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ABSTRACT We have isolated, cloned, and sequenced the
rainbow trout (Salmo gairdneri) c-myc gene. The presumptive
coding region of the trout c-myc gene shows extensive homology
to the c-myc genes of chicken, mouse, and human. Comparison
of nucleotide sequences reveals that human, mouse, chicken,
and trout c-myc genes contain at least two coding exons,
interrupted by introns of decreasing size of 1.38 kilobases (kb),
1.2 kb, 0.97 kb, and 0.33 kb, respectively. The exons are clearly
delineated by donor-acceptor splice signals. The degree of
nucleotide homology between trout, chicken, and human exon
IL is less than that observed for exon III. However, the greatest
homology among these three genes is localized to two specific
regions within exon II (myc boxes A and B). At the predicted
amino acid level, fish c-myc shows considerable homology to
vertebrate c-myc gene products. Trout c-myc is expressed in
normal trout cells as a single 2.3-kb mRNA species, similar in
size to other vertebrate transcripts.

It is now widely accepted that retroviral oncogenes arose by
transduction of portions-of cellular genes known as proto-
oncogenes. Typically, transforming retroviruses are defec-
tive in viral gene function, as a result of the substitution of
viral gene(s) by portions of these proto-onc genes. In the
presence of appropriate helper virus, they are able to initiate
and maintain a variety of malignancies in a number of animal
species after very short incubation periods and with a high
degree of efficiency (1, 2).

The viral oncogene, v-myc, was first identified as a part of
the transforming sequence of avian myelocytomatosis virus
(MC29) (3, 4). The MC29 virus is a replication-defective
retrovirus, lacking the entire polymerase (pol) gene and
portions of the gag and envelope (env) genes, which have
been substituted by the cell-derived myc sequence. MC29
induces a broad spectrum of malignant disease, including
myelocytomas, renal and liver tumors, and, less typically,
carcinomas, sarcomas, and erythroblastosis. This virus also
induces morphological transformation of fibroblasts, epithe-
lial cells, and macrophages in culture (1, 5-7). Cellular
sequences homologous to v-myc have been identified by
Southern blot analysis in a wide variety of species (8).
However, prior to this report, nucleotide sequence analysis
to prove that this hybridization is due to myc sequences had
only been achieved in chicken (9), mouse (10), and human
(11). In addition, it now appears that higher eukaryotes may
possess multiple loci with limited myc homology, such as
N-myc and L-myc (12, 13). N-myc has two distinct regions of
homology to the second exon of c-myc (myc boxes A and B),
which may represent a conserved functional domain or
binding site region. In general, the cellular genes transduced
by the retroviruses represent a family of genes that have been
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conserved throughout evolution, suggesting that they have an
important role in cellular growth and/or differentiation (2).
Therefore, comparison of myc gene sequences from very
divergent species is an important step toward our under-
standing of the evolution and function of this gene. The most
primitive class of vertebrates so far found by hybridization
analysis to have myc gene sequences are the teleosts (bony
fishes). We initiated our studies by cloning and sequencing
the c-myc gene from rainbow trout (Salmo gairdneri). Rain-
bow trout were chosen because they are a commercially
valuable food and sport fish, easily obtainable, and frequently
used in studies of chemical-induced carcinogenesis (14). In
addition, studies have reported the widespread occurrence of
neoplasia in feral fish populations (15). Their phylogenetic
position and high incidence of neoplasia make teleosts ideal
model organisms for the study of both oncogene evolution
and tumorigenesis.

MATERIALS AND METHODS

Isolation of Genomic Clones and Sequence Analysis. A
genomic library was prepared from rainbow trout testes
DNA, by partially digesting with EcoRI and cloning into
Charon 4A. The library was propagated in Escherichia coli
strain LE392 and screened by the method of Benton and
Davis (16). Clones were identified initially by hybridization to
v-myc under relaxed conditions (30% formamide/0.74 M
NaCl/0.05 M NaH,P0,/0.005 M EDTA, pH 7.4, 37°C).
Positive clones were further characterized by endonuclease
restriction patterns and hybridization to specific probes from
the chicken c-myc exon II [190-base-pair (bp) Pst 1/Hinfl
fragment) or exon III (849-bp Cla I/EcoRI fragment) (9). By
these criteria, 20 positive clones were categorized into six
different groups of overlapping clones. A 3.7-kb EcoRI DNA
fragment (which contained sequences homologous to both
chicken exon II and III) was isolated from X clone RTC-1 and
subcloned into pBR325. The purified insert from this
subclone (named C181) was used to generate appropriate
labeled restriction enzyme DNA fragments for sequence
analysis of both strands by the method of Maxam and Gilbert
(17) as described earlier (18, 19).

