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Abstract

Fli-l, an ets related gene, was found to be rearranged in 75% of

erythroleukemias induced by Friend murine leukemia virus. We have
shown previously that the Fli-l gene codes for a sequence specific tran-

scriptional activator which contains two autonomous transcriptional ac
tivation domains, one at the amino terminal region and the other at the
carboxy terminal region. Recently human Fli-l gene was shown to be
involved in Ewing's sarcoma and related subtypes of primitive neuroec-

todermal tumors which share t(ll;22) (q24;ql2) chromosome transloca
tion. In these tumors the carboxyl terminal region of Fli-l was found to be

fused with the amino terminal region of a putative UNA binding protein,
EWS. Because part of the amino terminal transcriptional activation do
main of I li-1 was replaced with the amino terminal domain of the EWS
(NTD-EWS) which shares homology with RNA polymerase II, it was
speculated that NTD-EWS may interfere with RNA pol II function. Al
ternatively, NTD-EWS could also contribute to the transcriptional acti
vation function of EWS/Fli-1 chimeric protein by providing either a

modulatory/regulatory domain or a novel transcriptional activation do
main. Here we show that EWS/Fli-1 chimeric protein functions as a tran

scriptional activator. Deletion analysis reveals that the EWS domain func
tions as a modulatory/regulatory domain for the transcriptional activation
properties of the carboxy terminal transcriptional activation domain of
EWS/Fli-1. We therefore propose that replacement of the amino terminal
transcriptional activation domain of the I li-1 protein with the regulatory
domain of NTD-EWS results in the activation of the carboxy terminal
transcriptional activation domain of Fli-l which may be the molecular

mechanism involved in these human tumors.

Introduction

Analysis of erythroleukemic clones induced by F-MuLV3 reveals

the presence of preferred integration site for F-MuLV, defined as Fli-l
(Friend leukemia integration 1) (1). The Fli-l locus has been shown to

have rearranged in 75% of erythroleukemias induced in either
BALB/c or NIH/Swiss mice given injections of F-MuLV (1) at birth.
However, no rearrangements oÃFli-l locus were seen in myeloid and
lymphoid tumors induced by F-MuLV (1). Interestingly analysis of
mouse erythroleukemias induced by spleen focus-forming virus
showed rearrangement of cellular gene Spi-l/PU.l (2-4) in 95% of
these leukemias but showed no rearrangements of Fli-l gene. Simi
larly erythroleukemias induced by F-MuLV showed no rearrange
ments of Spi-l/PU.l, thus indicating a strict specificity for these
viruses to integrate and activate the two genes, namely, Fli-l and
Spi-1/PU.I in these erythroleukemias (5). In addition to the activation
of Fli-l and Spi-l genes, inactivation of p53 was seen in these eryth

roleukemias suggesting that these steps are important for leukemic
transformation (5). Characterization of both Fli-l (6-8) and Spi-l
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(3, 4) genes shows they both belong to the ets oncogene family. The
other members of ets oncogene superfamily consist of c-ets-l (a
cellular homologue of v-ets gene) (9-12), ets-2 (11, 13), erg (14, 15),
elk-1, and elk-2 (16); E74 (17); GA binding protein a (18), Sap-1 and

Sap-2 (19), elf-1 (20), PEA3 (21), yan/pok (22, 23), ER 81 and ER 71
(24); Spi-lb (25) and/?Â«/(26). ets proteins were shown to be sequence
specific transcriptional activators (3, 27-33). Characterization of the
Fli-l gene by sequence analysis (6, 7) reveals that this gene is highly
related (â€”80%) to the previously described ets related gene, erg (14,
15). Both these genes share two domains of v-ets homology at the 5'
and 3' regions. These domains are referred as to 5'-ets domain and
y-ets domain (7), respectively. The 5'-ets domain is shared by seven

ets family members (Fli-l, erg, c-ets-l, ets-2, GA binding protein a,

yan/pok, and pnt). Functional analysis of some of these members
reveals that this 5'-ets domain contributes to the transcriptional acti

vation function in the cases of erg (33), Fli-l (34),4 ets-2, and other ets
proteins. The 3'-ets domain is shared by all the ets family members

and has been shown to contribute to the DNA binding properties of ets
proteins. As a result of alternative splicing, Fli-l codes for at least two
proteins, namely, Fli-l a and Fli-l b (7).5 Some of the ets proteins bind

to DNA both autonomously and through association with other cel
lular factors (35-39). In addition, ets proteins have been shown to

cooperate with other nuclear oncogenes in transcriptional activation
(27, 40) and some act as transcriptional activators and/or repressers
(22, 41).

