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ABSTRACT  Cellular efs sequences homologous to v-ets of
the avian leukemia virus E26 are highly conserved. In mam-
mals the ets sequences are dispersed on two separate chromo-
somal loci, called efs-1 and efs-2. To determine the structure of
these two genes and identify the open reading frames that code
for the putative proteins, we have sequenced human ets-1
¢DNAs and ets-2 cDNA clones obtained from both human and
mouse. The human ETS1 gene is capable of encoding a protein
of 441 amino acids. This protein is >95% identical to the
chicken c-ets-1 gene product. Thus, the human ETSI gene is
homologous to the chicken c-ets-I gene, the protooncogene that
the E26 virus transduced. Human and mouse efs-2 cDNA clones
are closely related and contain open reading frames capable of
encoding proteins of 469 and 468 residues, respectively. Direct
comparison of these data with previously published findings
indicates that ets is a family of genes whose members share
distinct domains.

Retroviral transforming genes originate by transduction of
cellular sequences by retroviruses. Such an event is typically
associated with the viral genome recombining with a normal
cellular gene, termed a protooncogene, resulting in the
truncation and damage of the cellular gene in such a fashion
as to confer oncogenic potential to the newly recombined
cell-retrovirus hybrid gene. The viral (v-)ets sequence was
originally identified as a cell-derived sequence present in the
genome of the avian leukemia virus E26. The gag, myb, and
ets sequences of the E26 genome encode a single transform-
ing protein of 135,000 daltons (p135) that is capable of
inducing erythroblastosis and myeloblastosis in infected
chickens (1-3).

To better understand the process of conversion of a
protooncogene to a viral oncogene, the structure and function
of the normal cellular gene must be determined and compared
to those of the viral oncogene. For this purpose, we have
analyzed the molecular structures and transcription patterns
of the avian and mammalian ets genes. The chicken cellular
(c-)ets-1 gene is present on a smgle chromosomal locus of
>60 kKilobases (kb) of genomic DNA (4, 5). Nucleotide
sequence analysis of chicken genomic DNA and cDNA
clones and direct comparison to the v-ets sequence demon-
strated that the chicken c-ets-1 protooncogene has 27 unique
amino acids at the amino terminus and 13 unique amino acids
at the carboxyl terminus (6). Thus, the viral oncogene and the
cellular protooncogenes are not identical. In humans, there
are three ets genes, located on two different chromosomes,
termed ETS1, ETS2, and ERG. All three genes are transcrip-
tionally active and differentially regulated, yielding distinct
RNAs (7-11). All are on chromosomal locations involved in
translocations associated with specific malignancies (12).
Also, the position of ETS2 and ERG genes at 21q22.3 has
implicated these genes in Down syndrome, and at least ETS2
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is triplicated in trisomy 21 and microduplications of chromo-
some 21 (partial trisomy) associated with Down syndrome
(13). Recently, the equivalent of the human ETS2 gene has
been identified in chicken (14). The ets-related sequences in
Drosophila (15), sea urchin (16), and Xenopus (Z. Q. Chen
and L. A. Burdett, personal communication) have been
isolated and characterized. In this paper we describe the
predicted gene products of the human ETS! and ETS2 genes
and mouse Ets-2 gene.t We will compare the conserved
protein domains encoded by these genes to the chicken
protooncogene and to the ets-related coding sequences of
other species such as Xenopus, sea urchin, and Drosophila.