Sequence Comparison. Simultaneous comparisons of the
deduced fish ¢c-myc amino acid sequence with those of
chicken and human were performed as described (20), using
the matrix of pairwise amino acid comparisons (21). The gap
penalty used was 8 (no special weighting was used for
matched histidine, cysteine, or methionine residues).

Abbreviations: bp, base pair(s); kb, kilobase(s).
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RESULTS

Molecular Cloning and Nucleotide Sequence Analysis of the
Trout c-myc Gene. Twenty rainbow trout myc-related clones
were isolated that hybridized to probes derived from chicken
exon II or exon III (see Materials and Methods). Only three
of these clones contained sequence homology to both chicken
exons (22), and one (RTC-1) was subcloned (C181) and used
for further analyses. Examination of the nucleotide sequence
of the rainbow trout c-myc (Fig. 1) reveals two exons (II and
III), as defined both by sequence homology to the second and
third exons of the other c-myc genes and by consensus splice
signals at positions I-1 and I-332. Trout exon I1 is shorter (664
bp) than exon II of chicken (702 bp), mouse (757 bp), and
human (771 bp) (9-11). Alignment of the trout c-myc DNA
sequence with that of chicken or human indicates that three
codons are missing in the C181 sequence, assuming no
insertions or deletions occur in the unsequenced 5’ region
(see Fig. 3). If this assumption is true, trout exon II would
have a coding capacity of 224 amino acids (672 bp). Trout
exon III is longer (578 bp) than the third exon of chicken,
mouse, and human, which all have 561 nucleotides.

Consistent with other c-myc genes, trout exons II and III
are interrupted by an intron. The trout second intron (332 bp)
is considerably shorter than those of chicken (971 bp), mouse
[1.2 kilobases (kb)], or human (1.38 kb). This observation
suggests a correlation of a smaller intron size in the c-myc
gene in evolutionarily more primitive organisms.

The first c-myc exon has been localized for the chicken (23,
24), mouse (10), and human (24, 25) genes. Using DNA
probes derived from either chicken or human exon I, we have
been unable to detect homologous sequences in the fish,
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suggesting a more rapid divergence of these sequences
relative to exons II and III.

Rainbow Trout c-myc Is Transcriptionally Active. Se-
quences homologous to myc are expressed in avian and
mammalian tissues (26-28). Illustrated in Fig. 2 is an RNA
blot of total trout liver RNA hybridized to a trout c-myc
probe. This probe (1.5-kb EcoRI/Pst 1 fragment of C181)
contains nearly the entire second and all of the third exon (see
Fig. 4). A single transcript of =2.3 kb was detected, slightly
smaller than the 2.5-kb species reported for avian and
mammalian myc.

Comparison of the Nucleotide and Predicted Protein Se-
quences of Cellular and Viral myc Genes. The sequences of
human (11) and chicken (9) cellular myc genes as well as those
of the avian acute transforming retroviruses MC29 (30), MH2
(31), and OK10 (32) have been reported. We sought to make
pairwise comparisons of the trout c-myc sequences with
those of the chicken and human. To obtain a consistent
alignment between the trout, chicken, and human c-myc and
the v-myc gene products, the predicted amino acid sequences
were compared (19). The result of such an alignment is shown
in Fig. 3. The high degree of nucleotide and amino acid
homology between the three cellular sequences is evident
from the data presented in Table 1. For all three sequences,
the region homologous to the MC29 v-myc gene can be
organized into two exons. Overall, the third exon is more
highly conserved than the second exon at both the nucleotide
and amino acid levels, as indicated by both the greater
homology and the lower number of gaps required for optimal
alignment. However, several segments of the second exon
are very highly conserved among the three organisms,
including the two myc box regions (A and B) homologous to
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F16. 1. Nucleotide sequence of rainbow trout c-myc locus. The positions of exons with myc homology (1-663, 664-1242), intron sequence
(I-1to1-332), and 3’ flanking cellular sequences are presented. The predicted amino acid sequence is given below the nucleotide sequence. Donor
(L) and acceptor (") splice signals and the translational termination site are indicated. myc boxes are highlighted by dashed boxes.



