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The two functionally distinct amino termini of chicken 
c-ets-1 products arise from alternative promoter usage

Pascale Crepieux, Dominique Leprince, Anne Flourens, Olivier Albagli, Elisabeth Ferreira, 
and Dominique St£helin

Unit£ d'Oncologie Moleculaire, CNRS URA 1160, Institut Pasteur, Lille, France

The chicken c-ets-1 locus gives rise to two distinct transcription factors differing by structurally 
and functionally unrelated N-termini. p54c ets l shows a striking phylogenetic conservation from 
Xenopus to humans, while p68c ets l, the cellular counterpart o f the E26-derived \-ets oncogene, 
is apparently restricted to avian and reptilian species. In the chick embryo, both mRNAs are ex
pressed in a wide array o f tissues o f mesodermal origin; however, in the embryo and after hatching, 
p68c ets l is excluded from lymphoid cells where p54c ets l accumulates.

In this report, we define the basis o f the differential expression o f the chicken c-ets-1 products 
to assess their different potentials as transcription factors. We demonstrate that the two distinct 
N-termini arise from alternative promoter usage within the chicken c-ets-1 locus. Examination o f 
both promoters reveals that transcription initiates from multiple sites, consistent with the absence 
o f TATA and CAAT elements. O f these two regulatory regions, only the one that initiates the 
p 5 4 c-ets-i mRNA synthesis is o f the G+C-rich type, and its organization is conserved in humans. 
The avian-specific p68c ets l promoter activity was enhanced by its own product. In addition, we 
identify numerous potential binding sites for lymphoid-specific transcription factors that might 
contribute to a tight repressor effect in lymphoid tissues.

The ets gene family groups a number o f 
related transcription factors that are con

served from Drosophila to humans (Lauten- 
berger et al., 1992; MacLeod et al., 1992; Laudet 
et al., 1993). This family is defined by the pres
ence o f a new type o f DNA-binding domain, the 
ETS domain (Karim et al., 1990), most often 
located at the carboxy-terminus o f the protein 
with some exceptions, including the elk-1 (Rao 
et al., 1989), elf-1 (Thompson et al., 1992), and 
SAP-1 (Dalton and Treisman, 1992) proteins. The 
ets family members exert their function as tran
scription factors by interacting in a sequence-

specific manner with purine-rich motifs they 
recognize with variable affinities (Wang et al.,
1992) in the promoters and enhancers o f sev
eral viral and cellular genes (Gunther et al., 1990; 
Ho et al., 1990; Wasylyk et al., 1990; Virbasius 
and Scarpulla, 1991; Wasylyk et al., 1991). Nev
ertheless, a dual function for ets family mem
bers has recently come to light from the obser
vation that some o f them can form ternary 
complexes, in association with unrelated tran
scriptional factors such as the SRF (Hipskind 
et al., 1991; Dalton and Treisman, 1992).

The roles o f ets-related protein regions out-
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side o f the DNA-binding domain still remain 
largely unclear, though they were partly elicited 
by recent studies on the avian proteins produced 
by the c-ets-1 gene (Schneikert et al., 1992). The 
chicken c-ets-1 locus, identified as the cellular 
counterpart o f the E26 v-ets oncogene (Leprince 
et al., 1983; Nunn et al., 1983), was the first char
acterized member o f the ets gene family. This 
locus gives rise to two different transcription 
factors, p54c ets l and p68cetsl, which differ only 
by unrelated N-termini, respectively encoded 
by a single exon absent from \-ets, I54, or by the 
a and (3 exons, homologous to the 5' part o f \-ets 
(Leprince et al., 1988). These alternative exons 
are fused to a common set o f 3' exons named 
a to F. The common exons encode an N-terminal 
regulatory domain, a transactivating domain, 
and the C-terminal DNA-binding domain. While 
the highly hydrophobic a- and (3-encoded amino 
acids consist o f an additional transactivating 
domain, the function o f the hydrophilic I54- 
encoded amino acids remains undefined (Schnei
kert et al., 1992). We can therefore speculate 
that each N-terminus interacts with different 
transcription regulators to fulfill its function, 
possibly in a cell-specific manner. Consistent 
with this hypothesis is the fact that p54cetsl 
and p68c ets 1 display differences in their expres
sion pattern: in chicken, p54c ets 1 is widely ex
pressed, with moderate levels in most tissues, 
but high levels in lymphoid cells (Ghysdael et 
al., 1986). In contrast, p68c ets 1 expression is re
stricted to a blood vessel-containing fraction 
o f the spleen (Leprince et al., 1990) and other 
mesodermal tissues such as the embryonic der
mis at E6, but remains undetectable in lymphoid 
tissues (Queva et al., 1993).

A better understanding o f the positive and 
negative controls that underlie a cell-specific 
pattern o f gene expression requires careful ex
amination o f the mechanism regulating the 
expression o f the regulators themselves. In this 
report, we have initiated such studies by de
scribing the molecular mechanism governing 
the expression o f the chicken c-ets-1 locus. To 
unravel the respective regulation o f p54cets l 
and p68c ets 1 expression, we asked if they arise 
from alternative splicing o f a precursor mRNA 
initiated at a single promoter, or whether a 
differential promoter usage would account for 
the divergences in their expression patterns. 
The study reported here ascertains the second 
mechanism.