MATERIALS AND METHODS

Isolation of ets-1 and ets-2 cDNA Clones. A cDNA library
prepared from human K562 cells in Agt1l0 was the generous
gift of E. Cananni (17). A mouse cDNA library was con-
structed from BALB/c 3T3 fibroblast RNA by C.W.S., and
a human cDNA library was constructed from CEM T-
lymphoblast RNA by D.K.W., using Agtl0 as a vector
according to published procedures (17). The libraries were
propagated in Escherichia coli strain C600 hfl and 5 x 10°
plaques were screened (18). The restriction map of a partial
human ETS2 cDNA clone, designated cDNA14, has been
described (8). To identify ETS2 cDNA clones with larger
insert DNA, a 240-base-pair Hinfl fragment from the 5’ end
of cDNA14 was used as a probe for screening the human
library. The v-ets probe E1.28, used for analysis of the mouse
and human libraries, consists of a 1.28-kb Bg! I fragment of
v-ets DNA subcloned into the EcoRI site of pBR322 (8).

Analysis of Cloned DNA. Initially, S human ETS2 clones, 2
human ETS! clones, and 10 mouse Ets-2 clones were plaque-
purified. The phage DNA from these clones was digested
with EcoRI under standard conditions, and the restriction
fragments were resolved by electrophoresis in 1% agarose
gels. Immobilized DNA (19) was hybridized under stringent
conditions [50% (vol/vol) formamide/5 x SSC at 42°C; 1x
SSC = 0.15 M NaCl/0.015 M sodium citrate, pH 7.0] with
E1.28 and various ets-1 and ers-2 probes. In addition to the
240-base-pair Hinfl fragment described above, human ETS2
clones were further characterized by using H33, a genomic
ets-2-specific probe from the 3’ end of human ETS2 (7, 8).
Human ETS! clones were distinguished by ets-1-specific
probe pRD6K (7, 8). Mouse Ets-2 cDNA clones were
distinguished from mouse Ets-1 clones by hybridization with
probes, derived from a mouse genomic library, specific for
ets-1 [a 0.87-kb Bgl 11 fragment homologous to human clone
pRD700] or ets-2 [a 1.27-kb Pst I fragment homologous to
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technique (20). In addition, some of the human clone, pK3A,
was sequenced by the dideoxy method of Sanger et al. (21).

RESULTS

Nucleotide Sequence Analysis of the Human E7SI Gene. The
partial nucleotide sequence of the human ETS! cDNA clone
is shown in Fig. 1. Alignment of the human ETS! cDNA
sequence with that of the chicken ets-1 cDNA (6) reveals
common open reading frames with identical coding capacity
of 441 amino acids each. These genes are highly homologous
at the nucleotide (85%) and amino acid (95%) levels. The
methionine at position 1 of the human ETS1 protein is
identical to that of the chicken. In both cases, this methionine
is preceded by an in-frame terminator (TAA at position —75

