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ABSTRACT The myc family of oncogenes contains coding
sequences that have been preserved in different species for over
400 million years. This conservation (which implies functional
selection) is broadly represented throughout the C-terminal
portion of the human c-myc protein but is largely restricted to
three clusters of amino acid sequences in the N-terminal region.
We have examined the role that the latter three regions of the
c-myc protein might play in the transforming function of the
c-myc gene. Several mutations, deletions and frameshifts, were
introduced into the c-myc gene, and these mutant genes were
tested for their ability to collaborate with the EJ-ras oncogene
to transform rat embryo fibroblasts. Complete elimination of
the first two N-terminal conserved segments abolished trans-
forming activity. In contrast, genes altered in a portion of the
second or the entire third conserved segment retained their
transforming activity. Thus, the latter two segments are not
required for the transformation process, suggesting that they
serve another function related only to the normal expression of
the c-myc gene. '

Three members of the myc gene family have been implicated
in human malignancy. c-myc is associated with the develop-
ment of a variety of tumor types in several species, including
humans (1-3), while N-myc (4, 5) and L-myc (6) have been
implicated in the development of malignancy in human cells
of neural crest origin. The complete sequences of the human
¢- and N-myc genes (7-10) indicate three patches of con-
served amino acid sequence in the second exon, each
approximately 20 amino acids long, separated from one
another by regions of either low or no sequence homology
(refs. 9 and 10; Table 1 and Fig. 2). These three regions are
also conserved between c-myc genes of mouse, chicken, and
fish (11-13), which diverged over 400 million years ago. The
third exon, possibly required for the DN A binding activity of
the c-myc protein (14, 15), is extensively conserved between
human, chicken, and fish ¢c-myc and human N-myc (7-13).

While the function of the c-myc gene is not known, its
transforming properties (16), its inducibility by growth fac-
tors (17), and its nuclear localization (18-20) suggest that it
might be a nuclear mediator of the action of growth factors.
Thus the c-myc protein might be a transducing molecule,
receiving a signal and consequently carrying out an action. If
the conserved segments of the c-myc protein are to be fitted
to such a model, separate functions might be segregated in
different conserved portions of the protein and thus be
uncoupled from one another. Guided by the example of a
transformation-competent c-myc gene with an extensive
mutation in a conserved region of the second exon (21), we
have systematically mutated this exon and assayed the ability
of the mutant genes to participate in transformation.
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MATERIALS AND METHODS

Site-Directed Mutagenesis in the Second Exon of the Human
c-myc Oncogene. The Sma I-Sst I DNA fragment of the
human c-myc gene containing the complete second exon and
part of the first and second introns was inserted into the
polylinker of phage mp10 M13. Oligonucleotides that incor-
porated the desired mutations were hybridized to the single-
stranded phage M13 DNA and were used as primers for
synthesis of the complementary DNA strand, as described by
Zoller and Smith (22). The oligonucleotides for the deletion
mutants were 30-mers, 15 nucleotides of which were com-
plementary to sequences upstream and 15 to sequences
downstream of the region to be deleted. The oligonucleotides
for the frameshift mutants were 16-mers complementary to
c-myc but bearing a single nucleotide insertion or deletion
(Fig. 1A). For each frameshift mutant two mutations were
introduced; one was an insertion and the other a deletion. All
mutations were confirmed by sequencing, which was per-
formed by using the Sanger dideoxy chain-termination meth-
od (23) as described in the Bethesda Research Laboratories
users’ manual. To establish that the mutagenesis technique

A
Deletion Mutants:

Dhecet ATGCCCCTCAACGTT (2864-2911) TATTTCTACTGCGAC
Denct GAGCTGCAGCCCCCG (2978-3064 ) GGGCTCTGCTCGCCC
Dhcec2 GGTGGCGGGAGCTTC (3128-3175) ATGGTGAACCAGAGT
Denc2 TTCATCAAAAACATC (8218-3280) GTCTCAGAGAAGCTG
Dcnc3 TTGTACCTGCAGGAT (3374-3454) CCTCTCAACGACAGC

