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ABSTRACT

We have analyzed a 3.8 kb Eco RI fragment of genomic DNA obtained from
the amplified N-myc gene of human neuroblastoma cell 1ine BE(2)-C. This
fragment contains an exon with an open reading frame encoding approximately
170 amino acids of the carboxy-terminal end of the putative N-myc protein.
Comparison of the inferred amino acid sequence of this peptide with that of
the 3' domain of the human c-myc protein shows that locally conserved but
dispersed regions of homology exist throughout the lengths of these peptides,
while hydropathy plots indicate that the physical properties implied by their
primary sequences are strikingly similar. Based upon these and other
considerations, it is sugggested that the 3' domains of c-myc and N-myc may
potentially share related functions.

INTRODUCTION

We have recently reported (1) the isolation of a cDNA clone, pBE(2)-C-59,
from a partial cDNA library representing the poly A* RNA population of the
human neuroblastoma cell 1ine BE(2)-C. This clone was identified via a
duplicate screening procedure (2) that made use of genomic DNA probes enriched
for amplified sequences we had previously demonstrated to be present in these
cells and located within two prominent HSRs (3). pBE(2)-C-59 was shown to
hybridize with a 3.8 kb Eco RI genomic DNA fragment found to be amplified in
all neuroblastoma cell 1ines and in one retinoblastoma cell 1ine that
displayed either HSRs or DMs. Nonneuroblastoma tumor cell types regardless of
HSR/DM content did not amplify this sequence nor did a neuroblastoma cell line
without HSRs or DMs. When used in Northern blot analysis, BE(2)-C-59
hybridized with two overproduced polyadenylated RNAs of 3.0 and 1.5 kb in
BE(2)-C cells. Indeed, in each of the cell 1ines tested, the level of
expression of these two mRNAs was, to a first approximation, commensurate with
the level of amplification of the BE(2)-C-59 gene (1).

That the BE(2)-C-59 gene is most 1ikely the so-called "N-myc gene,”
originally reported by Schwab et al. (4) to be ampiified in human
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neuroblastoma cells, is indicated by the following: 1) probes derived from
the third exon of the human c-myc gene and hybridized under conditions of
reduced stringency with Eco RI digested BE(2)-C DNA share homology with the
same amplified 3.8 kb Eco RI fragment that hybridizes with BE(2)-C-59, and 2)
probes derived from the second exon of the human c-myc gene hybridize under
the same conditions of reduced stringency with an amplified 2.1 kb Eco RI
fragment from BE(2)-C DNA that can be shown by partial digestion of genomic
DNA to lie adjacent to the 3.8 kb fragment (1). This 2.1 kb fragment has
hybridization characteristics similar to those of the amplified 2.0 kb Eco RI
fragment reported by Schwab et al. (4) to be present in neuroblastoma cells
and to share partial nucleotide sequence homology to the 5' domain of the v-
myc gene. The 2.1 kb fragment also hybridizes with the same two overproduced
3.0 and 1.5 kb poly A* RNAs as the BE(2)-C-59 containing 3.8 kb fragment.
These and other considerations have led us to suggest that BE(2)-C-59
represents the 3' end of an N-myc transcript (1). In order to validate that
proposal, we present here the nucleotide sequence of both BE(2)-C-59 and that
region of the amplified 3.8 kb Eco RI genomic fragment which encodes it and
shares homology with the third exon of the human c-myc gene. Furthermore, we
present evidence to suggest that the N-myc gene encodes a protein whose 3'
domain may serve a function related to that of the analogous domain of the
human c-myc protein.

MATERIALS AND METHODS

DNA and RNA Preparations. The neuroblastoma cell 1ine, BE(2)-C (5),
maintained in a 50:50 mixture of MEM and F-12 media, supplemented with 15%
FBS, non-essential amino acids, penicillin and streptomycin, was used as the
source of both DNA and RNA. High molecular weight DNA and poly(A)* RNA were
prepared from nuclei and polysomal pellets, respectively, as previously
described (6, 7).

Restriction Endonuclease Digestion of Genomic DNA. Restriction
endonucleases Bgl II, Bst NI, Eco RI, Hinc II, Hinf I, Pst I, Sma I, and Taq I
were purchased from Bethesda Research Laboratory and International
Biotechnologies, Inc. Digestion of DNA with these enzymes was carried out in
buffers and at temperatures suggested by the vendors.