H33] loci (8). After hybridization, the filters were washed
initially at room temperature for 30 min with 2x SSC/0.1%
NaDodSO, and then twice at 42°C for 15 min with 0.1X
SSC/0.1% NaDodSO,. DNA from one human ETS?2 clone,
AK3A, with EcoRlI inserts of 2.3 kb and 0.4 kb, was subcloned
and the plasmid with the ets-2 insert of 2.3 kb was designated
pK3A. A 2.2-kb HindIII fragment was isolated from the
human ETS1 phage AJ10, subcloned into pUC18, and desig-
nated pJ10-2. AJ10 contains a total insert of =5 kb. Of the 8
mouse Ets-2 clones, 4 contained inserts of similar size. One
of these clones, pA3, had an insert of 3.4 kb and was
subcloned and used for further analysis. Restriction frag-
ments of these subclones and clone cDNA14 were obtained,
end-labeled, and sequenced by the Maxam and Gilbert
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TTGGGAAGAAAGTCGGATTTCCCCCGTCCCCTTCCCCCTGTTACTAATCCTCATTAAAAAGAAAAACAACAATAACTGCAAACTTGCTACCATCCCGTACGTCCCCCACTCCTGGCACC
chlcken GCCAG G AA GGAGAAGGAGAAG GAAGAAGA GCTG A AG CA C G CTTCTGGGG GAGG CC GA CCAGTG G C CCT G TC GG CTCA
. Lys Ala Ala Val Asp Leu Lys Pro Thr Leu Thr Ile Ile Lys Thr Glu Lys Val Asp|Leu|Glu|Leu Phe Pro Ser Pro Asp Met Glu
Hum‘n AAG GCG GCC GTC GAT CTC AAG CCG ACT CTC ACC ATC ATC AAG ACG GAA AAA GTC GAT|CTG |GAG|CTT TTC CCC TCC CCG GAT ATG GAA 90
Chicken 6 6 ¢ 6 c ¢ & 6 6 6 clacl T ¢ [ c
} Ile|Asp
Cys Ala Asp Val Pro Leu Leu Thr Pro Ser Ser Lys Glu Met Met Ser Gln Ala Leu Lys Ala Thr Phe Ser Gly Phe Lys Glu Gln
Human TGT GCA GAT GTC CCA CTA TTA ACT CCA AGC AGC AAA GAA ATG ATG TCT CAA GCA TTA AAA GCT ACT TTC AGT GGT TTC AAA GAA CAG 180
Chicken G TTG c ¢ G G ce c ¢ c G G
Gln Arg Leu Gly Ile Pro Lys Asp Pro|Arg|Gln Trp Thr Glu Thr His Val Arg Asp Trp Val Met Trp Ala Val Asn Glu Phe Ser Leu
H“man CAA CGA CTG GGG ATC CCA AAA GAC CCC|CGG|CAG TGG ACA GAA ACC CAT GTT CGG GAC TGG GTG ATG TGG GCT GTG AAT GAA TTC AGC CTG 270
Chicken G G A c T A G 6 c G A p
: Gln
Lys Gly Val Asp Phe Gln Lys Phe Cys Met Asn Gly Ala Ala Leu Cys Ala Leu Gly Lys|[Asp|Cys Phe Leu Glu Leu Ala Pro Asp Phe
Hum.ﬂ AAA GGT GTA GAC TTC CAG AAG TTC TGT ATG AAT GGA GCA GCC CTC TGC GCC CTG GGT AAA|GAC|TGC TTT CTC GAG CTG GCC CCA GAC TTT 360
Chicken ¢ A 6 T c c T G c 6| ¢ [} A 6 T
: Glu
Val Gly Asp Ile Leu Trp Glu His Leu Glu Ile Leu Gln Lys Glu|Asp|Val|Lys Pro Tyr |Gln|Val|Asn Gly Val Asn|Pro|Ala Tyr Pro
Hl.lmal‘l GTT GGG GAC ATC TTA TGG GAA CAT CTA GAG ATC CTG CAG AAA GAG|GAT|GTG]AAA CCA TAT |CAA|GTT|AAT GGA GTC AAC|CCA|[GCC TAT CCA 450
Chicken G a T crT c 6 T Al G| ca c|l ¢ | ca ¢ r|e G
Glujala Pro|Ala Ala
Glu Ser Arg Tyr Thr Ser Asp Tyr Phe Ile Ser Tyr Gly Ile Glu His Ala Glam Cys Val Pro Pro Ser Glu Phe Ser Glu Pro Ser Phe
