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The translocation liposarcoma (7LS) gene is fused to the ETS-related gene (ERG) in human myeloid
leukemia, resulting in the generation of a TLS-ERG protein. We demonstrate that both TLS and the TLS-ERG
leukemia fusion protein bind to RNA polymerase II through the TLS N-terminal domain, which is retained in
the fusion protein; however, TLS recruits members of the serine-arginine (SR) family of splicing factors
through its C-terminal domain, whereas the TLS-ERG fusion protein lacks the ability to recruit SR proteins
due to replacement of the C-terminal domain by the fusion partner ERG. In transient-transfection assays, the
TLS-ERG fusion protein inhibits E1IA pre-mRNA splicing mediated by these TLS-associated SR proteins
(TASR), and stable expression of the TLS-ERG fusion protein in K562 cells alters the splicing profile of CD44
mRNA. These results suggest that TLS fusion proteins may lead to cellular abnormalities by interfering with

the splicing of important cellular regulators.

The TLS (also called FUS) gene was originally identified at
the site of the t(12;16) chromosomal translocation in malignant
liposarcomas, where it is fused to the CHOP (c/EBP homolo-
gous protein) gene (12, 36). In human myeloid leukemias with
the t(16;21) chromosomal translocation, the TLS gene is fused
to the ERG (ETS-related gene) gene (23). In both instances,
the resultant TLS-CHOP and TLS-ERG fusion proteins gen-
erated by these translocations retain the N-terminal domain of
TLS; however, in both fusion proteins the C-terminal domain
of TLS is replaced by the DNA-binding domain from the
corresponding transcription factor. The oncogenic potentials
of both the TLS-CHOP and the TLS-ERG fusion proteins
have been confirmed in transformation assays using mouse cell
lines (24, 51) and normal human hematopoietic cells (32),
respectively.

The role of TLS in normal cellular function and the mech-
anisms whereby TLS fusion proteins lead to transformation
remain unclear. TLS belongs to a family of closely related
proteins, including Ewing’s sarcoma protein, EWS (13), and
TATA-binding protein-associated factor, TAF;68 (3). Both
EWS and TAF,,68 interact with components of the RNA poly-
merase II (Pol II) complex (3, 4, 34), thus implicating TLS in
transcriptional activation. The N-terminal domains of the TLS
family of proteins are rich in glutamine, serine, and tyrosine,
which are amino acid residues commonly found in transcrip-
tional activation domains. Since TLS fusion proteins acquire
their C-terminal region from the DNA-binding domains of the
corresponding transcription factors, TLS fusion proteins are
thought to lead to transformation by transcriptional activation
of target genes (33). Moreover, TLS fusion proteins have been
shown to transactivate reporter genes in transient-transfection
assays (35, 51). However, mutagenesis studies have failed to
demonstrate a correlation between the ability to transactivate
and the ability to transform (26, 28).

The lack of a correlation between transactivation and trans-
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formation with TLS fusion proteins suggested that TLS fusion
proteins might transform cells through the disruption of im-
portant cellular processes other than transcription. In this re-
gard, there is considerable circumstantial evidence that TLS
participates in RNA processing. The C-terminal domain of
TLS contains two sequence motifs, ribonucleoprotein consen-
sus sequence (RNP-CS) and arginine-glycine-glycine repeats
(RGG), which are signatures of RNA-binding proteins (6).
TLS binds to RNA and shuttles between the nucleus and the
cytoplasm (52). When overexpressed in erythroid cells, TLS
induces the preferential use of the most distal 5’ splice sites
during E1A pre-mRNA splicing (19). TLS also associates with
splicing factors ribonucleoprotein (RNP) Al (51) and SF1
(49).

In this study, we demonstrate that TLS and its fusion protein
TLS-ERG interact with RNA Pol II through the N-terminal
domain of TLS, the domain preserved in the fusion protein.
However, wild-type TLS recruits members of the serine-argi-
nine family of splicing factors through the C-terminal domain
of TLS, and the TLS-ERG fusion protein lacks this ability due
to replacement of its C-terminal domain by the fusion partner.
In the E1A pre-mRNA splicing assay, the TLS-ERG fusion
protein interferes with E1A pre-mRNA splicing mediated by
TLS-associated SR proteins in a dominant-negative manner.
These results suggest that TLS protein functions as a docking
molecule in the recruitment of SR splicing factors and that the
TLS-ERG fusion protein inhibits this function of TLS.