Southern Blot Transfer and Analysis. DNA fragments were size-
fractionated by electrophoresis on 0.8% agarose gels and transferred to
nitrocellulose membrane filters as described by Southern (8) with
modifications (6). Hybridization of the filters with 32p_1abeled nick-

2546



Nucleic Acids Research

transiated probes (9) and washing of the filters after hybridization were
carried out either according to the procedures of Southern (8), or under
conditions of reduced stringency by hybridization in 40% de-ionized formamide,
10x Denhardt's solution, 5xSSC, and 50 ug/ml sheared salmon sperm DNA for 42
hr at 42°C, followed by two washes in 0.4xSSC, 0.2% SDS at 44°C for 45 min,
and a third in the same buffer at 50°C (1). '

Northern Blot Transfer and Analysis. BE(2)-C poly(A)* RNA was size-
fractionated on 1.2% formamide/formaldehyde agarose gels, transferred to
nitrocellulose membrane filters, hybridized and washed according to Thomas
(10) as modified by Lewis et al. (6).

Cloning and Sequencing of DNA. Eco RI-digested genomic DNA from BE(2)-C
cells was electrophoresed through 1% low melting agarose and the 3.8 kb region
of the gel cut out and eluted (11). The resulting DNA fragments were cloned
by direct 1igation into the Eco RI site of pBR322, and the recombinants
identified by screening (12) with pBE(2)-C-59 as probe (1). Subcloning of the
3.8 kb Eco RI fragment into pUC 8 (13) was carried out as. described previously
(14), while cloning of subfragments into bacteriophages M13mpl8 and M13mpl9
for dideoxy sequencing purposes (15) followed the procedures of Messing and
Vieira (16). The chemical degradation method of Maxam and Gilbert (17) was
used to determine the sequence of the cDNA clone pBE(2)-C-59. |,

Computer Analysis. The computer programs used for the analysis of the
DNA sequence data are included in the IBI/Pustell Sequence Analysis System
available from International Biotechnologies, Inc., P.0. Box 1565, New Haven,
CT 06506, and included, among others, a protein-coding-region-locator program,
homology matrix programs, and a peptide sequence hydropathy program.

RESULTS AND DISCUSSION

Restriction endonuclease mapping and subcloning of the genomic DNA
surrounding the BE(2)-C-59 sequence. Figure 1A shows a partial restriction
endonuclease map of the amplified BE(2)-C-59-containing 3.8 kb Eco RI
fragment. After digestion with Bgl II, it was demonstrated by Southern
procedures that homologies to both BE(2)-C-59 and to the 3' exon of the human
c-myc gene resided within the 2.0 kb Bgl II-Eco RI fragment. As expected,
homology with the 3' exon of c-myc was detected only when filter hybridization
and washing were carried out using the reduced stringency protocol outlined in
MATERIALS AND METHODS. Northern blot analysis (data not shown) of BE(2)-C
po’ly(A)" RNA using each of the three fragments generated from a Bgl II digest
of the 3.8 kb fragment indicated that only one, the 2.0 kb fragment,
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Fig. 1 Restriction maps and sequencing strategy for the analysis of the
ampTified 3.8 kb Eco RI genomic DNA fragment and the cDNA clone BE(2)-C-59.
Panel A. Partial restriction map of the cloned, amplified 3.8 kb
Eco RI fragment from neuroblastoma cell 1ine BE(2)-C,
identified by its homology with the N-myc-specific cDNA clone
pBE(2)-C-59 (1).
Panel B. Sequencing strategy applied to the 2.0 kb Bgl II-Eco RI
fragment.
The numbers indicate the clone identification, and the arrows the direction in
which the dideoxy sequencing was carried out. BE(2)-C-59 was sequenced by the
chemical degradation method. The black dots indicate radiolabeled ends and
the arrows the direction and extent of the sequence determined from those
ends.

hybridized to the 3.0 kb and 1.5 kb RNAs overproduced by BE(2)-C cells and
partially encoded by the amplified 3.8 kb Eco RI fragment (1). Hence the 0.4
and 1.2 kb Bgl II fragments were considered to be either intronic or flanking
DNA. DNA sequence information presented in this report indicates that these
fragments are intronic and that the direction of transcription is as indicated
by the arrow. The 2.0 kb Bgl II-Eco RI fragment was subcloned into puUC 8
(Fig. 1B), and further Southern analysis indicated that the BE(2)-C-59
homology lay within the 1.1 kb Pst I-Eco RI fragment, whereas the partial c-
myc homology was located within the 0.6 kb Sma I-Pst I fragment. Subcloning
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of the 2.0 kb Bgl II-Eco RI fragment into bacteriophages M13mpl8 and M13mpl9
resulted in the clones represented by the horizontal arrows.