3700 Biochemistry: Van Beneden et al.

—28S

F1G. 2. RNA blot of rainbow
trout c-myc. Total RNA was iso-
—18s lated from rainbow trout liver,
resolved in 1.2% formaldehyde/
agarose gels (29), and hybridized
to the 1.5-kb EcoRI/Pst 1 frag-
ment of C181 under stringent con-
ditions (50% formamide/0.75 M
NaCl/0.075 M Na citrate, 42°C).
Mobility of the 28S and 18S ribo-
somal RNAs are as indicated.

N-myc (12). It should be noted, however, that several other
regions within the second exon as well as the central portion
of the third exon are as highly conserved as these myc boxes,
suggesting other significant functional domains in the myc

Proc. Natl. Acad. Sci. USA 83 (1986)

Table 1. Degree of myc homology between three cellular genes

Triple Trout vs. Trout vs. Chicken vs.
matches chicken human human
Amino acid
Total gene 55 64 62 68
Exon II 52 60 58 64
Exon III 58 69 66 73
Box A 93 94 94 96
Box B 89 95 89 95
Nucleic acid
Total gene 53 62 60 70
Exon II 49 58 55 67
Exon III 58 68 66 74
Box A 70 74 77 81
Box B 81 85 83 92

The percentage homology was determined from alignment of the
three sequences (see Fig. 3). The ratio used was the number of
matches over the average number of non-gap residues in the region
examined. If the constraint of having a consistent alignment between
the three sequences is removed, it is likely that somewhat higher
percentage matches could be obtained from the pairwise compari-
sons.

gene. It is of interest to note that the three sequences of fish,
chicken, and human each have inserted regions in the second
exon unique to themselves (cf. Fig. 3). There are two such
unique regions in the human sequences (HU1 and HU2),

Start of exon 2 box A l
TR-MYC ---NSSLASKNYDYDYDSIGPYFYUDNEDEDFY---HRGPGGLAPPAPSED IWKKFELLATPPLSPSRPS-L--SSI FP STAD 74
* # A RRAR RERERE O F * ER *3% L2 22 33 % ¥ * HEERRER * * HU1 * 3% % %
HU-MYC MPLNUSFTNRNYDLDYDSVYGPYFYCD-EEENFYQ--GARASELGPPAPSED IWKKFELLATPPLSPSRRSGLCSPSYUAVUTPFSLRGDNDGGGGSFETAD 97
* %% * I IR L2222 *% 343 3 3 3 3% E2 21222 L] 33 3% % % * * * %R
CH-MYC MPLSASLPSKNYDYDYDSVGPYFYFEEEEENFYLAARGRGSELQPPAPSED IWKKFELLATPPLSPSRRYSLAAASC -~~~ L STAD 83
MA—MYG 7 ¢ ¢ty rooescosaiariiiiiiiiiiiriiigrioiigririecdiriiiiiiiiiidgliiiiiigidyeiiii .
OK_MYG /7 ¢ v earvernvnrarisiriiiiiisiiitoiiiiiiiiiidiciiiiiiiiiidgliiiiisidiiiiii, .
box B
TR-MYC QLEMYTEFLGDDVUNGSFICDADYSATFUKSIIIGDCMWSGFSATAKUEKVUSERLASLATARKD-~————====~=— SAUGDNAECPT--RLNANYLGD 159
FARERER EE R RRRRRERE *3% RAZ 222222 L 22 L AR RER B RRER * * E2 22 ]
U-MYC GLEMYTELLGGDMUNGSFICDPD-DETF IIKNIIIGDCMWSGFSAAAKL---USEKLASYGBAARKD-—===~======= SGSPNPARGHSVCSTSSLYLGD 180
FHRRRRRRRRRRRRERRERERE RR * 33 3 3 3 33 3 3 %% %% B FREERE HRE * CU L2 K B J * *EE *
CH-MYC GLEMYTELLGGDMYNGSF ICDPD-DESFUKSTIIGDCMWSGFSARAKLIEKVVUSEKLATYRASRREGGPAAASRPGPPASGPPPPPAGPA--ASAGLYLHD 180
MC_MYG 777070000000 00s0aaetass tatsdesissosnaisiosessedesersoesiosisiQririrerssrarasssesesssars 110010104