Materials and methods 

Molecular cloning

Isolation of a new chicken c-ets-1 genomic clone.
A recombinant DNA library in the EMBL4 vec
tor constructed with a partial Sau 3A digest o f 
total chicken embryo DNA was used to isolate 
the promoter region o f p68c ets 1 mRNA. It was 
screened first with a 5.4 kbp Hind III genomic 
probe including the a exon (Gegonne et al., 
1987). The positive clones were then counter- 
selected with a labeled oligonucleotide corre
sponding to the 5' end o f the p68c ets 1 cDNA 
(primer 1: 5' AC A AGT GTG GGG AGC CGT 
GGA GGA 3'). We obtained a 14.0 kbp long 
genomic insert, which is referred to as clone 
68.1ETS. The previously described lambda c-ets B 
recombinant phage (Gegonne et al., 1987) con
taining sequences localized within the 40.0 kbp 
o f genomic DNA including the I54 exon was 
subjected to promoter analysis after restriction 
enzymes mapping.

Reporter and expression plasmids used in the pro
moters functional assays. The c-ets-1 promoter 
regions and the p68cetsl promoter deletion 
mutants were subcloned into the pLUCDSS lu- 
ciferase reporter plasmid, generously provided 
by Dr. F. Gouilleux (Gouilleux et al., 1991), who 
derived it from pSPLUC2 (DeWet et al., 1987). 
The fragments were inserted either into the 
Pvu II-Hind III (p68cetsl), or Pvu II (p54cets l) 
restriction sites. In order to allow in-frame 
synthesis o f the luciferase protein during the 
functional assay, the p54cetsl promoter frag
ment subcloned into the M13 mpl9 vector was 
mutated in the translation initiation codon 
(ATG—AAG) according to standard methods 
(Sayers et al., 1988) using the Amersham oligonu
cleotide in vitro mutagenesis kit. The ptkFLUC 
vector (DeWet et al., 1987; Gouilleux et al., 1991) 
including the thymidine kinase minimal pro
moter was used as a positive control. The 
chicken p68cets 1 cDNA (Leprince et al., 1988) 
was cloned into the EcoR I restriction site o f 
the pSG5 expression vector (Wasylyk et al., 1990).

Sequencing analysis. The c-ets-1 regulatory re
gions were sequenced on both strands by the 
dideoxy termination method (Sanger et al., 
1977), after cloning into the polylinker restric
tion sites o f M13mpl8 and mpl9 derivatives.
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Mapping of the c-ets-1 mRNA 5' ends

RNase protection analysis was performed as pre
viously described (Leprince et al., 1988) with 
the use o f a Promega kit. A 400 bp a32P-CTP 
labeled p68cetsl RNA probe was transcribed 
from a corresponding BamH I-Hind III DNA 
fragment cloned into the pSP64 vector (Fig. 4). 
The probe was hybridized at 50°C to 20 ng o f 
total RNA from chicken spleen, thymus, or em
bryonic dermis extracted using the CsCl/guani- 
dinium isothiocyanate method (Maniatis et al., 
1982). The RNA-RNA hybrids were digested by 
a mixture o f T1 (Gibco BRL) and A (Boehringer 
Mannheim) RNases, and the resulting products 
were electrophoresed on a 6% sequencing acryl
amide gel. Their size was determined by com
parison with an M13 sequence ladder.

Primer extension experiments were com
pleted as described (Maniatis et al., 1982). The 
following 5' end-labeled oligonucleotide, com
plementary to the p54c ets 1 mRNA, was used as 
a primer:
primer 2 : 5' TCC TCT TCC TCC TCC TTC CTT CCT CCC TCT 3' 
This primer was annealed at 60 °C, and retro- 
transcription was completed using MMLV RTase 
(Gibco BRL). The elongation products were run 
on a 6% sequencing gel.

DNA transfection

Chicken embryonic fibroblasts (CEF) were plated 
at 106 cells per 60 mm plate the day before 
transfection. Transfections were achieved using 
DOTAP (Boehringer Mannheim). Forty-eight 
hours after transfection with 10 ng o f DNA, the 
cells were washed three times and scraped into 
PBS. The cells were pelleted and resuspended 
in a lysis buffer composed o f 25 mM Tris phos
phate (pH 7.8), 8 mM MgCl2, 1 mM DTT, Triton 
X-100 (1% v/v), and glycerol (15% v/v). After 3 
freeze-thawing cycles, the cellular debris was 
pelleted by centrifugation, and the supernatants 
were recovered for the luciferase assay.

Luciferase activity assay
In the standard assay, 2 5  |ll1 o f 1 mM luciferin 
was added to a cell lysate containing 20 ng o f 
proteins in lysis buffer. Ten pi o f 10 mM ATP 
were injected, thus triggering the light output 
o f the tube over a 3 0  second interval. The Bio- 
Orbit 1251 Luminometer background was typ
ically in the range o f 20  light units. The values 
obtained were normalized to the level o f hu

man growth hormone (hGH) released in the 
media o f transfected cells resulting from cotrans
fection o f 1.5 pg o f ptkGH expression plasmid 
(Selden et al., 1986).

Results

Conservation of the organization of the 
p54c ets l promoter between humans 
and chicken

The avian c-ets-1 gene gives rise to two different 
types o f mRNAs (Duterque-Coquillaud et al., 
1988; Leprince et al., 1988), as summarized in 
Figure 1. The p54c ets l mRNA joins the I54 exon 
to the common set o f 3' exons, namely a to F, 
while the p68cets 1 mRNA results from the fu
sion o f the Y (see below), a, and P exons to the 
a to F exons. Given that both types o f mRNA 
display differential expression (Leprince et al., 
1988; Queva et al., 1993), we suspected that they 
might be subject to independent regulation, pos
sibly via tissue-specific alternative splicing and/or 
differentially regulated specific promoters.