DNA sequence determinations and analysis. The nucleotide sequence of a
major portion of the 2.0 kb Bgl II-Eco RI fragment shown in Figure 1B is
presented in Figure 2. While we have not yet completed sequencing the region
of the 2.0 kb Bgl II-Eco RI fragment containing the entire sequence of BE(2)-
C-59, the identification of 181 bases of overlap between these two sequences
clearly establishes this genomic fragment as that which encodes the BE(2)-C-59
transcript. Inspection of the BE(2)-C-59 sequence further shows that it
terminates with 24 adenosine residues preceded 12 bases in the 5'-ward
direction by the consensus polyadenylation signal sequence AATAAA. Since
BE(2)-C-59 was initially cloned via reverse transcription of oligo(dT) primed
poly A* RNA, it is reasonable to conclude that its poly(A) tail and
polyadenylation signal sequence characterize it as the 3' end of an mRNA
molecule. Hence the 2.0 kb Bgl II-Eco RI fragment contains a portion of the
3' end of the N-myc gene. Establishing the location of the exon encoding
BE(2)-C-59 in genomic DNA by nucleotide sequence analysis allows us to
establish the coding strand of the 2.0 kb fragment as being the complement of
the sequence shown in Figure 2 and orients the direction of transcription
within the 2.0 kb fragment; i.e., transcription proceeds from the Bgl II site
toward the Eco RI site as indicated in Figure 1.

In order to determine whether BE(2)-C-59 or sequence 5'-ward of it
contained an open reading frame, we subjected the entire sequence shown in
Figure 2 to computer analysis using a program designed to locate the most
probable amino acid coding region within an unknown DNA sequence. This
program makes use of a codon bias table, in this case constructed from 23
randomly chosen human genes to establish the frequency with which the human
genome uses a given codon to specify an amino acid. By applying this measure
of codon bias to an unknown sequence, the program can indicate which frame (of
the six possible since both strands are considered) is the most 1ikely, versus
simply open, reading frame. Additionally, all termination sequence locations
are indicated. Although several open reading frames of varying length and
bias were found on both strands of the sequence in Figure 2, the longest open
reading frame and the one with the greatest bias toward that established by
the human table we constructed, was found on the strand that we had
established as the coding strand (see above), and began in the region of
nucleotide 225, ending with the terminator TAG at position 744. Two other
terminators in frame with the first were found at positions 789 and 801.
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. .