We have shown previously that Fli-l proteins bind to DNA in a

sequence specific manner and also function as a transcriptional acti
vator (34). Deletion analysis of Fli-l revealed the presence of two

autonomous transcriptional activation domains, one at the amino ter
minal region (ATA domain) and the other at the carboxy terminal
region (CTA domain) (34). Similar transcriptional activation domains
have also been observed in the case of erg proteins (33). It has been
shown recently that human Fli-l gene is rearranged in the majority of
cases of Ewing's sarcoma, neuroectodermal tumors that share

t(ll;22)(q24;ql2) chromosome translocations (42), suggesting the in
volvement of human Fli-l in these solid tumors. Rearrangement of
Fli-l gene (EWS/Fli-1) results in the fusion of the carboxy terminal
region of Fli-l with amino terminal region of a putative RNA binding
protein, EWS (42). Because the EWS domain replaces part of the Fli-l

amino terminal transcriptional activation domain (34), it could be
predicted that EWS/Fli-1 may show aberrant/altered transcriptional

activation property (34, 42). In order to understand functional differ
ences in transcriptional activation between normal Fli-l and EWS/
Fli-l, we have molecularly cloned EWS/Fli-1 cDNAand compared its
transcriptional activation properties with those of Fli-l and found that
EWS/Fli-1 functions as a transcriptional activator. Deletion analysis
of EWS/Fli-1 revealed that EWS domain functions as a regulatory/

modulatory domain. Implications of these findings in human diseases
are discussed.

4 H. Siddique et al., unpublished results.
5 D. D. K. Prasad et al., manuscript in preparation.
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Materials and Methods

Molecular Cloning of EWS/Fli-1. Reverse transcription-PCR analysis
was carried out by reverse transcription of the total RNA from Ewing's sar

coma cell lines using the Boehringer Mannheim kit, and the resulting cDNA
was subjected to polymerase chain reaction using 5' and 3' primers. Restriction

mapping, PCR analysis, and nucleotide sequence analysis were carried out as
previously described (7).

In Vitro Transcription and Translation. Expression plasmids (pSG5) con
taining full length Fli-1 and EWS/FIi-1 (type 1) were linearized with Xbal
restriction enzyme and transcribed in vitro with T7 RNA polymerase (Pro-
mega), according to the manufacturer's protocol. The resulting capped RNAs

were purified by extraction with phenol and chloroform and translated in vitro
with rabbit reticulocytc in the presence of [15S]methionine according to the
manufacturer's protocol (Promega).

Transcriptional Activation Studies of EWS/Fli-1 and Fli-1 Proteins.
Full length EWS/Fli-1 and Fli-1 cDNAs were cloned into pSG5 vector (Strata-
gene) for the expression of full length Fli-1 and EWS/Fli-1 proteins in cultured
NIH 3T3 cells. Constructs containing a series of deletion mutants of EWS/Fli-1
(AE1-E4,1219/Fli-l) were also cloned into pSG5 vector. Appropriate initiation
codons were introduced where needed. These expression plasmids were co-
transfectcd with a reporter CAT plasmid carrying three copies of Fli-1 target
sequences upstream of herpes simplex virus thymidine kinase promoter (E74-
TK-CAT) (31), and a reference plasmid pCHI 10 carrying ÃŸ-galactosidase gene

under the SV40 early promoter. This reference plasmid was used for normal
ization of transfection efficiency. A mixture of 5 fig of reporter plasmid DNA,
5 fig of reference plasmid pCHllO, and 1 fig of expression plasmid were
transfccted into NIH 3T3 cells as described (43). CAT and ÃŸ-galactosidase

activities were carried out as described (43). Transfection experiments were
repeated at least five to seven times.