LT I e N L - R R L Y RN

[ o N R A N L N RN RN

TU1 End of exon 2 __ Start of exon 3

TR-MYC PNTSASECIGPNTSASECIGPSVVUFPYPITET--PK- PSKVAPPTDLALDTPPNSGSSSSSGSDSEDDDEEEDDEDE 233

* % R IR RENR *# Huz * * * %% *3# * *% 2 2]
HU-MYC --LSAA---==-=- ASECIDPSVVUF PYPLNDSSSPKISCASGDSSAFSPSSDSLLSSTESYPAGSPEPLVLHEETPP-~-TTSS---DSE---EEG--EDE 259

* R #* 3033303 X H * * * R HHEN * % *RE *

CH-MYC --LGAA--=--=== AADC IDPSVVFPYPLSERA-PRAA PPGANPAALLGYDTPP---TTSS--~DSE---EEG--EED 236
MH-MYC  f ¢ GG CY GRIG ——mm CeriGerieeiiige iggG G rrr ees
OK-MYC ‘¢

TR-MYC EEIDVVTU-EKRBAV-KRCDPST--SE----TRHHSPLULKRCHVSTHGHNYAAHPSTRHEGPAVKRLRLENSSSRULKQISSNRKCSSPRTSDTEDYDK 325
P22 AN AR L2222 22 * FRBRBRERRRRRRRERRBEN HR N R AR # B OEER REE RRER REE RNEE *
HU-MYC EEIDVVSV-EKRGAPGKRSESGSP-SAGGHSKPPHSPLULKRCHUSTHAHNYAAPPSTRKDYPAAKRVKLD--SVRVLRAGISNNRKCTSPRSSDTEENVK 355

L2222 * #*3 * B 3R W

EA 2R 22T L] L2 L 2 BN L1 #ORRR RRRERRER RRE HR REE *

CH-MYC EEIDVVTLAEANESE-SSTESSTEASEEHC-KPHHSPLULKRCHUNIHG@HNYAAPPSTKVEYPAAKRLKLD--SGRVLKGISNNRKCSSPRTSDSEENDK 332

T R A R R

T R R R R RN

N R N RN

End of exon 3

TR-MYC RRTHNULERGRRNELKLSFFALRDEIPDVANNEKAAKVVILKKATECIYSMGTDEQGRLUNLKEGLRRKSEHLKGKLAGLANSCLSSKRH

EXZIISEIZ SIS L L R LS LS BN g R RIS LS

* * #* *# * *3 * WA A RE EEW

HU-MYC RRTHNULERGRRNELKRSFFALRDGIPELENNEKAPKVVILKKATAYILSVGAEEGKL ISEEDLLRKRREGLKHKLEGLRNSCA
FRBRRRRERR RN FRHRRRRERRE FRRRRRERERRERRE H ER X R ER R L2 T e i

CH-MYC RRTHNULERGRRNELKLSFFALRDGIPEVANNEKAPKVVILKKATEYVULSIGSDEHRL IAEKEQLRRRREGLKHKLEGLRNSRA

MC-MYC P R N R R N ] AR AR A

MH-MYC R R N ] S R

T R R R R R R R R A A

FiG.3. Comparison of the deduced protein sequences of the rainbow trout (TR-MYC), human (HU-MYC), and chicken (CH-MYC), cellular

myc genes with the v-myc genes of avian retroviruses MC29 (MC

-MYC), MH2 (MH-MYC), and OK10 (OK-MYC). The amino acids are

abbreviated by the standard one-letter code. Position 1 is assigned to the presumptive initiation codon in the second exon. Dashes represent
gaps inserted by the three-protein alignment program (20), using the parameters described in Materials and Methods. Asterisks represent identity

between human, trout, or chicken predicted amino acid sequences.

