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ABSTRACT We have studied the genomic organization of hu-
man cellular sequences (c-myc) homologous to the transforming
gene (v-myc) of avian myelocytomatosis virus (MC29). Southern
blotting experiments using v-myc probes showed that several frag-
ments of the human genome contain sequences related to the cen-
tral part of v-myc but only few of them are homologous to the 3'
portion of the viral gene. Several recombinant phages which rep-
resent different regions of the genome containing c-myc-related
sequences were isolated from a human DNA library. Two clones
(A-LMC-12 and 41) overlap over approximately 17 kilobases of
DNA where a sequence homologous to that of the entire v-myc is
present. Restriction mapping experiments and heteroduplex anal-
ysis show that c-myc sequences of this locus are interrupted by one
intron, suggesting that A-LMC-12 and 41 contain the complete
functional c-myc gene. Three other clones (A-LMC-3, 4, and -26)
do not overlap and contain sequences related to only approxi-
mately 0.3 kilobase ofv-myc but lack 5' and 3' portions of the gene.
These sequences are not interrupted by introns and are more di-
vergent from v-myc than is the complete gene, suggesting that they
may represent either pseudogenes or parts of distantly related
genes.

Avian myelocytomatosis virus strain MC29 is a replication-de-
fective acute leukemia virus (1) capable of transforming fibro-
blasts and macrophage-like cells in vitro (2, 3) and inducing
myelocytomatosis, sarcomas, and liver and kidney carcinomas
in vivo (4). The MC29 genome contains an onc gene, v-myc,
coding for a DNA-binding nuclear protein (5), which is probably
responsible for the transforming ability of the virus (4-7). The
v-myc gene was acquired from sequences (c-myc) that are pres-
ent in normal uninfected chicken DNA (8, 9) and have been
shown to be highly conserved throughout evolution from Dro-
sophila to vertebrates (8-10). c-myc DNA transcripts ofuniform
size have been found in several animal species (8) and in dif-
ferent human tissues (11, 12).
The hypothesis that c-myc sequences may be implicated in

neoplastic transformation has been stimulated by the report that
B-cell lymphomas induced in chickens by the nonacute leukosis
virus (RAV-2) is often associated with high levels of c-myc
expression, somehow enhanced by the viral long terminal re-
peats (13-15). In human tumors a direct correlation between
c-myc expression and neoplastic transformation has not been
found, although increased levels ofmyc-related RNA have been
reported in several neoplastic tissues and cell lines (11, 12).

In order to study whether enhanced levels of c-myc expres-
sion are determined by structural alterations of the gene or its
adjacent regulatory sequences, we have started a series of in-
vestigations to delineate the structure and function of c-myc

sequences in human cells. Here we report the cloning and char-
acteristics of several regions of the human genome containing
c-myc sequences. Analysis of the clones suggests the presence
of at least one complete gene and several related sequences
which may represent either distantly related genes or
pseudogenes.

MATERIALS AND METHODS
DNA Extraction and Southern Blot Analysis. Human DNA

used in these experiments was extracted from normal human
placenta by cell lysis, proteinase K digestion, phenol/chlo-
roform extraction, and ethanol precipitation as described (16).
Thirty micrograms of DNA was digested with 60 units of the
appropriate restriction endonuclease in standard conditions
recommended by the supplier (New England BioLabs). Frag-
ments were separated by electrophoresis on a 0.8% agarose gel.
DNA was denatured and transferred to nitrocellulose as de-
scribed by Southern (17). Hybridization and autoradiography
were performed according to Wahl et aL (18). Filter washing was
performed at 600 for2 hr. in standard saline citrate (0. 15 M NaCl/
0.015 M sodium citrate, pH 7) containing 0.5% NaDodSO4 for
stringent washing or 3-fold concentrated standard saline citrate
plus 0.5% NaDodSO4 for nonstringent washing.