Our first goal was to compare the transcrip
tion regulation region o f the p54c ets 1 mRNA 
between humans and chicken. We carried out 
primer extension analysis on total chicken RNAs 
extracted from spleen, thymus, and the RP9 
B-lymphoma cell line. Primer 2 (see Materials 
and Methods and Fig. 3) initiates retro tran
scription 121 bp 5' o f the ATG codon located 
in the I54 exon. This oligonucleotide is comple
mentary to region + 121/+150 in our sequence 
(Fig. 3), close to the 5' end o f the p54c ets 1 cDNA 
(Duterque-Coquillaud et al., 1988). In each tis
sue tested, three major bands o f 150, 116, and 
110 bp were detected (Fig. 2), thus localizing 
the major start sites 201 to 241 bp 5' from the 
translation start codon found in the I54 exon 
(Fig. 3). Minor bands were also observed, indic
ative o f additional minor cap sites.

To determine whether these 5' ends were de
rived from I54 or from one or more upstream 
exon(s), we next performed RNase protection 
analysis. A 14 kbp genomic DNA fragment con
taining the I54 exon has been previously iso
lated (Gegonne et al., 1987; Duterque-Coquillaud 
et al., 1988). A 732 bp Hind III-Cla I fragment 
derived from this genomic DNA and including 
the 5' half o f I54 was transcribed into a cRNA 
probe suitable for hybridization with total RNAs 
from spleen and thymus. The sizes o f the pro-
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Figure 1. Genomic organization o f  
the chicken c-ets-1 locus. Open boxes 
mark the common exons, namely 
a to F; the alternative exons are 
indicated by striped (a and 3) or 
dashed (I54) boxes, and the non
coding sequences are boxed in 
black. The two types o f mRNA, 
which differ in the 5' part o f the 
gene, are shown. The Y exon and 
the localization o f the promoters 
are described in this paper.

tected bands obtained confirmed the multiplic
ity o f the start sites, along with their positions, 
and identified the I54 exon as the first exon o f 
the p54cetsl mRNAs (data not shown). Clus
tered initiation start sites have also been de
scribed in the case o f the human I54 exon, al
though there are some discrepancies about their

Figure 2. Mapping o f the p54c ets 1 transcription start 
sites by primer extension analysis on total RNAs ex
tracted from chicken spleen, thymus, or the RP9 B cell 
line. No signal is detected in the yeast tRNA control 
lane. The three major start sites map 241, 207, and 201 
bp upstream from the I54 initiation codon.

positions (Jorcyk et al., 1991; Oka et al., 1991; 
Majerus et al., 1992).

The promoter activity o f the 732 bp Hind III— 
Cla I genomic sequence was assayed by trans
fection into CEF. For this purpose, the DNA frag
ment was subcloned after mutagenesis o f the 
p5 4 cets i initiation codon (see Fig. 3) in both 
orientations into the pLUCDSS vector, in front 
o f the coding sequence for the firefly luciferase 
cDNA (Table 1). LUCDSS and ptkFLUC plas
mids were also transfected as controls. The RLU 
(relative light units) value obtained when the 
732 bp Hind III-Cla I fragment is assayed in

Table 1. Functional activity of the two avian c-ets-1  
promoters in CEF (chicken embryo fibroblasts).
The DN A fragments using the nomenclature defined in Fig
ures 3 and 5B were cloned in the sense orientation unless the 
AS letters are added. The pLU CD SS vector has no intrinsic 
promoter activity. The ptkFLUC vector is used as a positive con
trol. Results are norm alized for transfection efficiency and for 
protein amount. They represent mean values obtained from 
several independent experiments and are expressed as a per
centage of the thym idine kinase prom oter activity. Standard 
deviations are indicated.

Construct Activity in CEF

-7  32 
-732AS

p5 4 c-ets-1

258 ± 56 
6.2 ± 3

p68c'ets"1

-1123
-533
-322
-9 0
-28
+12
LUCDSS
ptkFLUC

60 ± 13 
62 ± 17 
83 ± 24 
47 ± 20 
6 ± 2 

12 ± 7 
10 ± 2.5 

100
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H i n d i I I  _ 3 6 6
TTTTGCTACC CAAATATAAT AAAACG TATT TTATG TG AAA AC TG ATATTC TTCTG TTAAG