. . . .
CA CAT CTA TGT TGA TGG ACC CAT AAA AAT AGC AGT CTG OCA GGG TCT GOC GGA AGA GAC AGA

70 80 9% 100 uo 120
. . . . . .
TAA GCA TAC ATA TTA ACA TGG ATA TAT ATG TGA ATT TCA TTC AAA TGG TTC TCA CAT GAG

130 140 150 160 170 180
.
AGT AAC TAG CAT CTT TCT CTC AGA TGA TGA AGA TGA TGA AGA GGA AGA TGA AGA GGA AGA
Intren
190 200 20 220 230 20
. . - .
AAT CGA CGT GGT CAC TGT GGA GAA GGG GOG TIC CTC CTC CAA CAC CAA GGC TGT CAC CAC
Cys His His
250 260 270 280 20 300
. . . . . .
CAT CAC TGT GOG TCC CAA GAA OGC AGC OCT GGG TCC OGG GAG GCT CAG TCC AGC
Ile His His His Cys Ala Ser Gln Glu Arg Ser Pro Gly Ser Arg Glu Ala Gln Ser Ser
310 320 330 340 350 360
. . . . . .
GAG CTG ATC CTC AAA CGA TGC CTT COC ATC CAC CAG CAG CAC AAC AT GCC GOC OCC 1CT
Glu Leu Ile Leu Lys Arg Cys Leu Pro Ile His Gln Gln His Asn Tyr Ala Ala Pro Ser
370 380 390 400 410 420
. . . * . .
OOC TAC GTG GAG AGT GAG GAT GCA CCC CCA CAG AMG AAG ATA AAG AGC GAG GOG TCC OCA
Pro Tyr Val Glu Ser Glu Asp Ala Pro Pro Gln Lys Lys Ile Lys Ser Glu Ala Ser Pro
43 440 450 460 470 480
. . . . . .
CGT 00G CTC ARG AGT GIC ATC OCC CCA ARG GCT AMG AGC TTG AGC OCC CGA AXC TCT GAC
Arg Pro Leu Lys Ser Val Ile Pro Pro Lys Ala Lys Ser Leu Ser Pro Arg Asn Ser Asp
4% 500 510 520 530 540
. . . . . .
T0G GAG GAC AGT GAG OGT CGC AGA AAC CAC AAC ATC CTG GAG OGC CAG OGC AXC GAC CTT
Ser Glu Asp Ser Glu Arg Arg Arg Asn His Asn Ile Leu Glu Arg Gln Arg Asn Asp Leu
550 560 570 580 590 600
. - . . . .
GG TCC AGC TTT CTC ACG CTC AGG GAC CAC GTG OOG GAG TTG GTA AAG AAT GAG AAG GOC
Arg Ser Ser Phe Leu Thr Leu Arg Asp His Val Pro Glu Leu Val Lys Asn Glu Lys Ala
610 620 630 640 650 660
. . . . . .
GOC AAG GTG GTC ATT TTG AMA AAG GCC ACT GAG TAT GTC CAC TCC CTC CAG GOC GAG GAG
Ala Lys Val Val Ile Leu Lys Lys Ala Thr Glu Tyr Val His Ser Leu Gln Ala Glu Glu
670 680 690 700 70 720
. . . . * .
CAC CAG CTT TIG CTG GAA AAG GAA AAA TTG CAG GCA AGA CAG CAG CAG TTG CTA AMG AMA
His Gln Leu Leu Leu Glu Lys Glu Lys Leu Gln Ala Arg Gln Gln Gln Leu Leu Lys Lys
730 40 750 760 770 780
. . . .
ATT GAA CAC GCT OGG ACT TGC TAG ACG CTT CTC AMA ACT GGA CAG TCA CTG CCA CTT TG6C
Ile Glu His Ala Arg Thr Cys —
790 800 810 820 830 840
. . .

. . .
nmmmmmmmwanmmnmmmmmncm

850 860 870 880 890 900

. . . . . .
CAA ATC GGT OCC CTG ‘T0G AGT ‘T0G GCT CTG GGT GGG CAG TAG GAC ACC AGT GTG GGG TTC

910 920 920 940 950 960
. . - . .
TGC T6G GAC CTT GGA GAG OGC GTC GAT COC AGG ATG CTG GGT GCC CTG CAG OCT CCT OCA

970 980 990 1000 1010 1020
. . . . . .
ACT AXC CTC CAT GAC AGC GCT AMA OGT 7GG TGA OGG TTG GGA GOC TCT GGC TGT TGA AGT

1030 1040 1050 1060 1070 1080
. . .

. . B
CAC CTT GTG TGT TCC AAG TTT CCA AAG AXC AGA AXG TCA TTC CTT CTT TTT AMA ATG GTG

10%0 1100 1110 n20 1% 1140
. . » .

- -
CTT AXG TTC CAG CAG AIG CCA CAT AAG GGG TTT GOC ATT TGA TAC CCT GGG AAA ATT TCT
8E(2)-c-89 CT
1150 160 nrn 180 1190 1200
. . . . . .
GTA AXT ACC ATT GAC ACA TCC GOC TTT IGT ATA CAT OCT GGG TAA TGA GAG GG GCT TTT
GTA AXT ACC ATT GAC ACA TCC GOC TTT TGT ATA CAT OCT GGG TAA TGA GAG GTG GCT TTT
1210 1220 1230 1240 1250 1260
. . . . . .
GOG ACC AGT ATT AGA CTG GAA GTT CAT ACC TMA GTA CTG TAA TAA TAC CTC AAT GTT TGA
GOG ACC AGT ATT AGA CTG GAA GTT CAT ACC TAA GTA CTG TAA TAA TAC CTC AAT GTT TGA
1270 1280 12%0 1300 1310 1320
. . . . . .
GGA ACA TGT TTT GTA TAC AM TAT ATT GTT AXT CTC IGT TATGTA CIG TAC T TIC T
GGA ACA TGT TTT GTA TAC AAA TAT ATT GTT AAT CTC TGT TAT GTA CTG TAC TAA TIC T