Results and Discussion

Isolation of EWS/Fli-1 cDNA Clone from Ewing's Sarcoma

Cells. In order to understand the mechanism of activation of human
F/M gene in human tumors such as Ewing's sarcoma and neuroec-

todermal tumors which share t(l 1;22) chromosome translocation, we
isolated RNA from a Ewing sarcoma cell line (Tc-135D kindly pro
vided by Dr. Triche). We isolated the EWS/fY/'-l cDNA by reverse

transcription-PCR and subcloned the cDNA into SV40 expression

vector (pSG5). The cDNAclone was subjected to nucleotide sequence
analysis and was found to be identical with that of EWS/Fli-1 (type 1)

reported previously (42). In order to verify the deduced open reading
frame of EWS/Fli-1 and to compare it with that of normal Fli-1, both
aberrant (EWS/Fli-1) and normal Fli-1 cDNA clones (in pSG5) (Fig.

1) were linearized, transcribed, and translated in vitro and expressed
proteins were characterized on sodium dodecyl sulfate-gel electropho-
resis (Fig. 1). EWS/Fli-1 and FU-1 were expressed as M, 62,000 and

M, 54,000 polypeptides close to the predicted size. The top two bands
seen in the case of Fli-1 (Fig. 1, Lane 2) may result from internal

initiation at the downstream methionine residue. Small differences
observed between the deduced and actual sizes of these normal and
chimeric Fli-1 proteins may reflect the high proline content found in
these proteins. Comparison of the sequence of EWS/Fli-1 with Fli-1
revealed that the amino terminal region of Fli-1 was replaced with the

proline, serine, threonine, and glutamine rich EWS coding region.
Comparison of Transcriptional Activation Properties between

Normal and Aberrant Fli-1 Proteins, we have previously shown
that human Fli-1 binds to DNA in a sequence specific manner and also
acts as a sequence specific transcriptional activator (34). Unlike c-
ets-1, ets-2, and elk-1, Fli-1 and erg proteins recognize limited ets
target sequences (31, 34) suggesting that Fli-1 and erg proteins fall
into a separate class of ets proteins. Both Fli-1 and erg proteins have

been shown to bind to E74 target sequence and activate the transcrip
tion of the reporter plasmid (E74-TK.-CAT) carrying three copies of
E74 target sequence (31, 34). Because the 3'-coding region retained in

M

- 97

- 68

- 43

- 29

- 18

Fig. 1. In vitro transcription and translation of EWS/Fli-1 and Fli-1 proteins. The
EWS/Fli-1 and Fli-I cDNA clones containing complete coding regions (in pSGS vector)

were linearized and transcribed with T7 RNA polymerase as described previously (7). The
capped RNAs produced were translated in vitro with a rabbit reticulocyte in the presence
of [-15S|methionine and subjected to clectrophoresis on a 12% sodium dodecyl sulfate-

polyacrylamidc gel, followed by fluorography (7). Lane 1, EWS/Fli-1 RNA; Lane 2, Fli-1
RNA. Ordinate, I4C molecular weight standards (A/) in thousands.

the chimeric EWS/Fli-1 includes the 3'-ets domain (Fig. 2) which

contributes to the DNA binding activity of the majority of ets proteins,
it can be predicted that the DNA binding properties of EWS/Fli-1 and
Fli-1 may not differ significantly. We have previously shown that the
5'-ets domain and the downstream FLS domain function as an amino

terminal transcriptional activation domain of Fli-1 (Fig. 2) (34). Be
cause the 5'-ets domain was replaced with a novel coding region from

a putative RNA binding protein in EWS/Fli-1, it is speculated that it

may have altered transcriptional activation function either positively
or negatively (42). Because the EWS domain of the fusion product
EWS/Fli-1 has moderate homology with the carboxy terminal domain

of the large subunit of eukaryotic RNA polymerase II, it has also been
predicted that EWS domain may interfere with the normal function of
the large subunit of eukaryotic RNA polymerase II in gene expression
by disturbing or interfering in the transcription initiation complex
which results in suppression of transcription (42). Alternatively be
cause of high glutamine and proline content in EWS domain, it has
also been suggested that these sequences may act as new transcrip
tional activation domains in EWS/Fli-1 protein resulting in aberrant

