., 1983; Lee et al., 1984); deregulated L-myc ex-
pression has thus far only been implicated in the genesis of a
subset of small-cell lung carcinomas (Nau et al., 1985). Likewise,
in contrast to the many mechanisms of c-myc activation, ampli-
fication has thus far been the only mechanism observed in the
context of deregulated N- or L-myc expression in naturally oc-
curring tumors. The reasons for the restricted patterns of N-myc
and L-myc activation, both with respect to tumor type and mech-
anism (amplification) is not clearly understood, but may in part
reflect the normal restricted expression patterns of these genes
(see Alt et al., 1986 for further discussion). In any case, despite
the striking similarities in the structure of the genes and their
products, these differences again suggest distinct roles in normal
physiology as well.
Structure and expression of myc genes
The c- and N-myc genes consist of three exons in humans and
mice (Battey et al., 1983; Stanton et al., 1984, 1986; Bernard
et al., 1983; Kohl et al., 1986; DePinho et al., 1986). At least
one form of the L-myc gene also appears to be organized into
this characteristic three exon-two intron pattern (Figure 1). We
have not unequivocally defined the murine exon1 L-myc se-
quences, but the gene has an even larger (2000 bp) 3' untrans-
lated region than the N- or c-myc genes (Figure 2), accounting
for the larger size of the L-myc mRNA. Notably the L-myc 3'
untranslated region (Figure 2) has no obvious homology to that
of N- or c-myc, yet like the untranslated regions of c- and N-
myc, it also appears to be conserved with the corresponding
regions of L-myc genes in other species (DePinho et al., in prep-
aration). It has been suggested that the evolutionary conservation
of the untranslated regions of these genes suggests an important
regulatory role (DePinho et al., 1986), as described for similar
regions of the c-fos gene (reviewed by Verma, 1986). If the
untranslated regions of these genes are indeed important for
regulation of expression, the divergence of the sequences between
different family members would be consistent with the differen-
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tial expression patterns of the different myc-family genes in
normal tissues, in tumors, and in permanent cell lines (Zimmer-
man et al., 1986). However thus far DNA transfection exper-
iments in cell lines have failed to define the elements which
restrict the expression of myc genes in various cell types (Legouy
et al., 1987).
Activities of myc proteins
The c- and N-myc gene products are nuclear-associated phospho-
proteins that have a strong affinity in vitro for nucleic acids (Don-
ner et al., 1982; Watts et al., 1985; Slamon et al., 1986; Ikegaki
et al., 1986; Ramsay et al., 1986). Whether or not myc pro-
teins interact with specific DNA or RNA sequences to modulate
specific gene expression remains open to speculation (e.g. Nisen
et al., 1986; Legouy et al., 1987). Recently an extensive analysis
of the transforming activity and cellular localization of the prod-
ucts of mutagenized c-myc genes has provided a preliminary
dissection of potential functional regions within the protein (Stone
et al., 1987); it is of interest to compare the regions noted by
these studies with the conserved homology sequences among the
three myc proteins (Figure 4) that have been elucidated by our

analysis. Two domains found to be essential for the REF co-

transformation assay, in which N-myc and apparently L-myc also
function, included a small portion of the second exon which con-

tains homology region 2 (highly conserved region among all myc
proteins; Figure 4) and a major portion of the C terminus of the
protein which included homology region 5 (the largest highly
conserved region among the three proteins; Figure 4). Equally
notable is the fact that a region whose complete integrity was

not considered essential contained the highly conserved homology
sequence 1 (Figure 4), and another region which was considered
dispensible in the co-transformation assay contained several
highly conserved sequences including homology sequence 3 as

well as NC2 and 4 (Figure 4). Clearly there appear to be major
functional regions based on sequence conservation which are not
scored by the co-transformation assay. In this regard some of
the mutagenized c-myc genes were also tested for their ability
to transform the established Rat-I line which is known to be
susceptible to transformation by introduced high-level c-myc
expression (Stone et al., 1987). Again mutants which had defects
in the region of conserved homology sequence 5 were totally
inactive, underscoring the importance of this highly conserved
region; but strikingly mutants in the region 3 area that were active
in the cooperation assay were inactive in the Rat-I assay, suggest-
ing the possibility that regions of c-myc important for co-trans-
formation may not be identical to those necessary for
transformation of established cell lines. It will be of interest to
test mutagenized N- and L-myc genes in the Rat-i assay and to
assess the potential role of the highly conserved region 3 se-

quences in that system.
Hybrid gene studies indicated several sequences within the c-

myc protein that could direct the movement of the muscle pyr-
uvate kinase gene to the nucleus (Stone et al., 1987). One of
these sequences, which occurs at the beginning of homology
region 5 (Figure 4), is highly conserved among all three genes,
suggesting that L-myc, like c-myc and N-myc, will also be found
in the nucleus. Furthermore, the studies of Stone et al. (1987)
also implicated domains containing conserved homology regions
2 and 5 as necessary for interaction with nuclear components,
suggesting that these conserved sequences may play similar
general roles in the N-myc and L-myc proteins. The seven con-

served regions between c-myc and N-myc and the six between

L-myc and others, as well as the divergent regions between

the proteins, should provide more restricted targets for future

mutational analyses of overlapping and potentially divergent ac-

tivities.

Materials and methods
Genomic and cDNA cloning
Genomic DNA from the placenta of BALB/c mice was digested to completion
with EcoRI and cloned into the EcoRI site of lambda phage Charon 30 essen-

tially as described previously (DePinho et al., 1984). This library was screened
for clones which hybridized to exon 2- and 3-specific probes derived from human
N-myc cDNA clones (Kohl et al., 1986). A 12 kb clone which hybridized to
both probes was subcloned into plasmid vector pUC18 for further analysis.
A cDNA library was prepared from poly(A) containing total RNA isolated

from the brain of newborn BALB/c mice as described previously (Gubler and
Hoffman, 1983; Kohl et al., 1986). This library was screened for clones which
hybridized to an exon 2 L-myc-specific probe as described in the text. Several
clones were isolated, the longest of which was subcloned into pUC18 for further
analysis.
DNA sequencing
The nucleotide sequence of the L-myc genomic clone was determined by the
dideoxynucleotide method (Sanger et al., 1977), following shotgun subcloning
into bacteriophage M13. The nucleotide sequence of indicated regions of the cDNA
clone was determined by the method of Maxam and Gilbert (1977).
Analysis of RNA and DNA
DNA and RNA preparation, restriction endonuclease digestions, probe prepartons
by the nick-translation method, blotting procedures and hybridization conditions
were as described previously (Kohl et al., 1983).
SI nuclease assays and probes
The SI probes were derived from the 12 kb murine genomic clone as indicated
in Figure 1 and either uniformly labeled or end-labeled as described previously
(Kohl et al., 1986). Hybridization, digestion with SI nuclease and analysis by
electrophoresis through polyacrylamide gels was performed as previously described
(Kohl et al., 1986).
Computer analysis of DNA and protein sequence
Computer analyses of the L-myc sequence were performed on an IBM-AT per-
sonal computer using the Microgenie Sequence Analysis Program (copyright 1983
by SciSoft, Inc.).
Rat embryo fibroblast co-transformation
The 12 kb L-myc genomic clone was subcloned in both transcriptional orien-
tations into retroviral vector pVcos7 and co-transfected with the activated ras

plasmid pT24-ras as described previously (Yancp 6os et al., 1985). Transformed
foci were isolated and derived cell lines grown to large numbers for RNA prep-
aration.
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