GTATACTTTA TAAATTTGAT ACTTATATTT
TCGTATGAAA ATGAGTTGTG AAAGTTTTGA GTATGATTAC TTATCACTTT
ACTTTTGTAA AGAAATTTAC TGCCTTTTTT

TTCTTCCTGT

T TC TGTGTTTAAT
TTCTTCAAAA TGTATATATT TAGTGCTGCA TCTTTATAGC ACTTTTGAAA TACCTCATGT
TTATGAAAAT AAATAGCTTA AAATTAAAAA AAAAAAAAAR AAAAAAAAA

Fig. 2 Nucleotide sequence of the
3" exon of the human N-myc gene.
The sequence begins approximately
10 bases 3'-ward of the Bgl II site
shown in Figure 1B and proceeds
1320 nucleotides toward the Eco RI
site. Overlap with BE(2)-C-59
begins at position 1141. The
consensus polyadenylation signal
sequence AATAAA is underlined and
is located 12 bases upstream from
the 24-residue poly(A) tail. The
vertical arrow at position 231-232
indicates the position of the
arbitrarily positioned intron/exon
Junction.
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According to the computer analysis, the beginning of this reading frame, i.e.,
the intron/exon junction, is located somewhere in the vicinity of nucleotide
225. However, in the absence of S; nuclease data or a cDNA sequence bridging
this junction we cannot, even by applying the consensus sequences compiled for
such junctions (18, 19), accurately assign its position. Therefore, for the
purpose of this report, we have done the following: visual inspection of the
sequence shows that the 5' boundary of the reading frame cannot lie 5'-ward of
the triplet at position 174 since the adjacent triplet in that direction is
the terminator TGA. Hence, the reading frame and, therefore, the exon begins
3'-ward of the triplet at position 174. Based upon consensus (18,19), there
are at least two possible intron/exon locations 3'-ward of that position and
they are at positions 231-232 and 338-339. Since the protein-coding-region-
Tocator program indicated that position 338-339 is within a region where the
bias toward human coding sequence is high and also indicates that there is no
bias toward human coding sequence 5'-ward of position 225, we have arbitrarily
placed the position of the junction at position 231-232.

Comparison of the human c-myc and N-myc 3' exons. Since we had shown
(Fig. 1) that the region of the 2.0 kb Bgl III-Eco RI fragment containing the
3' exon of N-myc also contained partial nucleotide sequence homology with the
3' exon of the human c-myc gene, we analyzed the extent of the homology
between these two exons. The actual sequences compared by computer included
bases 1-954 of the N-myc sequence (Fig. 2) and the entire protein encoding
region of the human c-myc gene (20). The results are presented in Figure 3
and show only those portions of the respective sequences within which all of
the significant homology was found. When aligned according to the highest
percentage of match over the greatest distance, i.e., nucleotides 576 through
631 of N-myc, where the homology with the c-myc sequence, i.e., nucleotides
3534 through 3589, exceeds 80%, it is clear that the protein encoding regions
of these two exons are in frame with one another, and that frame is the one
shown in Figure 2 to be the most probable N-myc reading frame.

When the inferred amino acid sequence of the peptide encoded by the 3'
exon of N-myc is compared to the amino acid sequence of its c-myc counterpart,
a region of considerable homology can be identified between the amino acids
encoded by nucleotides 430 and 663 of N-myc and 3489-3620 of c-myc (Fig. 3).
The overall amino acid sequence homology in this region is 68% with the most
conservation occurring between the amino acids encoded by nucleotides 591-632
of N-myc and 3549-3590 of c-myc where the homology is 93%. Hence, these two
peptides have maintained a substantial degree of amino acid sequence homology
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129*
N-myc 'I‘AGCA‘I‘CTTNTC!'CAGATGATGAAGATGATGAAGAGGAAGATGAAGA%AGAmﬂ