transcriptional activation (42, 34). It is also possible that the EWS
domain may not contribute to any function and mere truncation of the
amino terminal region of the Fli-1 protein may be sufficient to activate
the carboxy terminal transcriptional activation domain of the Fli-\
gene (33, 34) in Ewing's sarcoma and other solid tumors. In order to

determine which of the above possibilities is correct, we compared the
transcriptional activation properties of Fli-1, EWS/Fli-1, and trun
cated Fli-1 (at the breakpoint, t219/Fli-l) proteins (Fig. 2). Expression
of these proteins was obtained by cloning the full length Fli-1, EWS/
Fli-1, and the truncated Fli-l(t219/Fli-l) cDNAs into pSG5 vector.
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aa 219

Breakpoint (aa 219)
EWS domain | FII-1 domain.

pSG5-EWS/FII-1

ATG
aa 219

pSQ5-t 219 /FII-1

Transcriptlonal Activation
(fold)

6.5Â±0.4

9.5Â±0.5

4.2+0.6

Amino terminal Transcriptlonal Activation domain

throughout the EWS domain and such amino acid residues have been
shown to be present in the transcriptional activation domains of other
transcriptional factors (34).

EWS Functions as a Regulatory/Modulatory Domain of the
Transcriptional Activation Function of EWS/Fli-1 Chimeric Pro

tein. In order to determine the functional role of EWS domain in
transcriptional activation properties of EWS/Fli-1, we made serial
amino and carboxy terminal deletions of EWS/Fli-1 (Fig. 3), cloned

these truncated cDNAs into pSG5 vector and used these expression
vectors to study the transcriptional activation function of EWS/Fli-1

chimeric protein as described above. Deletion analysis reveals that
deletion of the amino terminal region up to amino acid 210 (AE1-

AE4) (Fig. 3) has no major effect on transcriptional activation. To test
whether EWS domain functions as a regulatory or activation domain,
deletions were made so that the carboxy terminal transcriptional ac
tivation (CTA) domain was deleted from EWS/Fli-1 constructs (AE5,

AE6, and AE7; Fig. 3), and tested for transcriptional activation prop
erties. AE5, AE6, and AE7 show no significant transcriptional acti
vation, suggesting that EWS domain functions as a modulatory/
regulatory domain (of transcriptional activation properties of CTA
domain of EWS/Fli-1) rather than a transcriptional activation domain
(Fig. 3). Comparison among AE4, t219/Fli-l, and AE6 suggests that
amino acids 210-265 may represent the minimal EWS domain re
quired (EWS-RD) to regulate/modulate the transcriptional activation

1234567
Fig. 2. (A ) Schematic representation of constructs used for comparison of transcrip

tional activation properties of Fli-1 and EWS/Fli-1. 1219/Fli-l represents the construct
where the amino terminal region of EWS is deleted from EWS/Fli-1. Fold activation of
transcription (compared to vector control) for various proteins is shown. Values represent
the mean Â±SD of 5 independent experiments. NIH 3T3 cells were transfected with
E74-TK-CAT (reporter plasmid), pCHHO (reference plasmid), along with each of the
various expression plasmids as described in "Materials and Methods." Cells were incu

bated for 64 h and cell lysates were assayed for ÃŸ-galactosidase and CAT activities.

Transfections were repeated at least 5 times in duplicate. (B) The chromatogram repre
sents a typical transfection. Lane 1, TK-CAT; Lane 2, TK-CAT + pSG-EWS/Fli-1; Lane
3, E74-TK-CAT + pSGS vector; Lane 4, E74-TK-CAT + pSG5-Fli-l; Lane 5, E74-TK-
CAT -I- pSG5-EWS/Fli-l; Lane 6, E74-TK-CAT -I- pSG5-t 219/Fli-l; Lane 7, E74-TK-
CAT + pSG5-EWS/Fli-l (opposite orientation).