MATERIALS AND METHODS

Two-hybrid screen and ¢cDNA cloning. A yeast two-hybrid-screen was per-
formed as previously described (47), using the C-terminal domain of TLS as the
bait (Fig. 1). To obtain full-length mouse TASR-2 ¢cDNA, the TASR-2 insert
identified from the yeast two-hybrid screen was used as a probe in the hybrid-
ization screening of a Uni-ZAP phage cDNA library derived from murine EML
cells with erythroid-myeloid-lymphoid potentials (42). pBluescript phagemid
containing the full-length TASR-2 ¢cDNA was prepared after in vivo excision
from the Uni-ZAP XR vector and was used in sequencing reactions with dye
terminators (Applied Biosystems). Human TASR-2 ¢cDNA was obtained from
K562 leukemia cells by reverse transcription-PCR (RT-PCR) using primers
designed on the basis of the mouse TASR-2 sequence.

In vitro translation. The TNT coupled reticulocyte lysate system (Promega)
was used in the in vitro translation of TASR-2 cDNA. The DNA template was a
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FIG. 1. Schematic of TLS, TLS-ERG fusion protein, and TLS deletion mu-
tants. Wild-type TLS and ERG proteins are shown with distinct sequence fea-
tures: QSY, glutamine-, serine-, and tyrosine-rich domain; RGG, regions with
multiple Arg-Gly-Gly repeats; RNP-CS, ribonucleoprotein consensus sequence.
TLS-NTD indicates the TLS N-terminal domain, and TLS-CTD designates the
TLS C-terminal domain (used as a bait in the yeast two-hybrid screen).

pBluescript phagemid containing the full-length mouse TASR-2 ¢cDNA along
with the empty pBluescript vector as a negative control. The [**S]methionine-
labeled protein was prepared as specified by the manufacturer and separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a
12% polyacrylamide gel.

Plasmid construction. The cDNAs for TLS, TLS-ERG, and ERG were cloned
into the EcoRI-Smal sites of the pSG5-FL vector for transfection and expression
of these proteins with the Flag epitope at the N-terminal end. Plasmid pSGS5-
FL-TLS-NTD contains a DNA insert corresponding to amino acids 1 to 290 of
the TLS sequence, whereas pSG5-FL-TLS-CTD contains a DNA insert corre-
sponding to amino acids 357 to 525 of the TLS sequence. Myc-tagged expression
plasmids pCS2-MT-TASR-1 and pCS2-MT-TASR-2 were generated by in-frame
cloning of full-length TASR c¢DNAs into the EcoRI-Stul sites of pCS2-MT
vector. For the in vivo splicing assay, TASR cDNAs were inserted into the pMH
vector (Boehringer Mannheim) to generate pMH-TASR-1 and pMH-TASR-2
with the influenza virus hemagglutinin (HA) epitope tagged at the C-terminal
ends of TASR proteins. Reporter plasmid pCS3-MT-E1A was a kind gift from F.
Moreau-Gachelin (19), and reporter plasmid pCS3-MT-E1A-9S was constructed
by cloning the cDNA for the 9S E1A splicing isoform into the EcoRI-Xbal sites
of pCS3-MT vector.