Humal‘l GAA TCC CGC TAT ACC TCG GAT TAC TTC ATT AGC TAT GGT ATT GAG CAT GCC CAG TGT GTT CCA CCA TCG GAG TTC TCA GAG CCC AGC TTC 540
chlckan T A c . T < [ [+ A c G T [+ 4 T
Ile Thr Glu Ser Tyr Gln Thr Leu His Pro Ile Ser Ser Glu Glu Leu Leu Ser Leu Lys Tyr Glu Asn Asp Tyr Pro Ser Val Ile Leu
Hl.lmln ATC ACA GAG TCC TAT CAG ACG CTC CAT CCC ATC AGC TCG GAA GAG CTC CTC TCC CTC AAG TAT GAG AAT GAC TAC CCC TCG GTC ATT CTC 630
Chicken c c T G c c T A c T
Arg Asp Pro|Leu|Gln Thr Asp|Thr|Leu Gln|Asn|Asp Tvr Phe|Ala|Ile Lys Gln Glu Val Val Thr Pro Asp Asn Met Cys Met Gly Arg
Human cca cac ccTfcrc|cac aca Gac|acc|TTG CAG{AAT|GAC TAC TTT|GCT|ATC AAA CAA GAA GTC GTC ACC CCA GAC AAC ATG TGC ATG GGG AGG 720
Chicken T cle G T |c ca claa G G A G AcCT
. val Ser Thr Thr
Thr Ser Arg Gly Lys Leu Gly Gly Gln Asp Ser Phe Glu Ser Ile Glu Ser Tyr Asp Ser Cys Asp Arg Leu Thr Gln Ser Trp Ser Ser
Human ACC AGT CGT GGT AAA CTC GGG GGC CAG GAC TCT TTT GAA AGC ATA GAG AGC TAC GAT AGT TGT GAT CGC CTC ACC CAG TCC TGG AGC AGC 810
Chicken ¢ A [T § c G c < c G A
Ala
Gln Ser Ser Phe|Asn|Ser Leu Gln Arg Val Pro Ser Tyr Asp Ser Phe Asp Ser Glu Asp Tyr Pro Ala Ala Leu Pro Asn His Lys Pro
Hum.ﬂ CAG TCA TCT TTCJAAC|AGC CTG CAG CGT GTT CCC TCC TAT GAC AGC TTC GAC TCA GAG GAC TAT CCG GCT GCC CTG CCC AAC CAC AAG ccc 900
chlckan c C [} c c [ T T [ [ c
Gln
Lys Gly Thr Phe Lys Asp Tyr Val Arg Asp Arg Ala Asp|Leu|Asn Lys Asp Lys Pro Val Ile Pro Ala Ala Ala Leu Ala Gly Tyr Thr
Human AAG GGC ACC TTC AAG GAC TAT GTG CGG GAC CGT GCT GAC|CTC|AAT AAG GAC AAG CCT GTC ATT CCT GCT GCT GCC CTA GCT GGC TAC ACA 990
ch'ck'n T A T G A G c ) c [ <
. Met
Gly Ser Gly Pro Ile Gln Leu Trp Gln Phe Leu Leu Glu Leu Leu Thr Asp Lys Ser Cys Gln Ser Phe Ile Ser Trp Thr Gly Asp Gly
Human GGC AGT GGA CCA ATC CAG CTA TGG CAG TTT CTT CTG GAA TTA CTC ACT GAT AAA TCC TGT CAG TCT TTT ATC AGC TGG ACA GGA GAT GGC 1080
Chick.n [+ A G A c G G CG [ G c c G T
Trp Glu Phe Lys Leu Ser Asp Pro Asp Glu Val Ala Arg Arg Trp Gly Lys Arg Lys Asn Lys Pro Lys Met Asn Tyr Glu Lys Leu Ser
Hum'" TGG GAA TTC AAA CTT TCT GAC CCA GAT GAG GTG GCC AGG AGA TGG GGA AAG AGG AAA AAC AAA CCT AAG ATG AAT TAT GAG AAA CTG AGC 1170
Chicken G G [+ T cG c G c c G
Arg Gly Leu Arg Tyr Tyr Tyr Asp Lys Asn Ile Ile His Lys Thr Ala Gly Lys Arg Tyr Val Tyr Arg Phe Val Cys Asp Leu Gln Ser
Hum.ﬂ CGT GGC CTA CGC TAC TAT TAC GAC AAA AAC ATC ATC CAC AAG ACA GCG GGG AAA CGC TAC GTG TAC CGC TTT GTG TGT GAC CTG CAG AGC 1260
chlcken T G T G G < [ G c c [ [+
Leu Leu Gly Tyr Thr Pro Glu Glu Leu His Ala Met Leu Asp Val Lys Pro Asp Ala Asp Glu End
Human cTc cTc GGG TAC ACC CCT GAG GAG CTG CAC GCC ATG CTG GAC GTC AAG CCA GAT GCC GAC GAG TGA TGGCACTGAAGGGGCTGGGGAAAcccTGers 1357
Chicken c A A T T '