Frameshift Mutants:

+ (20869) — (3032)
FScnc1 GAGCGAGCTGTCAGCC ~ and  CCGCCCCTG_CCCCTAG
— (3032) + (3145)
FSnoc1 CCGCCCCTG_CCCCTAG  and  GACCAGCTTGGAGATG
+ (3145) - (8262)
FScnc2 GACCAGCTTGGAGATG and  TGGAGCGGCTT TCGGC
B
FScnc1 41 SAPGAQRGYLEEIRAAAHPAPA 62
c-myc QPPAPSEDIWKKFELLPTPPLS
FSnoc1 62 PLAAAPGSARPPTLRSHPSPFGETTTAVAGASPRPTSL 99
c-myc SPSRRSGLCSPSYVAVTPFSLRGDNDGGGGSFSTADQL
FScnc2 99 LGDGDRAAGRRHGEPEFHLRPGRRDLHQKHHHPGLYVERL 138
c-myc LEMVTELLGGDMVNQSFICDPDDETFIKNIIIQDCMWSGF
Fi1G. 1. (A) Oligonucleotides used to generate the human c-myc

mutants. Deleted and inserted nucleotides are numbered according
to Battey et al. (8). (B) Predicted amino acid sequences of the
mutated regions of the three frameshift mutants. The amino acid
sequence of the wild-type human c-myc is also indicated for com-
parison. The standard single-letter code is used.
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Table 1. Homology of human c-myc to chicken c-myc and human N-myc based on the predicted

primary structures

Amino acid residues

Percent homology*

Human/chicken Human
Region* Human c-myc  Chicken c-myc  Human N-myc c-myc c-myc/N-myc
1 1-44 1-47 1-44 64 25
2 45-65 48-68 45-65 100 95
3 66-93 69-79 66-75 21 S
4 94-127 80-113 76-109 91 15
5 128-144 114-130 110-126 100 77
6 145-184 131-184 127-182 43 15
7 185-200 185-200 183-198 88 69
8 201-252 201-229 199-267 10 8

Data are based on refs. 7-11.

*The 252 amino acids of human c-myc encoded by the second exon were allocated to eight regions. Five
of these regions are homologous between human and chicken c-myc and three are homologous

between human c-myc and N-myc.

TThe percent homology of a given region is calculated as the number of identical amino acids divided
by the average number of amino acids of the two regions being compared.

did not introduce undesirable mutations, the Sma I-Sst 1
fragments of the three frameshift mutants were sequenced to
completion in both orientations. No mutations other than the
ones specifically introduced were identified.

The mutated Sma I-Sst I c-myc fragments from the M13
vector were inserted into the pSV7Humyc plasmid. This
plasmid, which has a simian virus 40 enhancer and early
region promoter driving the second and third exons of human
c-myc, has been described previously (21).

In one of the generated deletion mutants (Dhccl, described
in Results), a Sma 1 site was fortuitously created within the
second exon by the oligonucleotide-directed mutagenesis.
This site was used to insert a truncated c-myc second exon
into the pSV7Humyc expression vector. An in-frame ATG
codon corresponding to amino acid 101 presumably allowed
for initiation of translation, thus giving rise to a c-myc protein

Mutant
D100

Dhcc1

Dcnel
Dhcc2
Dcnc2
Dcne3
FScnci
FSnoc1
FScnc2
LY65

with a deletion of the first hundred amino acids. This mutant
was called D100.

Transformation of Rat Embryo Fibroblasts (REF) and Focus
Formation Assay. Primary cultures of REF were prepared as
described by Land et al. (16). Secondary cells were cotrans-
fected with the pSV7Humyc plasmids bearing either the
wild-type or the mutant c-myc genes and plasmid pEJ6.6,
which contains the EJ-Ha-c-ras oncogene. Foci of trans-
formed cells were scored 2 weeks later. The transfection
protocol was as described by Land et al. (16), except that the
serum concentration in the culture media was reduced to 3%
when the cells became confluent.