Viral Probes. A clone of MC29 provirus in quail cellular
DNA (19) was cleaved with BamHI to isolate and subelone into
pBR322 a 2.3-kilobase (kb) fragment which contained the entire
myc gene and some gag and env sequences. 3'- and 5'-specific
myc probes were made by subcloning (20, 21) the fragments
shown in Fig. 1 into pBR322. The 3'-(pMC3) and 5'-(pMC5)
specific probes as well as the BamHI fragment (pMCO) were
nick-translated (22) for use as radioactive probes.

Isolation of Recombinant Clones. A human recombinant
DNA library generated by partial digestion with Alu I and Hae
III (23) was provided to us by Tom Maniatis. Screening of the
library and purification of recombinant phages were by pub-
lished protocols (23).

Heteroduplex Analysis. Heteroduplex analysis was per-
formed according to published procedures (24). Measurements
are the average of at least six molecules and standard deviations
are given.

RESULTS

Hybridization of v-myc to Human DNA. Subclones ofv-myc
sequences derived from an integrated provirus clone (19) are
shown in Fig. 1. pMCO includes the entire v-myc gene and part
of flanking gag and env viral genes; pMC3 and pMC5 represent
the 3' half and the extreme 5' portion, respectively, of the viral
gene. These probes were used to detect c-myc sequences in

Abbreviation: kb, kilobase(s).
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FIG. 1. Schematic representation of the viral probes used in this
study. Subclones were cleaved from the proviral MC29 clone (19) and
ligated to pBR322. Size scale at bottom is in kb.

normal human placenta DNA digested with several restriction
enzymes. Fig. 2 shows the results obtained with pMC3 and
pMCO probes. No hybridization was obtained with gag- or env-
specific probes or intact pBR322 (data not shown), proving that
the hybridization is specific for myc. The pMC5 probe did not
detect bands in genomic DNA blots (not shown), most likely
because of the limited size of the hybridizing DNA sequence.
This probe, however, did hybridize to cloned c-myc sequences
(see below). Comparison of results obtained with pMC3 and
pMCO probes suggests that many fragments in the human ge-
nome contain sequences related to v-myc DNA but only a subset
of these fragments hybridized to the 3' probe. The number and
arrangement of 3' c-myc fragments suggest that these se-
quences could be present as one or two copies whereas c-myc
sequences homologous to the 5' half of v-myc are present in
multiple copies.

Isolation of Recombinant Phages Containing c-myc Se-
quences. A human recombinant DNA library (23) was screened
by using pMCO as a probe. Approximately 400,000 phage
plaques were screened, representing virtually two complete
genomes. Five clones were isolated (A-LMC-3, 4, -12, -26, and
-41). We first analyzed the extent of v-myc-related sequences
present in each clone by hybridizing Sst I digests ofeach phage
DNA with pMCO, pMC3, and pMC5 probes. As expected, all
the clones hybridized to pMCO (Fig. 3). pMC5 hybridized to
the same 1.4-kb fragment in A-LMC-12 and -41 DNAs but not
to the remaining clones. Finally, pMC3 hybridized only to A-
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FIG. 2. Hybridization of v-myc to human DNA. Human placental
DNA was digested with EcoRI, BamHI, HindIII, Xba I, Bgi II, or Sst
I and hybridized to pMCO and pMC3 as indicated. Size scale is in kb.

LMC-41 DNA. The intensity of the hybridization signal was
markedly greater in A-LMC-12 and -41 compared to the other
clones, suggesting a higher degree ofhomology between v-myc
and these clones. Moreover, stringent washing conditions abol-
ished the hybridization with A-LMC-3, -4, and -26 without di-
minishing the intensity ofthe signal in A-LMC-12 and -41 (data
not shown). These data suggest that A-LMC-12 and -41 contain
the entire or nearly the entire c-myc gene, whereas the other
clones represent more divergent, incomplete sequences. To
confirm this conclusion we examined both categories of clones
by restriction enzyme and heteroduplex analyses.