FiG. 1.

Alignment of human and chicken efs-1 sequences. The nucleotide sequence of the human ETS/ sequence and the predicted amino
acids are presented. Nucleotide changes occurring in chicken c-ets-1 are shown and those affecting the amino acid sequence are highlighted by
boxes. The presumptive start methionine is circled and upstream in-frame termination codons are underlined. The chicken c-ets- sequence used
for comparison stops at an EcoRlI site (GAATTC) immediately following the termination codon at 1324-1326 (TGA).
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CCA GTIT ATA
T

Pro Ala
CCT GCA

Ala
GCT

1347

Ser Phe
TCA TTC
T

Asp
GAC

Lys
AAA

Ser Cys Gln
TCC TGC CAG
T A

Ile
ATC

1437

Met
ATG

Lys
AAG

Arg
AGG

Lys Asn Lys
AAA AAT AAG
A

Pro Lys
CCC AAG
A

1527

Phe
TTC

Lys
AAG

Arg Tyr Val
CGC TAC GTIG

Tyr Arg
TAC CGC
T

1617

Gly
GGG
[+

End
TGA GGTCGC
G CT

Pro
cce
T

Asp
GAC
T

Thr Glu Asp
ACG GAG GAC
A A

1707

1825

1943
2061
2179
2268

FiG. 2. Comparison of human and mouse efs-2 gene sequences. Alignment required insertion of an in-frame gap in both human and mouse
sequences. Amino acid differences between human and mouse are boxed. Presumptive start methionines are circled.

in human and TGA at position — 36 in chicken). The sequence
preceding the methionine codon (human), GGCACCATGA, is
similar to the Kozak consensus sequence (22, 23); thus, the

methionine at position 1 is the putative protein initiator. The
open reading frame terminates at the TGA codon at position
1324. The size of the putative human ETS1 protein initiating at



Biochemistry: Watson et al.

position 1 and terminating at position 1324 is 50,407 daltons,
similar to that identified in human cells (24).

Nucleotide Sequence Analysis of the Human and Mouse efs-2
Genes. Several overlapping human and mouse ets-2 cDNA
clones were sequenced and compared (Fig. 2). Direct com-
parison of these two ets-2 genes reveals a high level of
homology at the nucleotide (85%) and amino acid (91%)
levels. There are two methionine codons, at nucleotide
positions 292 and 316, that are potential initiators in accord-
ance with Kozak’s consensus. Both genes have a common
terminator located at position 1699. It is likely that one of
these methionine residues is the true initiator, based upon the
size of the protein detected in mammalian cells. This protein
has been identified in human (24) and mouse (9) cells as a
56,000-dalton product, similar to that predicted by the human
(53,001 daltons) and mouse (53,827 daltons) ets-2 DNA
sequences when methionine encoded by nucleotides 292-294
is the first amino acid.

DISCUSSION

The human ETS1 gene is highly conserved, with >95% of its
predicted amino acids identical to those of the chicken ets-1
protooncogene. Of the 16 amino acid differences, only four
are nonconservative. Thus, the ers-1 genes from human and
chicken code for proteins having a 99% conserved amino acid
homology.