189+
CGT GGT CAC TGT GGA GAA GCG GCG TTC CTC CTC CAA CAC CAA TGT CAC CAC ATT CAC

c~myc 'AGGAGGMCMGMGATGAGGAA%N%TGTTGTTTCTGTGGMMGAGGCAGGCT
3148*

249*
CATCACTGTGCG'I’CCCMGAACGCAGCCCX‘GGGTCCCGGGAGGCTCAGTCCAGCG&GCTG
CCTGGCAMAGG'!’CAGAGTC‘I‘GGATCACCTTCTGCTGGAGGCCACAGCAMCCTCCTCAC

3207* s s§ P

309*
A'I'CCTCMACGATGCCTTCCCATCCACCAGCAGCACAACTATGCCGCCCCCTCTCCCTAC

. . .

QGCCCCCTGGTCCTCAAGAGGTGCCACG‘I‘CNCACACATCAGCACMCTACGCAGCGCCTI
3267 H

369*
G‘l‘GGAGAGTGAGGA‘I'GCACCCCCACAGMGMGATAMGAGCGAGGCGTCCCCACGTCCG

CCCTCCACTCGGMGGACTATCCTGCTGCCMGAGGG‘!‘CAAGMGGACAGTGNAGAGTC

3327+
cwc AGA CA

489*

GAc Acr GA:/:Zi::Zi:;E:::2i::2i::2i::2z::Ei:izi:igi:izijzzz/ﬂnc GAC CTT CGG TCC

AAT GIC AA ARC GAG CTA AAA CGG

s49*

AGCTTTCTCACGCTCAGGGACCACGTGCCGGAGTTGGTAMGMTGAGMGGCCGCCMG

cen e ees se see ses ee ese
AGCTTT'l'l‘TGCCCTGCGTGACCAGATCCCGGAGTTGGMMCMTGMMGGCCCCCMG
3507*s F L R D P E L N E K

609*
GTGGTCATTTTGMAMGGCCACTGAGTATGTCCACNCCTCCAGGCCGAGGAGCACCAG

..... e see oo

GTAGTTATCCTTAMNGCCACAGCATACANCTGTCCGTCCMGCAGAGGAGCMMG
3567*v. Vv 1 L K K A T Y Q A E E

669*
C‘l“l"!'l‘GCTGGMMGGMMATTGCAGGCAA&CAGCAGCAG'I‘TGC'I‘AAAGMAATTGM

.o o ese see . e ee see
C'I'CATTTCTGMGAGGACTTGTTGCGGMACGACGAGAACAGTTGAMCACAMCMGAA
3627*L Q L K E

729*
CAC GCT CGG ACT 'I‘GC ter

CAGCTACGGAAC'I'CTTGTGCGter
3687*

Fig. 3 Nucleotide sequence comparison of the 3' exons of the human N-myc and
c-myc genes. The nucleotide sequences of both exons are displayed beginning
with nucleotide No. 129 of N-myc and nucleotide No. 3143 of c-myc, which is
the first nucleotide 3'-ward of the c-myc 3' exon splice site (20) and ending
in both cases at the respective termination codons. The vertical arrow at
position 3147-3148 of c-myc indicates the known position of its 3' intron/exon
splice junction (20) while the vertical arrow at position 231-232 of the N-myc
sequence is shown for reference purposes only. The alignment of the exons has
been dictated by their nucleotide sequence homology, and each homologous
nucleotide 1s indicated by a black dot. No gaps or other alterations have
been introduced to optimize the alignment. The single letter amino acid code
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has been used and where upper case letters are shown immediately underneath a
1ine of c-myc sequence, the indication is that homologous amino acids exist at
that point between N-myc and c-myc. Two other regions of nucleotide and amino
acid sequence homology are indicated by diagonal 1ines and horizontal
brackets. The diagonal 1ines indicate homologies that are one codon out of
phase and the brackets a region of homology three codons out of phase. In
both cases the actual reading frame is that established by the major
nucleotide sequence homology. Upper case letters above the N-myc sequence and
between the diagonals indicate amino acid sequence homologies between the two
sequences, as do the lower case letters within the brackets.