Characterization of Clones Containing Complete c-myc Se-
quence. Further restriction enzyme analysis of A-LMC-12 and
-41 revealed that these two clones share approximately 17 kb
of DNA where restriction sites are conserved, suggesting that
they represent the same genomic segment (Fig. 4). The 8.2-kb
HindIII-EcoRI fragment was isolated by preparative electro-
phoresis and analyzed by hybridization of Southern blots to v-
myc probes (Fig. 4B). Hybridization of pMCO to Cla I/Sst I
digests (Fig. 4C) showed that the region of hybridization was
not continuous. A 1.0-kb Cla I-Sst I fragment, located between

pMC3

a b c d e a b c d e a b c d e

-:.
.: 26.7

-16.2
.. -11.9

.::. .....

m .-1-

pMC5 pMCO pMC3

FIG. 3. Hybridization of v-myc to different human DNA clones. DNA from the different clones (lanes: a, A-LMC-3; b, A-LMC-4; c, A-LMC-26;
d, A-LMC-12; e, A-LMC-41) was digested with Sst I and hybridized to pMCO, pMC5, and pMC3 as indicated. Molecular weights of hybridizing frag-
ments in A-LMC-3, -4, and -26 DNA represent the sum of hybridizing human insert and linked A phage areas. See also Fig. 6 for maps of inserts.
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FIG. 4. Genomic organization of c-myc gene. (A) Restriction map of A-LMC-12 and -41 DNA inserts. (B) Detailed restriction map of the 8.2-kb
HindflI-EcoRI fragment. Hatched box, pMC5 hybridizing fragment; open box, pMCO hybridizing fragments; stippled box, pMC3 hybridizing frag-
ment; A, fragments containing Alu repeats. Scale bar = 1 kb. (C) Right lane. Ethidium bromide staining of DNA fragments generated by Sst
I/Cla I cleavage of the fragment shown in B. Left lane. Hybrization to pMCO, showing the two hybridizing fragments. Sizes are shown in kb.

the pMC5 and pMC3 hybridizing regions, did not contain c-myc
sequences. This fragment, which probably represents an intron
in the c-myc gene, contained sequences related to the Alu family
of repeats (data not shown).

In order to investigate this structure further, heteroduplex
studies were performed. DNA from the recombinant A-LMC
phages was used to form heteroduplex molecules with phage
DNA containing the MC29 provirus. Representative data are
shown in Fig. 5. In agreement with the restriction enzyme data,
v-myc-homologous sequences in A-LMC-41 are interrupted by
a nonhybridizing segment. One would expect this intron to be
represented by a deletion loop, but the heteroduplex demon-
strates the intron in this case as part of an unequal substitution
loop which varies in its size. Fig. 5 shows two molecules at the
extremes of tbis size variation. When spread under relatively
nonstringent hybridization conditions (40% formamide), most
of the heteroduplex molecules looked like those in Fig. 5 and
a few displayed only the hybridization of the 5' exon (not
shown). More stringent hybridization conditions (50% form-
amide) resulted in only one-fifth ofthe molecules demonstrating
an intron. We conclude from this that the 5' exon of A-LMC-
41 is more highly related to v-myc than is the 3' exon. It also
appears that the most divergent region of the 3' exon is near
the intron. This is consistent with the incomplete hybridization
seen at the 5' end ofthe 3' exon and the instability ofthe 3' exon
homology with v-myc under more stringent hybridization
conditions.

Characterization of Clones Containing Partial c-myc Se-
quences. Restriction maps of A-LMC-3, -4, and -26 DNA (Fig.
6) show that these clones represent nonoverlapping, although
possibly contiguous, regions of the human genome. In contrast
to the hybridization analysis of A-LMC-41, we were unable to
detect nonhybridizing intervening regions in A-LMC-3, -4, or

-26. Heteroduplex formation with A-MC29 DNA showed, for
these single DNA clones, an uninterrupted region of homology
ranging from 0.2 to 0.4 kb (Fig. 5). These sequences are ho-
mologous to the central portion of v-myc, lacking 5' and 3' ho-
mologous sequences (Fig. 3).
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FIG. 5. Heteroduplex analysis of different human c-myc clones.
(Upper) Regions of the heteroduplex molecules containing the pseu-
dogene hybridization. (Lower) The two kinds of molecules seen in the
A-LMC-41/A-MC29 heteroduplex. Measurement values are in kb.
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DISCU4

In this study we have analyzed
quences in the human genome.
isolated and shown to contain c-i

parison of restriction enzyme di

3' matopoietic cell transforming activities (2-4) and these two ac-
* ' tivities have been shown to be dissociated in different MC29

deletion mutants (27), we can speculate that the two human
exons could be counterparts of the two viral domains.