- 3 0 6
CTCACAACAT GCTGGCACAG TACTCACC TT GCATCTTTCT ATCCG TTAC A ACACCCG TTT  

t c f -1 - 2 4 6
GGCCTCCCAC GTG(iAPAAAtl CCCACCTGAA CTAGCCCTCA TTGCTGGCAC ACGAGTGTGC  

A P -2  - 1 8 6
CCGCACi c C C  CCGGdTGGCA CTCAGTGCGT CCCTATCACC CGTGGGCTGC CAGGCCTCCG

- 1 2 6
CGCTGTGCGC ACCTCAGGGA ATAGAGCAGG GAGAAAATAA CACCTCGAGA TC TTCTTCCC

-66
CGCGTGGAAA CGGGACGAGC GGTGCCGCGA GGGGCAGCTT TTGAGCCCCC CGAGGCAGCT

CCGGCTCCGC TCCCCGCAGC GCCGGGCCCG GGGCCGCCTC GhGGGGGGGGl GCAGTCGGGT 
4 - 2 A P - 2  S p l  A P -2  4 a P-2 4  + 55

C C C lICCCCGC ClGCTGTCACT r t P r + P P P A A  CGChC T bCCC TCGGfcTCAGC CCGGCCGGS£.
S p ! + 1 1 5
G uCG G C G G C G  GGGGGGGGCG AGGCGGAGCG GAGCGGCAGC GAAGGAGCGC GGAAGGAGAA

cDNA'send * + 1 7 5
GGGAGffiA G C  GAGGAAGGAA GGAGGAGGAA GAGGAGGAGG AGGAGGAAGG CGCTCGGCCG

" S C I  + 2 3 5
CCGCTGCCCC GGCGCAGCAG hCGCCCJCCCA GTTCCCAGTC CCGGTCCCCT CGCTCCGGCC

,____ _ + 2 8 6
TCAACCIATQ AAG GCG GCG GTG GAC CTG AAG CCC ACC CTG ACC ATC ATC AAG  

Met LysAla AlaVal Asp Leu Lys ProThr Leu Thr lie lie Lys 
ACG GAG AAG GTG GAC ATC GAT  ThrGlu Lys Val Asp 11 elAsp

C l a l

Figure 3. Nucleotide sequence o f the 732 bp Hind III-Cla ID N A  fragment. The mRNA major cap sites are indicated 
by vertical arrows, while the p54c ets l cDNA 5' end is noted with an asterisk. The G + A  stretch is underlined with 
dashes, and the translation initiation codon o f p54<>ets-i [s boxed. The position o f primer 2 is indicated by a hori
zontal arrow. Putative recognition sequences for transcription factors are boxed. The bases are numbered with 
respect to the most upstream start site.

the sense orientation is equivalent to more than 
twice the thymidine kinase minimal promoter 
activity, thus confirming that we have indeed 
cloned a promoter. Neither the insert in an anti- 
sense orientation nor the LUCDSS vector dis
plays significant promoter activity in this assay.

This 732 bp Hind III-Cla I fragment was com
pletely sequenced (Fig. 3). Similarly to its hu
man homologue, the avian promoter lacks a 
TATA box or a CAAT box; rather, it has a very 
high G+C base pair content (more than 65% 
among the 430 bp located 5' from the ATG 
codon). As a consequence o f the G+C abun
dance, four Spl (GGCG/TG/AG/A; Evans et al.,
1988) and four AP-2 (CCCNCNG/CG/CG/C; 
Imagawa et al., 1987) cognate motifs are found 
in the vicinity o f the cap sites, at positions -  24, 
+ 17, +53, +196 and -238, -1 , +20, +32, re
spectively. Interestingly, AP-2 has been shown 
to activate the human promoter in a transient 
transfection assay performed in the Daudi cell

line (Oka et al., 1991). Another potential bind
ing site seems to be found exclusively in chicken: 
a recognition sequence at position -291 for 
TCF-1, an HMG-box protein specifically ex
pressed in T-cells (Waterman et al., 1991). Within 
the +106/+165 region, the sequence is com 
posed exclusively o f G+A base pairs, similarly 
to the region 1604/1723 bp described in the hu
man promoter (Jorcyk et al., 1991). Purine 
stretches have been proposed to form triple he
lix DNA structures (Hanvey et al., 1988).

The p54cetsl mRNA is initiated about 10.0 
kbp downstream o f the p68c etŝ -specific a and 
p exons group (Fig. 1). Turning to the complete 
organization o f the chicken c-ets-1 locus, we 
could then conclude that the mRNA encoding 
p68cetsl initiates its synthesis from a second 
promoter just upstream from the already iden
tified a and P exons, or one or more 5' non
coding exon(s). Our study then focused on char
acterizing this putative second promoter region.
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Mapping of initiation sites of the p68c'ets1 
transcript and molecular cloning of the 
S'-flanking region encompassing the 
p6Sĉ M  first exon
Cloning o f the ca. 1.5 kbp p68c ets l cDNA, iso
lated from a chicken spleen cell library, has been 
previously reported (Leprince et al., 1988). It 
includes 59 nucleotides upstream from the 5' 
boundary o f the a exon, probably correspond
ing to at least one unidentified noncoding exon. 
This putative exon was named Y. Primer exten
sion analysis performed from an oligonucleo
tide overlapping this putative exon and the a 
exon 5' boundary suggested that the cDNA pre
viously isolated was full-length in 5' since about 
70 bp were extended by this method (data not 
shown). This result further suggested that se
quences just upstream o f the Y exon might in
clude the putative p68cets 1 mRNA regulatory 
region. By differential screening o f a total 
chicken embryo DNA library with a 5.4 kbp 
Hind III genomic probe encompassing the a 
exon, and with an oligonucleotide colinear to 
the 5' end o f the cDNA, we isolated genomic 
DNA including the Y exon. Restriction map 
analysis showed its location about 10.0 kbp up
stream from the a exon (Figs. 1 and 4). Its 3' 
boundary was sequenced and displayed typical