through a region located within approximately 30 to 60 amino acids of their
respective carboxy termini. However, upon further inspection we have been
able to identify three other regions of homology within these peptides. Two
of these occur at both the nucleotide and amino acid sequence level and, while
existing within the same reading frame as the major homology discussed above,
are out of phase with it. The first begins at nucleotide 441 in N-myc and
continues through nucleotide 533. Its homologous c-myc sequence begins at
nucleotide 3396, one triplet out of phase in the 5'-ward direction with its
homologous triplet in N-myc, and extends through base 3488 (see Fig. 3). The
most significant amino acid sequence homology in this region, however, begins
at N-myc nucleotide 465 and contains two areas of c-myc homology, one (465-
480) where 6 of 8 amino acids (75%) are homologous to c-myc and another (501-
533) where 9 of 11 (82%) are homologous. While the overall homology
throughout this region is 65%, these local regions of high homology have
clearly been conserved within these two peptides and maintained at equal
distances from their respective carboxy-termini. The second of these regions
begins at N-myc nucleotide 339 and ends at nucleotide 359. This sequence of
21 nucleotides encodes 7 amino acids that share 100% amino acid sequence
homology (81% nucleotide sequence homology) with a sequence in c-myc beginning
at nucleotide 3306 and ending at 3326. Although three triplets out of phase
in the 3'-ward direction with N-myc, this region has also been highly
conserved between these two peptides and, 1ike the other regions of homology
shared between them, has been maintained equidistant from the carboxy
terminus. The third region of homology is 14 nucleotides in length and is
found between nucleotides 175 and 188 of N-myc, 57 nucleotides 5'-ward of the
site we have arbitrarily shown as the N-myc splice site at position 231-232.
The 100% homologous c-myc sequence is located between nucleotides 3165 and
3178 and 1ies 17 nucleotides 3'-ward of the 3' exon splice site (20), within
the protein encoding region of the third exon. Since we have not precisely
located the 3' intron/exon N-myc splice junction we cannot unequivocally state
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Fig. 4 Comparative hydropathy plots of the
peptides encoded by the 3' exons of N-myc
and c-myc. The figure shows the actual plot
for N-myc (solid 1ine), over which the plot
of c-myc (dotted 1ine) has been superimposed.
The nucleotide sequence alignment shown in
Figure 3 was used and no attempt was made

to optimize the homology. The nucleotide
sequence shown on the left margin is that

of N-myc. Nucleotide No. 1 corresponds to
nucleotide position 234 in Figure 2. The
black dots along the left margin indicate
the homologous amino acids shared between
N-myc and c-myc as indicated by the nucleo-
tide sequence alignment shown in Figure 3.
The brackets indicate those regions where
the out-of-phase homologies exist. See
Figure 3 for details. The plot itself (23)
displays a relative measure of hydrophobicity
over a 9-amino acid window, with the degree
of hydrophobicity increasing to the right.
The amino acids that comprise the sequence
are also shown and plotted according to their