Expression plasmids pSG-Fli-1, pSG-EWS/Fli-1, pSG-t219/Fli-l, and
pSG5 (empty vector) were cotransfected with a ÃŸ-galactosidase ex

pression plasmid pCHHO (reference plasmid) into NIH 3T3 cells.
Cells were incubated for 60-64 h and the cell lysates were assayed for
ÃŸ-galactosidase and CAT activities as described in "Materials and
Methods." All CAT activities were normalized to correct for differ

ences in transfection efficiency. EWS/Fli-1 showed trans activation
only with E74-TK-CAT but not with TK-CAT (Fig. 25) suggesting
that EWS/Fli-1 is a sequence specific transcriptional activator like
Fli-1 (34). Our results show no dramatic differences in transcriptional
activation between Fli-1 (6.5-fold) and EWS/Fli-1 (9.5-fold). How
ever, EWS/Fli-1 showed a higher level of transcriptional activation
(9.5-fold) when compared to truncated Fli-1 proteins (t219/Fli-l) (4.
2-fold) (Fig. 2A). It appears from these results that the EWS domain
of EWS/Fli-1 contributes to the transcriptional activation function of
EWS/Fli-1 protein. The H-L-H structure of normal Fli-1 (34) is re

placed by a novel EWS domain (rich in proline and glutamine amino
acids) (Fig. 2A), resulting in a functional transcriptional activator
(EWS/Fli-1) in Ewing's sarcomas. Proline (12%), glutamine (18%),

serine (15%), threonine (15%), and tyrosine (14%) are distributed

Breakpoint (ai 2ES/219)

EWS domain \ FII-1 domain
BggP,...oln.3.r.â„¢rJ

Transcriptlonal Activation

50 100

EWS/Fli-1
(II 1. 4M)

AE1
(Â» 65-499)

AE2
(â€¢â€¢109-499)

AE3
(11 160-499)

AE4
111 210-499)

t 219 /FII-1
(*â€¢265-499)

AE5
(â€¢â€¢215-414)

AE6
(â€¢â€¢210-414)

AE7
(â€¢>1-414)

553 3'-ots domain (DMA binding domain)

I RAAKT1

Carboxy terminal Transcriptlonal Activation domain (CTA)

B

1 23456789 10

Fig. 3. (A ) Functional role of EWS subdomain in transcriptional activation function of
EWS/Fli-1. Reporter plasmid and reference plasmid were cotransfected with various
deletion mutants of EWS/Fli-1 into NIH 3T3 cells as described in the legend to Fig. 2.
Transcriptional activation of EWS/Fli-1 protein is taken as 100% which corresponds to a
9.5-fold increase in CAT activity compared to vector control. Each bar represents the
normalized values for the mean Â±SD of 5 independent experiments. (B) The chromato
gram represents a typical transfection. Lane I, E74-TK-CAT + pSG5 vector; Lane 2,
E74-TK-CAT + pSG5-EWS/Fli-l; Lane 3, E74-TK-CAT + pSG5-AEl [amino acids (aa)
65-499]; Lane 4, E74-TK-CAT + pSG5-AE2 (amino acids 109-499); Lane 5, E74-TK-
CAT + pSG5-AE3 (amino acids 160-499); Lane 6, E74-TK-CAT + pSG5-AE4 (amino
acids 21CM99); Lane 7, E74-TK-CAT + pSG5-t 219/Fli-l(amino acids 265-499); Lane
8, E74-TK-CAT + pSG5-AE7 (amino acids 1-114); Lane 9, E74-TK- CAT + pSG5-AE6
(amino acids 210-414); Lane 10, E74-TK-CAT + pSG5-AE5 (amino acids 265-414).
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aa 219

Fli-1

S'-etsDomain13'-etsDomain!

11
KS&ft FLSDOQQOH1

H-L-H 1CTA

domain1:

â€¢â€¢.-]pjTrrfl

Breakpoint (aa265/219)
EWS domain I Fli-1 domain

EWS/Fli-1

ggH^ EWS Regulatory Domain (EWS-RD)

jjf Amino terminal Transcrlptlonal Activation domain (ATA)

| H-L-H| Helix loop helix secondary structure

IT-L-TI Turn loop turn secondary structure

|S-T-S| Sheet turn sheet secondary structure

[HÂ¿3 Carboxy terminal Transcrlptlonal Activation domain (CTA)

[~FLS] Fli-1 specific domain

Fig. 4. Schematic representation of functional domains of Fli-1 and EWS/Fli-1.