H B  P Pj B H P
U ____ I ll I ^ 1 ------

I \

i \

B A TG H
1 kbp

t ^  ________  c-ets 1
nnla « « J B  con I P«* cDNA 5' end

/ 10 kbp \  _____
T T C C A G A T A A G T A g ta a g tg g tg g ...... ............ tctgca gG C A C C T C A G A G (A T G |A TG A G T

Figure 4. Genomic organization o f the 5' part o f the 
chicken c-ets-1 locus. Relevant restriction sites are in
dicated as follows: B = B am H I;H  = Hind III; P = PstI; 
S = Ssp I. The Y and a exons are marked by boxes; 
the coding part o f the a exon is striped. A  double
headed arrow covers the 1204 bp DNA fragment, which 
was cloned into the pLUCDSS vector for testing pro
moter activity (fragment -1123). The three most 5' exons 
included in the p68c ets 1 cDNA are shown below. At the 
bottom, the sequence o f the Y and a exons splice junc
tions is shown. The intron 5' and 3' boundaries are noted 
in lowercase letters. The conserved gt and ag nucleo
tides are underlined, and the initiation codon is boxed.

features o f a true splice donor site that should 
be fused to the splice acceptor site o f the a exon 
to yield the p68cets l cDNA (Fig. 4).

To confirm the transcription start sites o f the 
p68c ets 1 mRNA and to ensure that the Y exon 
is the unique 5' noncoding exon, we performed 
RNase protection analysis on total RNA ex
tracted from chicken spleen, thymus, and em
bryonic dermis. A 32P-labeled RNA probe com
plementary to the coding strand o f a genomic 
400 bp BamH I-Hind III DNA fragment com
prising the 5' part o f the Y exon was used (see 
Figure 4). The result o f a representative exper
iment is shown in Figure 5A. Protected frag
ments were detected only in the spleen and in 
embryonic dermis, where p68c ets 1 is expressed, 
but not in the thymus, where p68cets 1 mRNA 
is not detected, consistent with tissue distribu
tion previously described (Leprince et al., 1990; 
Queva et al., 1993). We obtained multiple pro
tected bands —one major band o f 86 bp and 
4 minor bands o f 89, 85, 83, and 77 bp re
spectively— suggestive o f multiple transcription 
start sites rather than multiple exons, given 
the small differences in the size o f the bands 
observed. This result indicates that the Y exon 
is between 105 and 117 bp in size. It should be 
borne in mind that the size o f cDNAs as well 
as that o f primer extension or tailed PCR prod
ucts can be determined by strong stops during 
the retrotranscription process. Despite exten
sive efforts, we could never correlate primer ex
tension with RNase protection data, which prob
ably signifies a premature retrotranscription 
arrest during the synthesis o f the cDNA strand. 
This observation could also explain why primer 
extension results (data not shown) matched the 
size o f the longest p68c ets 1 cDNA isolated (see 
above).

Given the small size o f their 5' noncoding 
regions, we demonstrate in addition the pres
ence o f a common unexpectedly long 3' non
coding region, ca. 6.0 kbp, for both the p54c ets 1 
and p68c ets 1 mRNAs. These long 3' noncoding 
regions might allow additional regulation at the 
posttranscriptional level.

Functional activity of the p68c ets_1 mRNA 
promoter region in fibroblasts

In order to demonstrate that we have isolated 
an efficient promoter region for the transcrip
tion o f p68c ets l mRNA, we inserted a 1204 bp 
Ssp I-Hind III restriction fragment into the
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B
Pst I