~ assigned hydropathic values (23), the most

hydrophobic being isoleucine and the least,
arginine. The brackets indicate those
regions where the amino acid homology between
N-myc and c-myc, although out of phase, has
been maintained.
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that the 14 bp sequence resides within the N-myc intron. However, we believe
that this is 1ikely to be the case since 1) the reading frame of the 14 bp
sequence in N-myc differs from that in c-myc and therefore would not result in
the maintenance of any amino acid sequence homology between the two peptides
and 2) the 14 bp sequence lies very close (2 bases 3'-ward) to the feasible
1imit, based upon reading frame, of the the 3' N-myc exon and a considerable
distance 5'-ward from any of the most 1ikely intron/exon junctions or from
that region where the codon usage begins to approach that of the bias
established by our computer program. It is unusual to find exon sequence in
one gene that apparently has been highly conserved as intron sequence in
another. Since the 14 bp sequences 1ie in close proximity to splice
Jjunctions, and assuming that c-myc and N-myc evolved from the same ancestoral
gene, it may be that both 14 bp sequences were once exonic. Some genetic
event, i.e., insertion, inversion, etc., could then have occurred to place the
14 bp sequence in N-myc within an intron, while at the same time, modifying
the domain encoded by the 3' N-myc exon. In any case, the 14 bp sequence, in
addition to its amino acid encoding role in c-myc, may serve some basic, as
yet unknown, function in both of these genes; hence its retention in N-myc.
Comparison of the peptides encoded by the 3' exons of c-myc and N-myc.
It is the protein. encoded by the N-myc gene that is of ultimate interest and
since the c-myc protein is known to be located in the nucleus (21, 22) and its
3' domain, implicated in DNA binding (21), we sought to compare the putative
3' exon encoded peptide of N-myc with its c-myc counterpart. We had already
noted (see above) that local regions of high amino acid sequence homology were
dispersed at fixed distances from the carboxy termini of both peptides. In
order to estimate what effect these local regions of homology would have on
the overall physical nature of these peptides, we constructed hydropathy plots
(23) of each and then compared them. The results are shown in Figure 4. The
regions of amino acid sequence homology are indicated by the black dots and
brackets along the left-hand margin of the Figure and are easily distinguished
in the plots as those areas where the hydropathy profiles are most similar.
It should be emphasized that we have superimposed the two plots according to
the major nucleotide sequence homology shown in Figure 3. No gaps or
alterations have been introduced into either sequence. Although this does not
appreciably affect the profiles in the region of nucleotides 232-298 where the
homology is one codon out of phase (positions 465-533 and 3420-3488 of the N-
myc and c-myc sequences, respectively, Fig. 3), it does obscure the fact that
the region in the vicinity of nucleotides 106-124, where the homology is three
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codons out of phase (positions 339-359 and 3306-3326 of the sequences in Fig.
3), is also very similar. Hence the individual stretches of amino acid
sequence homology, as expected, lend similar hydropathic character to their
respective regions. Perhaps of greater significance, however, is the striking
similarity in spatial organization displayed by the two peptides even outside
those areas of amino acid sequence homology. The distribution of hydrophobic
and hydrophilic pockets along the length of the peptides is remarkably
similar, although local heterogeneity is obviously present. For example,
although clearly variant in the area between nucleotides 160 and 262, the
general trend through this region in both peptides reflects a gradual increase
then ‘a decrease in hydrophobicity. Hence, even though dissimilarity does
exist between these peptides, their regions of highly conserved amino acid
sequence homology, size, hydropathic characteristics, and overall spatial
organization, clearly indicate their relatedness.

C-myc protein has been shown to reside in the mammalian cell nucleus (21,
22), be involved with establishment/immortalization functions in cellular
transformation (24), to be associated with the nuclear matrix (25) and to
display a DNA binding activity (21, 25). Interestingly, the first three of
these four properties are shared with the Ela protein of adenovirus (26, 27),
while the third is apparently not. When we compared the hydropathic profile
of the 3' domain of Ela protein (28) with those of c-myc and N-myc, we found
that while probably all related (29), the two myc peptides are clearly more
similar to one another than either is to Ela (data not shown). Moreover, the
amino acid sequence homologies shown to exist between the 3' domains of Ela
and c-myc (29) are almost entirely different from, and are much less extensive
than, those that exist between the 3' domains of c-myc and N-myc (Fig. 3).
Hence, while N-myc protein may also be shown to be a nuclear protein like Ela
and c-myc, the functional role of its 3' domain may prove to more closely
resemble that of c-myc.

While the data presented here clearly establish that transcripts of the
human N-myc gene contain substantial .amounts of c-myc-related information in
their 3' exons, and therefore indicate that these two cellular genes are
related, we may only speculate as to the functional role of N-myc. Since the
amplification and overexpression of this gene and possibly its activation as
well have been shown to be associated solely with tumors derived from cells of
the neural crest (1, 3, 4, 30-33), the function of N-myc may be restricted to
specific cell lineages, and in that sense differs from that predicted for c-
myc, whose amplification and overexpression have been demonstrated to occur in

2556



Nucleic Acids Research

a variety of different tumor types (34-37) and whose expression is associated
with cellular proliferation (37). On the other hand, in a manner similar to
c-myc (24), the role of N-myc in tumorigenesis probably does not involve
transformation per se since its amplification-mediated overexpression occurs
predominantly in advanced stages of neuroblastoma (38), although a more
fundamental role for the N-myc gene during the formation of retinoblastomas,
has been suggested (33). Clarification of N-myc function and the possibility
that it may play a complementary or supplementary role to that of c-myc in the
growth regulation of highly specialized cells, such as those from the neural
crest, or that it may be specifically involved with differentiative functions
in these cells (39), remains to be determined. .
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