Apostrophes represent identity of a viral residue with the corresponding

chicken residue. The position (codon 61 in chicken) where each of the viral sequences differs from the chicken progenitor is highlighted by an
arrow. The division between the second and third exons and the regions corresponding to myc boxes A and B are indicated.
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F1G.4. Summary of the major features of the structure of the human (H-c-myc), chicken (C-p-myc), trout (F-c-myc), and MC29 myc genes.
The hatched regions represent the second (o) and third (o) exons; stippled regions represent the first exon. The potential regulatory sites shown
are as follows: T, TTATA box; C, capping site; AATAAA, polyadenylylation signal; CACA, poly(A) addition site; (1) and ( J ) represent donor

and acceptor signals.

whereas the chicken and trout each have a single unique
region (CU1 and TU1, respectively). Other than these noted
insertions, discounting other smaller insertion and deletion
events, the second and third exons seem to have gradually
evolved by the accumulative acceptance of point mutations.
The human and chicken sequences are somewhat more
similar to each other than they are to fish. This observation
is consistent with a phylogenetic model in which birds and
mammals share a common lineage that diverged from the line
that led to modern fishes (33).

DISCUSSION

Our results with rainbow trout demonstrate that a c-myc gene
is present in a lower vertebrate and that it is transcriptionally
active. The highlights of the myc genes are diagrammatically
represented in Fig. 4 and can be summarized as follows: (i)
Human, chicken, and trout c-myc genes contain at least two
coding exons interrupted by introns of 1.38 kb, 0.97 kb, and
0.27 kb, respectively. This decrease in size, from human to
fish, suggests an evolutionary correlation of smaller-sized
introns in primitive organisms. Similar findings are apparent
in comparisons of other proto-oncogene homologues. Re-
ports of c-myb from Drosophila demonstrate that this gene
lacks at least two of the introns found in the homologous
chicken gene (34). Introns from chicken and mouse c-ets also
follow this pattern (D.K.W., unpublished observation). (ii) In
MC?29, an open reading frame is observed extending from the
ATGi initiation codon located at the 5’ end of the gag gene into
the myc sequence. The two exons in the fish, chicken, and
human myc genes as defined by consensus donor-acceptor
splice signals and by their alignment with the v-myc sequence
share a common reading frame. The coding regions of the
chicken and human genes terminate at the same position;
however, the fish c-myc termination codon is found farther
downstream. (i) Several lines of evidence imply that mMRNA
from normal cells may be generated from proto-myc se-
quences. Direct examination of the nucleotide sequence of
cloned myc gene from chicken, mouse, and human reveals
consensus transcriptional signals. Hybridization studies us-
ing RNA extracted from appropriate cells show major myc-
related species of 2.3-2.5 kb. (iv) Comparison of the predict-
ed amino acid sequences of three avian retroviral v-myc
genes (MC29, MH2, and OK10) to that of the chicken
proto-oncogene from which they were derived and the other
known c-myc oncogenes reveals a threonine at position 61
(numbered from the first ATG in chicken exon II) that is

invariant in all c-myc genes but is substituted in v-myc genes
by methionine (MC29) or alanine (MH2, OK10) (see Fig. 3
and ref. 35). It is tempting to draw a direct analogy of the base
substitution in v-myc to that known for the ras gene codon 12
(36), which is associated with the transforming ability of ras.
This idea appears to be in conflict with a recent report
demonstrating that constructs containing either v-myc (con-
taining gag-myc sequences) or c-myc (mouse plasmacytoma)
are able to elicit the same transformation of rat embryo
fibroblasts in vitro (37). However, the effect of this point
mutation at position 61 on the in vivo spectrum of pathoge-
nicity has not been ascertained.

Comparison of c-myc from fish, chicken, and human with
the known v-myc oncogenes has facilitated our understand-
ing of the evolution of this gene. Such comparison suggests
that additional functional domains may exist. In higher
vertebrates, amplification, rearrangement, and/or increased
expression of the myc gene has been correlated with certain
malignant conditions (38). Specific chromosomal transloca-
tions in mouse and human B-cell tumors have been reported
to involve the c-myc locus (10, 39, 40). Isolation of the myc
proto-oncogene from rainbow trout provides a probe to
screen teleost tumors for analogous translocations and/or
rearrangements of the myc oncogene in these systems.
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