The predicted products of the ets-2 genes in human and
mouse are highly conserved and found to be >91% identical.
This conservation is further supported by the observation
that ets-specific antibody is capable of recognizing the
56,000-dalton nuclear protein of both human (24) and mouse

A B
F

Proc. Natl. Acad. Sci. USA 85 (1988) 7865

(9). The ets-2 coding sequences of mouse and human encode
a consensus glycosylation site (Asn-Xaa-Ser/Thr) beginning
at amino acid 268 (nucleotide 1093); such a site is absent in
human ETSI. A common feature of the ets-/ and ets-2
products is the sequence of basic amino acid residues present
at positions 377-383 (nucleotides 1129-1149) and 405-411
(nucleotides 1504—-1524) in ets-1 and ets-2, respectively; these
resemble the nuclear-transit signal found in proteins such as
the simian virus 40 large tumor antigen (25), consistent with
our data that the ets-2 gene product is a nuclear protein (24).

A diagrammatic representation of the homology of the
predicted amino acid sequences of the ets genes character-
ized in this laboratory, from human to Drosophila, is shown
in Fig. 3. The predicted proteins are compared to the chicken
c-ets-1 protooncogene product, since this gene was the one
transduced by the E26 virus. The black areas represent re-
gions of amino acid identity and the white areas are the regions
of divergence. In the protooncogene we can identify three
distinct domains. One domain, C, is located at the carboxyl
terminus of the protooncogene product. This domain is highly
conserved in all the genes we have characterized, with >90%
amino acid sequence identities between diverse species rang-
ing from human to Drosophila. A second domain, A, is located
near the amino terminus and is less homologous than domain
C (e.g., 66% sequence identity exists between Xenopus and
human). We have not as yet been able to identify this domain
in Drosophila or sea urchin, and it may indeed be absent in
these species. A third domain, B, is present and highly
conserved between the chicken c-ets-1 and the human ETS].
This region is absent in human ERG, conserved within ets-2
(84% between human and mouse; 55% between human and
Xenopus), and divergent between ets-/ and ets-2.
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Fi6.3. Comparison of ets-related deduced amino acid sequences. The sequences displayed are human ETS] (this paper), human ETS2 (this
paper), human ERG (10, 11), mouse Ets-2 (this paper), chicken c-ets-1 (5, 6), E26 v-ets (1), Xenopus ets (Z. Q. Chen and L. A. Burdett, personal
communication), sea urchin ets (16), Drosophila ets (15), and Drosophila elg (26). These sequences were compared to the chicken c-ets by a
graphics program we have developed. Prior to display the sequences were aligned by the program LINEUP of the University of Wisconsin
Genetics Computer Group (UWGCG) software package (27, 28). Each sequence is displayed as a box, and positions identical with the chicken
sequence are displayed as black vertical lines. Single unmatched residues between matches thus appear as thin white lines. The dotted lines
in the ERG sequence represent a large gap introduced to maximize homology. The brackets represent known exon boundaries; Roman numerals
denote the v-ets-homologous domains of chicken c-ets-1. Uppercase letters (A, B, C) define the hypothetical ets domains (see Discussion). Scale

at bottom represents number of amino acid residues. Ch, chromosome.
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We can conclude from the above studies that ets is a family
of genes that can be divided into two distinct classes. Class
I consists of genes that contain all three chicken c-ets-1-
homologous regions, domains A, B, and C (Fig. 3). This
category is best exemplified by the human ETS/ and the
chicken c-ets-1 genes. Class II consists of genes that contain
only two v-ets-homologous regions, domains A and C. These
are best exemplified by the human ETS2, mouse Eis-2,
Xenopus ets-2, and human ERG genes. A third group of ets
genes, which cannot be classified at this point, contain only
domain C (Drosophila and sea urchin). These could be a
unique class having only this domain conserved and the
others diverged, or they could be members of the other
classes. This determination will have to await the cDNA
isolation and sequencing for correct class assignment. This
category includes the Drosophila ets, the sea urchin ets, and
the Drosophila elg genes (Fig. 3). It is interesting that the two
classes map to different chromosomes in mammals. Class I
ets genes map to human chromosome 11 and mouse chro-
mosome 9, and class II ezs genes map to human chromosome
21 and mouse chromosome 16.
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