CTGCAGCCTT GGGAAGAGTT

TGGCGCTCAA ACATGACCGA

GAAGATGGAG CCCTGTAAAT

TTACAGCTGC GAGTTCACCA

GGCAAGGGCT GACACAGAGC

CTTGTTAATA CCTTTTATGA

GAGGCTGTTT GTCACTATGT

CAGGACGGTC CTTCATGCAC

AGCAGTAGAT GCCACAGAAG

TCAGTCTATG CTGTTCAAAC

CTGGGAGAGT TCATTCTTTC

GCACACACTG CATTTTTGTT

CTCCTGCATG GCAGGGACAT 
PU/elf-1

TGbAGGA^lAA GGCAGCTTTG

GATA
GCCCIAGATAaI AAATTGAT'lfr 

TCF
GOCTTTOTAC CAAAGCCCAG

AATTTCCTGA GTTAAAATAG

GGTAACTCAT GCTACCTACA

TTCATTCTTC TCTTAGGAGC 
y  Sspl

GCATAAATAT TGGTGGTTTT 

GTTTGAGCAA CCAGGTTCTG 

CCCAGCTCTG CACATTTGAT 

TCCGTGCAGG CAGAAATAAT 

AGCCACTCAG CTGGCGGTAA 

CCTGGGATGA CCGGTGCCCT 

TTATCCTGGA GATGCTGCAA 

GTGCTGGAGT GCAGCTCATT 

CAAGACGGGC ACATCCTCCT

ETS - 1 38 9
(1:Tc!1(!;AT(!1(I'Kt TCCACTCCTT 

- 1 32 9
CAGGCTGGAA ATCTTCCTGA 

-1 2 6 9
CTACATGAGA GATCCGTGCC 

- 1 20 9
GCTGTGTGCT TCTGAGTGAA 

- 1 14 9
TAGTGAAAGT CCTCGAAGGA 

- 1 08 9
TTGGGGGGTG GGGATTTTGG 

-1 0 2 9
CTGGGCTGGG AAGTGAGGGG 

- 9 6 9
TTCTCTGTGG GACATTTGGC 

GATA - 9 0 9
gtgtcEgaxU S aatacagtt 

-8 4 9
CCAAAATTCC AGGTTATGAA 

- 7 8 9
TCCAGCCATA GCATTTAGAT 

- 7 2 9
ACTTTCATGC AGGCTGACAG 

- 6 6 9
TCCAGCCTGG AGCCCTCTCC 

-6 0 9
GCGTCCAGGG CTGGGTAGTG

CTGGGCTGTG GGCTCCGGAG CTGTTTGGAC AGAATGAGGA ATTTAATCTC
V AP~2

ATTTAGCGTG CTGCAGCCAC CACGCfllCCCC TGCCCfTCCGG GGTAAAGCAG

TGCATTGGGC CTCCAGCAGC AAGAGCTGAG CCAGCGCCAC CTGAGTGCTC
TCF

GGTACATTAC AGAAAGGGAG ACTACCGCAG CpT T T ffiGCG GGTACAAGAA

V
CACCAAAGGG TTTGCAAATG GGCAATGGGA GCCTGGCAGC TGGATCCTGC

GGGAGAGAGG GGCATCCAAA AGCACCGTGG TGCCTGGCTG TGTGCAAAGA 
AP-2 pu

CCAGAGGTdC CCAGGGCjACT TCllGAGGAAG AAATAGCAAT TTTTGGCAGC 
AP-2

AAACTGGGGC AG^CCAGCGGj AGTTTGGGAA TGGGCTCGAT AAACCTCACA

V
AGGGTCACAG TGTGACATCT GCCAGCGAGA GCGGAGCGCG GGGGGCTCGC 

AP-2 TCF ^
qOtGTGCGGT GCTGACCACT IcCCCCTCCdr TTCjAATAGGCXSGCCCTGCTG 

GGTATC T C C A T C C T ^ C^tG^TCCGGCGCA GAGGATAGCA CCAGGTAGTT

-5 4 9
ACATTTTAGG

-4 8 9
CCCATGGTGC

- 4 2 9
TCCCCACTAT

- 3 69
AGCAGGCGTG

- 3 09
CCATGTCTGA

- 2 4 9
AGCAGGAAAC

- 1 8 9
AGGCACCTCA

- 1 2 9
CCCCATGATG

ap'2-69
CTdCCCACCG

-9
CAAACACTAT 

+ 52
GGAGAGAGAT

CGGAGACAAG TGTGGGGAGC CGTGGAGGAC ATAAGCTT

Figure 5. A. Mapping o f the p68c ets 1 transcripts start sites by RNase protection analysis on total RNA extracted 
from chicken spleen, E6 embryonic dermis, or thymus. Five start sites extend the Y exon beyond the Hind III 
restriction site o f 77 to 89 bp, as indicated by arrows. B. Nucleotide sequence o f the 1.5 kbp chicken genomic DNA  
spanning the first exon and the 5' upstream region o f the p68cetsl mRNA. It is numbered with respect to the major 
start site. The nomenclature is the same as in Figure 3, except that the horizontal arrow marks primer 1. The Inr 
region is underlined. The open triangles indicate the 5' endpoints o f the deletions tested in the functional assay 
(see Table 1).

pLUCDSS vector. Its 3' border is the Hind III 
restriction site located in the Y exon (Fig. 4), 
and this fragment is referred to as fragment 
-1123 on the basis o f the position o f the most 
upstream cap site. This reporter plasmid was 
transfected into CEF, parallel to the pLUCDSS 
vector or the ptkFLUC plasmid as controls. We 
also assayed the promoter activity o f different 
deletion constructs, in order to define crucial 
regions for transcriptional regulation.

Mean values o f several experiments are in
dicated in Table 1. These results show that the 
-1123 DNA fragment display weak (60% o f the 
activity o f the minimal tk promoter on aver

age) but significant promoter activity, when com
pared to that o f the pLUCDSS vector (6-fold 
activation). The levels o f the -1123 and -533  
fragments’ activity are identical, while activity 
is slightly increased upon deletion o f another 
211 bp. In contrast, promoter activity o f the -9 0  
construct is slightly reduced, and the -2 8  de
letion mutant activity decreases dramatically 
(10-fold inhibition compared to the full-length 
promoter), indicative o f a positively regulated 
region located between positions -  90 and -  28. 
The low values obtained with the +12 con
struct corroborate the predicted position o f the 
cap sites.
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Nudeotidic sequence of the p68c ets l promoter

Sequencing o f the 1.5 kbp genomic DNA frag
ment upstream from the Hind III restriction 
site located within the Y exon was performed. 
Examination o f the sequence surrounding the 
predicted cap sites reveals no canonical TATA 
or CAAT boxes, as had been previously observed 
with the human and chicken p54cets 1 promot
ers. However, in striking contrast to these two 
promoters, a high G+C content was not seen 
in the p68cetsl promoter (Fig. 5B). Rather, a 
pyrimidine-rich initiator-like sequence (Inr re
gion), previously described as a potential rec
ognition site for the transcription initiation 
complex (Smale and Baltimore, 1989), overlaps 
the position o f the start sites. Preliminary DNase 
I footprinting experiments indicate a protection 
o f this region (data not shown).