RESULTS

Generation of Mutations in the Second Exon of the Human
c-myc Oncogene. Using oligonucleotide-directed mutagene-

c-myc/N-myc

homology
human/chicken c-myc

Transforming
Activity
0%
4%
2%

16%

0%
32%
0%
15%
0%
18%

FiG. 2. Transforming efficiency of the constructed mutant c-myc genes and the translocated c-myc gene from the Burkitt lymphoma cell line
Ly65 (21). Double lines indicate deleted regions, whereas the hatched boxes indicate the mutated regions of the frameshift mutants. The
conserved regions between human c-myc and N-myc and between human and chicken c-myc are also shown. The map is drawn to scale. All
mutations were within the coding sequence of the second exon of the c-myc gene. The structure of the gene is shown at the bottom of the figure.
It has three exons (boxes), of which only the latter two contain coding sequences (solid areas). The two c-myc promoters are indicated by arrows.



172 Genetics: Sarid et al.

Proc. Natl. Acad. Sci. USA 84 (1987)

Table 2. Transforming activity of the myc mutants as determined by focus formation of REF cotransfected with ras

Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Exp. 6
Transfected DNA Plates Foci Plates Foci Plates Foci Plates Foci Plates Foci Plates Foci
pSV7PL-wt myc + pEJ.6.6 (ras) 6/6 12 6/6 21 6/6 25 6/6 18 5/6 12 6/6 17
pSV7PL-D100 myc + pEJ.6.6 (ras) ND ND 0/6 0 0/6 0 0/6 0 0/6 0 0/6 0
pSV7PL-Dhccl myc + pEJ.6.6 (ras) ND ND 1/6 0.5 1/6 0.5 2/6 1 0/6 0 1/6 1
pSV7PL-Dcncl myc + pEJ.6.6 (ras) 1/6 1 1/6 0.5 0/6 0 0/6 0 0/6 0 0/6 0
pSV7PL-Dhcc2 myc + pEJ.6.6 (ras) ND ND 4/6 4 3/6 3 3/6 3 2/6 2 3/6 3
PSV7PL-Dcnc2 myc + pEJ.6.6 (ras) 0/6 0 0/6 0 0/6 0 0/6 0 0/6 0 0/6 0
pSV7PL-Dcne3 myc + pEJ.6.6 (ras) ND ND 5/6 8 4/6 8 4/6 6 3/6 4 4/6 4
pSV7PL-FScncl myc + pEJ.6.6 (ras) 0/6 0 0/6 0 0/6 0 0/6 0 0/6 0 0/6 0
pSV7PL-FSnocl myc + pEJ.6.6 (ras) 0/6 0 3/6 4 3/6 2 2/6 2.5 2/6 2 5/6 5
pSV7PL-FScnc2 myc + pEJ.6.6 (ras) ND ND 0/6 0 0/6 0 0/6 0 0/6 0 0/6 0
pSV7PL-wt myc + pBR327 0/6 0 0/6 0 0/6 0 0/6 0 0/6 0 0/6 0
pSV7neo + pEJ.6.6 (ras) 0/6 0 0/6 0 0/6 0 0/6 0 0/6 0 0/6 0

Results are presented as number of plates with foci/total number of plates and number of foci per million transfected cells. ND, not done.