Immunoprecipitation and Western blotting. For expression of Flag- or Myc-
tagged proteins, 10 pg of the pSG5-Flag-expression construct and 10 pg of the
pCS2-Myc-expression construct were introduced into 3 X 10° COS-7 cells by
electroporation. At 48 h after electroporation, the cells were lysed with 0.6 ml of
lysis buffer A (10 mM Tris-HCI [pH 7.4], 2.5 mM MgCl,, 100 mM NaCl, 0.5%
Triton X-100). Prior to cell lysis, 30 wl of D8 polyclonal rabbit anti-Flag antibody
(Santa Cruz Biotechnology), 3 ul of 9E10 monoclonal mouse anti-Myc antibody
(Sigma), or 10 pl of 8WG16 monoclonal mouse anti-RNA Pol II antibody
(Research Diagnostics, Inc.) was incubated with 30 pl of protein A/G agarose
(Santa Cruz Biotechnology) for 50 min at 4°C in 0.3 ml of buffer A, and the
antibody-protein A/G-agarose complex was then incubated with 0.2 ml of fresh
cell lysate for 20 min at 4°C with gentle rocking. After the samples were washed
with RIPA buffer four times, 50 pl of SDS-PAGE sample buffer was added to the
agarose beads. The samples were heated at 100°C for 3 min, 20 pl of the sample
was separated by SDS-PAGE in a 10% polyacrylamide gel, and the proteins were
detected with M2 monoclonal mouse anti-Flag antibody (Sigma) or the 9E10
monoclonal mouse anti-Myc antibody as described in Results. Protein bands
were visualized using the enhanced chemiluminescence Western blotting analysis
system (Amersham).

E1A pre-mRNA splicing assay. For in vivo splicing of E1A pre-mRNA, 2 pg
of pCS3-MT-E1A and 2 pg of pMH-TASR plus 6 wg of pSG5-Flag construct
were mixed with 60 pl of N-[1-(2,3-dioleoxy)propyl]-N,N,N-trimethylammonium
(DOTAP; Boeringer Mannheim). The total amount of DNA for each 60-mm
dish was kept at 5 pg by the addition of the corresponding empty vector. The
DNA-DOTAP mixture was then added to two duplicate dishes with 65% con-
fluent HeLa cells in 4 ml of Dulbecco modified Eagle medium containing 1%
fetal bovine serum. After 7 h of incubation with the DNA-DOTAP mixture, the
cells were replenished with Dulbecco modified Eagle medium containing 10%
fetal bovine serum and further incubated for 40 h. The cells from one dish were
then lysed with 0.25 ml of RIPA buffer for Western blot analysis, while the cells
from the other dish were used for RNA isolation with an RNeasy column
(Qiagen). Total RNA from transfected HeLa cells in each 60-mm dish was eluted
with 50 wl of H,O from the RNeasy column.

For RT-PCR amplification of various E1A isoforms, 10 ul of total HeLa RNA
was used for overnight hybridization to 10 pmol of T7 primer. After RT with
SuperScript H™ reverse transcriptase (GIBCO-BRL), the RNA was degraded by
RNase H in a 40-pl reaction mixture. A 1.5-pl volume of the reaction mixture
was then used as the DNA templates for PCR amplification of various E1A
splicing isoforms. The forward primer was 5'GAGCTTGGGCGACCTCA3’
(RR67), and the reverse primer was 5’ AATACGACTCACTATAG3' (T7). The
reactions were carried out in 50 wl containing 10 pmol of each primer, 0.2 mM
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each deoxynucleoside triphosphate, 1.5 mM MgCl,, 1X Tagq buffer, and 2.5 U of
Platinum Tag polymerase (GIBCO-BRL). PCR was performed by a 2-min in-
cubation at 94°C followed by 35 cycles of 1 min at 94°C, 1 min at 55°C, and 1 min
at 72°C, with a final extension for 7 min at 72°C. To ecliminate mismatches
between different E1A isoforms, 3 wl of 0.1 M EDTA (pH 8.0) was added to each
50 pl of PCR products and the annealing was carried out at 80°C for 10 h. The
PCR products were then separated on a 1.5% agarose gel, denatured with
NaOH, transferred to a nylon membrane, and detected with a 32p_labeled E1A
cDNA probe.

For the RNase protection assay, 10 pl of the total RNA was hybridized to
1.5 X 10° cpm of 3*P-labeled RNA probe antisense to the E1A genomic se-
quence (covering bases 499 to 1316 of the E1A gene). After overnight hybrid-
ization, excessive RNA probe was digested with a mixture of RNase A plus
RNase T, supplied with the RNase protection assay system (PharMingen). The
protected antisense E1IA RNA fragments were isolated as specified by the manu-
facturer and were separated on a 6% QuickPoint precast denaturing gel (Novex).