Other features o f interest are three putative 
binding sites for ets-related factors at positions 
-1409, -666, and -225. These sites are centered 
around a GGAA/T core sequence (Woods et al., 
1992). They are suggestive o f autoregulation, 
or o f cross-regulation by different members o f 
the ets family. Another possible aspect o f the 
regulation o f the p68cets l expression is sug
gested by the presence o f several consensus bind
ing sites for lymphotropic transcription factors. 
We found three putative binding sites for the 
lymphoid-specific TCF-1 (-1366, -397, -40), 
a PU box (Klemsz et al., 1990) included in a bind
ing site for the elf-1 protein (Thompson et al., 
1992; Wang et al., 1992) at position -666, and 
two GATA sites (Evans and Felsenfeld, 1991; Ko 
et al., 1991) at positions -1424 and -  923. These 
DNA motifs might account for the repression 
o f p68cetsl mRNA in lymphoid cells. Some 
binding sites for more ubiquitously expressed 
transcription factors were also found. Although 
the overall base composition o f the p68cetsl 
mRNA promoter is not o f the G + C-rich type, 
its sequence reveals multiple AP-2 binding sites 
(Imagawa et al., 1987) in positions -522, -239, 
-176, -75, and -48. Therefore, some o f them 
are in the vicinity o f the predicted cap sites.

The p68c ets1 protein enhances its own 
expression
The presence o f several binding sites for ets- 
related transcription factors prompted us to in
vestigate the possibility o f autoregulation o f the 
p68c ets 1 promoter, as previously demonstrated 
for a number o f other transcription factors.

Cotransfections in CEF o f the -1123 construct 
with a pSG5 expression vector producing the 
p68c ets 1 protein resulted in a slight but repro
ducible (twofold ± 0.3 SD with 1 pg o f expres
sion plasmid) and dose-dependent activation 
(Fig. 6). Values obtained in lanes 4 and 5 indi
cate a lack o f effect o f up to 4 pg o f pSG5 
p68cetsl on the pLUCDSS vector. Such two
fold activation has been reported as autoregu
lation in the case o f other promoters, among 
which is the human c-ets-1 gene (Oka et al., 
1991). Such weak activation may be due to the 
low level o f c-ets-1 proteins exogenously ex
pressed in fibroblasts (our unpublished data). 
We are currently attempting to establish whether 
this effect is direct and to identify the DNA se
quence involved.

Discussion

Previous studies have demonstrated that the ex
pression o f the chicken c-ets-1 locus leads to the

Figure 6. Effect o f the p68c ets l protein on its own pro
moter assayed in CEE The -1 1 2 3  deletion mutant sub
cloned into the pLUCDSS was transfected alone (lane 1), 
or with 0.5 or 1 ng o f pSG5p68c ets 1 expression vector 
(lanes 2 and 3, respectively). Lanes 4 and 5 show the 
lack o f effect o f the expression vector on pLUCDSS 
activity.
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synthesis o f two proteins differing in their N- 
termini, p54c*ets'1 and p68cets 1 (Leprince et al.,
1988). Initially, their respective expression, de
scribed by immunoprecipitation and RNase pro
tection analysis, suggested marked differences 
in their level o f expression and in their tissue 
distribution, with preferential localization o f 
p5 4 cetsi jn lymphoid cells (Ghysdael et al., 
1986) and restriction o f p68c ets 1 to blood ves
sels o f  the spleen (Leprince et al., 1990). But 
the highly sensitive in situ hybridization method 
reveals a more subtle chicken c-ets-1 mRNA ex
pression pattern in the embryo (Queva et al.,
1993). In summary, during embryonic life, the 
tissue distribution o f p54cetsl and p68cetsl 
largely overlaps. Strikingly, however, p68c ets 1 is 
completely excluded from chick thymocytes as 
well as from lymphocytes, while p54cetsl is 
highly expressed in these cells.

To investigate whether transcriptional reg
ulation could account for this differential ex
pression, we were interested in defining the pro
moter regions involved. In this study, we show 
that the two major transcripts produced from 
the chicken c-ets-1 locus are driven by two dis
tinct promoter regions. The promoter regions 
directing the respective transcription o f p68c ets 1 
and o f 54cetsl mRNAs both exhibit multiple 
start sites, possibly due to the absence o f ca
nonical TATA and CAAT motifs. Nevertheless, 
they differ in several aspects, among which is 
the G+C-rich composition o f the p54c ets l pro
moter, in contrast to the C + T-rich p68cetsl 
promoter region. In addition, the putative con
sensus DNA motifs for transcription factors 
differ somewhat. All o f these divergences might 
account for the differential expression o f both 
c-ets-1 major transcripts in avian tissues.

We demonstrate that the p54cetsl mRNA 
5'-flanking region displays a G+C-rich sequence 
comparable to the human c-ets-1 and c-ets-2 pro
moters previously reported (Mavrothalassitis et 
al., 1990; Jorcyk et al., 1991; Oka et al., 1991). 
This type o f  promoter was initially thought to 
be typical o f housekeeping genes, although it 
now appears that G+C-rich regions also char
acterize numerous tissue-specific promoters, 
such as the hematopoietic pim-1 gene promoter 
(Meeker et al., 1990). p54cetsl has been iden
tified as a protein remarkably conserved 
throughout evolution (Watson et al., 1988). We 
show here that the conservation extends to the 
promoter region, which appears strikingly simi

lar in sequence and organization from chicken 
to human (Jorcyk et al., 1991; Oka et al., 1991). 
Thus, a 360 bp region (from nucleotides -6 0  
to the ATG codon) in the avian promoter is 65% 
homologous on average to a colinear region in 
the human promoter. As for some other proto
oncogene promoters, several o f the transcrip
tion factor consensus motifs are conserved, but 
their position varies in the overall sequence. 
Nevertheless, these observations suggest simi
lar transcriptional regulation between the two 
species. This regulation may also extend to auto
regulation, supported by the observation that 
the murine p63c ets 1 promoter is positively reg
ulated by the avian p54c ets 1 protein (Seth and 
Papas, 1990), which is reminiscent o f autoreg
ulation o f the human promoter (Oka et al., 1991; 
Majerus et al., 1992).