____ Another issue addressed by this study is the relatively high
co;n.8 n complexity of additional c-myc sequences detected in the hu-

i) IX w I man genome. We have isolated three different clones contain-
ut; ( ( p | ing human c-myc sequences which are homologous only to the

central portion of the v-myc gene, are not interrupted by any
intervening sequence, and are more divergent from the viral
sequences than the complete gene. These sequences may rep-

- resent parts of different functional genes which are partially
-, X homologous with the c-myc gene. However, only one species
tU) I of mRNA has been detected in several different human tissues

E tested (11, 12) and higher levels of this mRNA correlate with
the amplification ofthe c-myc locus as cloned in A-LMC-41 (26).
These data suggest that the additional, incomplete c-myc se-
quences may not be functional and may represent pseudogenes.

- - - _ Two categories of pseudogenes have been described. The first
8a: Cr, includes copies that have retained the complete coding infor-

I X X W WI W mation of the original gene but are not functional due either to
I I ~>I pM ( I the presence of translational "stop codons," as in the case of a

mouse transplantation antigen pseudogene (28), or to loss of
ines containing incomplete c-myc introns ("processed genes"), as in the case of mouse a-globin
Scale bar = 1 kb. or human immunoglobulin pseudogenes (29-31). The second

category includes severely truncated and divergent copies as
SSION in the case of Xenopus 5S RNA (32) or some human small nu-clear RNA pseudogenes (33). The incomplete c-myc sequences
the organization of c-myc se- presented in this study may belong to the latter category of
Different clones of DNA were pseudogenes, although further studies, including nucleotide
myc-related information. Com- sequencing, are required to determine their genomic organi-
igests of total human DNA and zation and possible role.

of different isolated clones shows that most, but not all, of the
hybridizing fragments seen in genomic blots are present in the
clones. Therefore, other c-myc sequences are present in the
human genome but have not been cloned. However, several
observations suggest that the 19-kb region of clone A-LMC-41
contains the functional c-myc gene which has been shown to be
transcribed into mRNA in various human tissues (12, 13). First,
restriction enzyme experiments and heteroduplex analysis show
that the entire v-myc gene is represented by homologous se-

quences in clone A-LMC-41. Heteroduplex measurements of
the v-myc-hybridizing region ofthe A-LMC-41 insert match the
length ofthe viral onc gene, 1.56 kb (unpublished data). Second,
the arrangement of c-myc sequences in this clone suggests the
presence ofone intron dividing two putative v-myc homologous
exons. Although a precise definition of the structure and in-
tron-exon arrangement of this human onc gene requires DNA
sequence determination and the analysis of cloned mRNA, the
structure suggested by heteroduplex analysis is typical ofa func-
tional gene compared to the other clones isolated which are in-
complete and without introns. Furthermore, this structure is
analogous to one of the functional single-copy chicken c-myc
gene (25), some ofwhose restriction sites have been conserved
in the human gene (unpublished data). Lastly, recent evidence
in our laboratory indicates that the c-myc locus, as present in
A-LMC41 (but not in the other c-myc clones), is amplified in
a human cell line that has high levels of myc mRNA (26).

Heteroduplex analysis of the c-myc gene has shown that
v-myc-hybridizing regions are separated by a putative intron.
However, the heteroduplex molecules were less stable in the
3' exon of c-myc than in the 5' one, and a short portion of the
v-myc gene could not be made to hybridize to the human cel-
lular gene. These data suggest a different degree ofevolutionary
divergence between the two exons of the human c-myc gene.
Because the viral myc gene encodes for both fibroblast and he-
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