CD44 splicing assay. For the generation of retroviral constructs that express
Flag-tagged proteins, Flag-TLS, Flag-TLS-ERG, and Flag-ERG cDNA cassettes
were cloned into the Hpal-BamHI sites of retroviral vector LXSN. The retroviral
particles were first packaged in PG13 cells and then transduced into K562 cells.
After selection with G418 at a concentration of 1 mg/ml of medium, the G418-
resistant cells were collected for Western blotting analysis and RNA isolation.

For RT-PCR analysis of CD44 splicing, 10 ug of total RNA from K562 cells
was hybridized overnight to 10 pmol of oligo(dT) adapter primer 5'GGCCAC
GCGTCGACTAGTACTTTTTTTTTTTTTTTTT3'. After RT by SuperScript
H™ reverse transcriptase, the total RNA was degraded by RNase H in a 40-pl
reaction mixture. A 1.5-ul sample of the RT mixture was then used as the DNA
templates for PCR amplification of various CD44 splicing isoforms with the
Platinum Tag DNA polymerase. To detect subtle changes of CD44 alternative
splicing after expression of the Flag-TLS-ERG cassette in K562 cells, two pairs
of CD44 primers were used in the PCR. The first primer pair consisted of
5'TCCCAGTATGACACATATTGC3' (P1) and 5'"CAGCTGTCCCTGTTGTC
GAA3'’ (V6D), and the second primer pair consisted of 5’GTACGTCTTCAA
ATACCATC3’ (V3U) and 5'CAAGATGATCAGCCATTCTGG3' (P2). PCR
amplification was performed by a 2-min incubation at 94°C followed by 35 cycles
of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C, with a final extension for 7
min at 72°C. To eliminate mismatches between different CD44 splicing isoforms,
3 plof 0.1 M EDTA (pH 8.0) was added to each 50 wl of PCR products and the
annealing was carried out at 80°C for 10 h. The PCR products were then
separated on a 1.5% agarose gel, denatured with NaOH, transferred to a nylon
membrane, and detected with a 3?P-labeled CD44H cDNA probe spanning
constitutive exons 3, 4, 5, 16, 17, and 18 (see Fig. 7B).

RESULTS

TLS N-terminal domain mediates interactions with RNA
Pol II. The structural features of TLS, TLS-ERG, ERG, TLS-
NTD (N-terminal domain), and TLS-CTD (C-terminal do-
main) are shown in the schematic (Fig. 1). The N-terminal
domain of TLS is rich in glutamine, serine, and tyrosine resi-
dues and has been suggested to function as a transcriptional
activation domain (25, 35, 51). In addition, EWS and TAF,68,
two proteins highly homologous to TLS, interact with compo-
nents of the RNA Pol IT complex (3, 4, 34). These observations
suggested that TLS might physically interact with RNA Pol II.

To examine the potential interaction of TLS and RNA Pol
II, COS-7 cells were transfected with plasmids expressing Flag-
tagged TLS, TLS-ERG, and ERG proteins (Fig. 2A, lanes 1 to
3). Lysates from the transfected cells were then immunopre-
cipitated with a mouse monoclonal antibody recognizing the
C-terminal heptapeptide repeats on the largest subunit of
RNA Pol II. Western blotting analysis showed that both Flag-
TLS and Flag-TLS-ERG, but not Flag-ERG, were present in
the immunocomplexes brought down by the anti-RNA Pol II
antibody (lanes 4 to 6). Interestingly, more Flag-TLS-ERG
than Flag-TLS was coimmunoprecipitated by the anti-RNA
Pol IT antibody despite the demonstration that Flag-TLS-ERG
was less abundant than Flag-TLS in the total-cell lysates. These
results suggest that TLS-ERG leukemia fusion protein may
have a higher affinity toward RNA Pol II than does wild-type
TLS or that TLS-ERG may localize preferentially to the nu-
cleus.