In contrast to the well-conserved I54 exon, 
the a and (3 exons, specific for p68c ets l, have 
not been identified in any mammalian species 
until now (Albagli et al., 1992). The p68cetsl 
mRNA 5'-flanking region reported here lacks 
characteristic structural features o f usual pro
moters. Nevertheless, examples o f transcription 
regulation sequences lacking a TATA box or a 
high G+C content have been well documented 
for a number o f  developmentally regulated 
genes, such as Drosophila homeotic genes (Big
gin and Tjian, 1988) or lymphocyte differentia
tion genes (Anderson et al., 1988), whose tran
scripts are driven from a C + T-rich initiator 
sequence (the so-called Inr).

We identified several putative binding sites 
for known transcription factors in this promoter, 
the functionality o f which remains speculative 
at this time. Because the most striking diver
gence in the patterns o f expression o f both 
c-ets-1 mRNA is illustrated in lymphoid organs, 
experiments are now under way to test the func
tionality o f lymphoid-specific transcription fac
tors possibly involved in this differential reg
ulation. Among the candidates, the T-cell factor 
TCF-1 (Waterman et al., 1991; van de Wetering 
et al., 1991; Allen et al., 1992), GATA-3 (Ko et 
al., 1991), elf-1 (Thompson et al., 1992), or 
p54c ets i proteins might be effectors that inhibit 
p68c ets 1 expression or activate p54c ets 1 in lym
phoid cells. The important role o f  the p54c ets 1 
protein in lymphoid organs is suggested by the 
discovery o f target genes representative o f the 
onset o f  lymphocyte-specific biological func
tions during T cell ontogeny (Prosser et al., 1992;
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Ho et al., 1990; Leiden, 1992). The lymphoid- 
specific repression o f p68cets l appears puz
zling, since p54cetsl and p68cetsl are struc
turally related transcription factors that bind 
their DNA cognate motif with analogous spec
ificity and affinity. They differ only in their 
N-termini. The a and P exons are translated into 
a hydrophobic peptide, which possesses auton
omous transactivating properties when fused 
to a heterologous DNA-binding domain, while 
the amino acids encoded by I54 are mostly 
hydrophilic and are devoid o f such properties 
(Schneikert et al., 1992). Activation domains 
interact with the general transcription appa
ratus either directly or through bridging co
activators. The differences between the two c- 
ets-1 proteins may reside in the mechanism by 
which they interact with other transcriptional 
activators or co-activators, and thus alter the 
spectrum o f regulated genes. Thus, one might 
speculate that the strict inhibition o f p68c ets 1 
expression in lymphoid cells avoids competition 
for common target genes that both proteins 
would regulate differently.

The p68c ets 1 mRNA is initiated from a weak 
promoter. Other genes have been described 
that show reduced promoter activities highly 
strengthened by a distant control element. In 
fact, we did not expect either a potent promoter 
or enhancers, since previous experiments aimed 
at measuring the p68cets 1 mRNA level in tis
sues always indicated very low levels o f expres
sion. In this respect, this promoter is akin to 
the interleukin-1 receptor gene (Ye et al., 1993). 
Given the restricted pattern o f expression o f 
p68cetsl, we could not test its mRNA promoter 
in a cell type in which the endogenous protein 
is expressed. We assayed CEF as an easily trans
ferable and commonly used experimental 
model, although p68cetsl is not expressed in 
fibroblasts (our unpublished observations). Pro
moter activities o f other tissue-specific genes, 
such as GATA-1 (Hannon et al., 1991) or c-rel 
(Hanninck et al., 1990), have been already ob
served in CEF, although no explanation for these 
results is available at the moment. In fact, when 
we assayed a DNA fragment extending 3.0 kbp 
upstream o f the Y exon, the promoter activity 
was dramatically reduced (data not shown), pos
sibly reflecting the lack o f function o f the en
dogenous promoter in these cells.

The various binding sites for ets-related tran
scription factors are possibly involved in the

mediation o f the slight positive autoregulation 
o f the p68c ets 1 promoter we report. Experi
ments are now in progress to find a cell in which 
this autoregulation is enhanced, in case an 
accessory protein, absent in the CEF, helps 
p68cetsl to autoregulate its expression posi
tively. Because in situ hybridization experiments 
show localized and high-level expression o f 
p68c ets 1 in a small subset o f cells in the embry
onic dermis (Queva et al., 1993), we are currently 
trying to derive an in vitro system from this tis
sue. This model should allow us to address sev
eral interesting questions, among which is the 
status o f both promoters in the few cells that 
synthetize both messengers. Dermis cell culture 
should also provide a system that would enhance 
the p68cetsl promoter activity, thus showing 
the regions crucial for transcriptional regulation.
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