sis, we generated six deletion and three frameshift mutations
in the second exon of the human c-myc gene. Mutants Dcncl
(deletion c-myc N-myc conserved no. I), Dcnc2, and Denc3
have deletions corresponding to amino acids 44-67, 129-144,
and 181-197, respectively. These, in turn, correspond to the
three conserved regions between human c-myc and N-myc
(see Fig. 14 and diagram in Fig. 2). Mutants Dhccl (deletion
human c-myc chicken c-myc conserved no. I) and Dhcc2
have deletions in regions conserved between human and
chicken c-myc. Amino acids 6-21 and 94-109, respectively,
are deleted in these mutants. Finally, mutant D100 is a
deletion mutant of the first hundred amino acids of c-myc,
which includes the first conserved region between c-myc and
N-myc. Mutants FScncl (frameshift c-myc N-myc conserved
no. 1) and FScnc2 have frameshift mutations of amino acids
41-62 and 99-138, respectively. Mutant FSnocl (frameshift
nonconserved no. I) is a frameshift of amino acids 62-99.
These amino acids are not conserved between human c-myc,
N-myc, or chicken c-myc. The predicted amino acid se-
quences of the mutated regions of the three frameshift
mutants are shown in Fig. 1B, and all the mutant genes are
diagrammatically represented in Fig. 2.

In Vitro Transforming Ability of the Human c-myc Mutants.
The mutated c-myc genes were cotransfected with a plasmid
containing the EJ-Ha-c-ras gene into rat embryo fibroblasts.
From the numbers of transformed foci (Table 2) we calcu-
lated the percent transforming efficiency of each mutant in
relation to the wild-type gene (Fig. 2). Mutants D100, Dcncl,
Dcnc2, FScencl, and FScnc2 were virtually nonfunctional in
the transformation assay. All these mutants involved the first
or second conserved regions between c-myc and N-myc. In
contrast Dcnc3, the deletion mutant of the third conserved
region between human c-myc and N-myc, had the highest
transforming activity of all mutants (32% of wild type).
Mutants Dhccl and Dhcec2, bearing deletions of regions
conserved between human and chicken c-myc, but not
N-myc, had transforming activities that were 4% and 16% of
the wild type, respectively. Finally, the frameshift mutant of
anonconserved sequence, FSnocl, had 15% of the wild-type
transforming efficiency. The results are shown in comparison
to our published studies of the transforming activity of the
mutated c-myc gene of the human Burkitt lymphoma cell line
Ly65 (21).

DISCUSSION

It is difficult to draw conclusions regarding mutations that
eliminate transforming activity of the c-myc protein. Loss of
function could come about for a variety of reasons unrelated to
arequirement for a specific sequence: for example, the steric fit
of the regions juxtaposed by a deletion or substituted by a pair

of frameshift mutations. Thus the loss of transforming activity
by mutations in the first two of the three N-terminal conserved
segments does not prove that these segments are required for
transforming activity. For example, mutant Dcnc2, which has
a deletion of the second conserved region between human
c-myc and N-myc, has lost transforming activity. On the other
hand, the translocated c-myc gene derived from the Burkitt
lymphoma cell line Ly65 has a frameshift mutation in a portion
of the same conserved segment yet retains transforming activ-
ity. This discrepancy may relate to different long-range effects
of the mutations on the protein tertiary structure.

Retention of activity in the face of amino acid loss or
substitution has significance. When a significant mutation,
deletion, or dramatic alteration of primary amino acid se-
quence does not lead to loss of function, one can argue that
the mutated region does not mediate this function. Mutations
of nonconserved regions or regions conserved between
c-myc genes of different species, but not between c- and
N-myc, generally retained transforming activity, confirming
their tolerance of evolutionary drift. However, the deletion
mutant of the third conserved region between c-myc and
N-myc also retained transforming activity, suggesting that it
does not directly contribute to the transformation process.

The fact that regions in the N-terminal half of the c-myc
protein are conserved in evolution but not required for
transformation offers a hint as to how function might be
distributed through the structure of the c-myc protein. If
c-myc is involved in cell division, it is reasonable to imagine
that it acts in concert with other elements that modulate its
function. If it is a regulated molecule, its N-terminal exon, for
example, might encode a primarily regulatory region. Dis-
turbing such a region might perturb the regulation of c-myc,
but not necessarily its subsequent function, which could be
more closely related to its action in transformation. Our
experiments suggest such a division of function.
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