function of the CTA domain of EWS/Fli-1. Amino acid analysis of the
EWS-RD domain reveals that this domain is rich in glutamine (29%),

serine (25%), tyrosine (14%), proline (11%), and glycine (11%). Sec
ondary structural analysis of the EWS-RD subdomain, using Chou-
Fasman and Robson-Garnier algorithms, reveals turn-loop-turn (T-L-
T)/sheet-turn-sheet (S-T-S) structures (Fig. 4). Such T-L-T structures

were observed previously in transcriptional activation domains of erg
(33), Fli-1 (34), elk-1,'1 and other ets proteins which suggests that

these secondary structures (TLT/STS) may play a role in both tran
scriptional activation functions and regulatory functions. It should be
noted that the breakpoint in the case of type 1 and 3 and type 2
EWS/Fli-1 rearrangements occurs immediately after the third (amino

acid 219) and second helix (amino acid 198) thus deleting all or part
of the H1-L-H2-L-H3 structures (34). The subsequent replacement of
the H-L-H structure of Fli-1 with T-L-T/S-T-S structure of EWS must
have occurred therefore as a consequence of rearrangement in Ewing's

sarcoma, neuroectodermal, and other solid tumors involving chromo
some translocation t(ll;22)(q24;ql2). This EWS domain may be in
volved in protein-protein interactions thus modulating the transcrip
tional activation properties of EWS/Fli-1 protein. Because Fli-1 and
EWS/Fli-1 contain 50% of the carboxy terminal region of Fli-1 (Fig.
4), including the 3'-ets domain responsible for DNA binding activity,

it can be speculated that both these proteins may recognize identical
target sequences. However, because of the novel EWS transcriptional
modulatory/regulatory domain and the exclusive activation of carboxy
terminal transcriptional activation domain present in EWS/Fli-1, these
proteins may //wt.v-activate distinct genes when compared to Fli-1.
Such examples are seen in the cases of oct-1 and oct-2 transcriptional

factors. Both factors recognize identical target sequences but only
oct-2 activates the transcription of immunoglobulin genes (44). In

addition to target specificity, it appears that transcriptional activation
domains can also determine the specificity of activation of target
genes. Although EWS/Fli-1 and Fli-1 do not show major differences
in fra/i.v-activation using E74-TK-CAT as a reporter plasmid, it is
possible they may show dramatic differences in irans-activation using
other reporter plasmids containing EWS/Fli-1 target gene promoters.

" G. Bhattacharya, L. Leo, E. S. P. Reddy, and V. N. Rao. Transcriptional activation
domains of elk-1, At-tt-1 and SAP-1 proteins. Oncogene, in press.

Analysis of target genes of Fli-1 and EWS/Fli-1 therefore may provide
a clue to the activation of Fli-l in these human solid tumors. It is also
possible that the EWS domain of EWS/Fli-1 may interact with certain
factors (unlike Fli-1), and these EWS/Fli-1 associated proteins may

modulate sequence specificity and affinity to target sequences as
observed in the case of elk-\ and SRF (35, 37). Perhaps T-L-T/S-T-S
structures of EWS may be responsible for protein-protein interactions.
We have previously observed such T-S-T-S structure in the elk-l
domain that interacts with SRF (37). Analysis of EWS/Fli-1 associ

ated proteins therefore may provide insight into the mechanism of
activation of Fli-l in these human solid tumors. Because EWS/Fli-1

showed consistently higher level of trans activation when compared to
t219/Fli-l (devoid of EWS domain), our results appear to support the

results that EWS domain is needed for transformation of NIH 3T3
cells by EWS/Fli-1 (45). Recently, EWS has been found to be fused
with ATF-l, a transcription factor regulated by cyclic AMP in malig

nant melanoma of soft parts involving t(12;22) chromosome translo
cation (46). TLS, a gene related to EWS, has been shown to be fused
to CHOP, a member of C/EBP family transcriptional factors in human
myxoid liposarcomas involving chromosomal translocation t(12;16)-

(ql3;pll) (47). EWS and TLS may provide regulatory/modulatory
domain to the transcriptional activation/repression function of ATF-l
and CHOP similar to that observed with EWS/Fli-1. It remains to be

seen whether replacement of transcriptional activation domain of tran
scriptional factors by regulatory domains of other factors (EWS, etc.)
is a common mechanism of activation in these cancers.
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