To test our hypothesis that the interaction between TLS and
RNA Pol II is mediated through the N-terminal domain of



VoL. 20, 2000

A Lysates
l O |
@
P O
4 98 r
EoREw
(oI e I ©))
ol
’ Flag-TLS
Bl :’/ Flag-ERG
anti-Flag | "“Flag-TLS/ERG
1 2 3
B Lysates
I [a e}
E =
-
w v
=22
-
T TR T
' — Flag-TLS
Blot: —Flag-TLS-NTD
anti-Flag
— Flag-TLS-CTD
c o =
5 o
> =
—_— c
E ©
-

INTERFERENCE IN RNA SPLICING BY TLS-ERG FUSION PROTEIN 3347
IP: anti Pol Il
f (O] 1
&
wa 9
=i
LR
w o
: . ~ —Flag-TLS
a,,f-.‘.':}'a -—Flag-TLS/ERG
g * Antibody
Blot: -
anti-Pol 11 _ RNA Pol i
4 5 6
IP: anti Pol Il
l [a RN a] 1
E E
< O
n N w
S B
?Re
w o o
—Flag-TLS
+ Antibody
— Flag-TLS-NTD
Blot:
anti-Flag
« Antibody
"“Flag-TLS-CTD
oo RNA Pol Il
anti-pol 1| NI —RNA Po
10 11 12
(O]
o
()]
g
o
1S
o,

Blot: anti-TLS -— s

Blot: anti-Pol |l
13

14

RNA Pol Il
15

FIG. 2. Association of TLS, TLS-ERG, and TLS-NTD with RNA Pol II. (A) COS-7 cells were transfected with Flag-tagged TLS, TLS-ERG, or ERG expression
plasmid, and the cell lysates were probed with the M2 anti-Flag antibody to confirm protein expression (lanes 1 to 3). The same lysates were immunoprecipitated with
a mouse monoclonal 8WG16 antibody (Research Diagnostics, Inc.) recognizing the C-terminal heptapeptide repeat on the largest subunit of RNA Pol II (lanes 4 to
6), and the immunoprecipitates were blotted with an M2 anti-Flag antibody or a rabbit polyclonal anti-RNA Pol II antibody (Santa Cruz Biotechnology). (B) COS-7
cells were transfected with Flag-tagged TLS deletion constructs, and the lysates were probed with the M2 anti-Flag antibody to confirm protein expression (lanes 7 to
9). The same lysates were immunoprecipitated with the SWG16 anti-RNA Pol IT antibody and blotted with an anti-Flag antibody or an anti-RNA Pol II antibody (lanes
10 to 12). (C) HeLa cell lysate (lane 13) was immunoprecipitated (IP) with the SWG16 anti-RNA Pol II antibody (lane 14) or a mouse immunoglobulin G (IgG) (lane
15) and then blotted with a rabbit anti-TLS antibody and a rabbit anti-Pol IT antibody.

TLS, two additional plasmids expressing the Flag-tagged N-
terminal domain of TLS (Flag-TLS-NTD) or the Flag-tagged
C-terminal domain of TLS (Flag-TLS-CTD) were constructed
(Fig. 1A). After transfection, both Flag-TLS-NTD and Flag-
TLS-CTD were expressed in COS-7 cells and migrated faster
than Flag-TLS on SDS-PAGE (Fig. 2B, lanes 7 to 9). Along

with Flag-TLS, Flag-TLS-NTD was detectable in the anti-
RNA Pol II immunocomplex (lanes 10 and 11) whereas Flag-
TLS-CTD was absent from the immunocomplex (lane 12).
These results suggested that the N-terminal domain of wild-
type TLS protein interacts with RNA Pol II and that this ability
is retained by the TLS-ERG fusion protein.
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To confirm that endogenous TLS associates with endoge-
nous RNA Pol II, we carried out coimmunoprecipitation ex-
periments with the same anti-RNA Pol II antibody using hu-
man cell lysates. In these experiments, we used a rabbit anti-
TLS antibody (a kind gift from F. Moreau-Gachelin) that
recognizes the TLS N-terminal region to detect endogenous
TLS. We found that TLS is abundantly expressed in a variety
of human cell lines including HeLa (Fig. 2C, lane 13). Endog-
enous TLS was also present in the anti-Pol I immunocomplex
(lane 14) but not in the immunocomplex with the mouse IgG
(lane 15), indicating that endogenous TLS associates with
RNA Pol II.

TASR-2 is a serine-arginine splicing factor. We recently
demonstrated through yeast two-hybrid screening that TLS
interacts with a well-known SR protein SC35 and a novel SR
protein termed TASR-1 (47). To obtain a more complete pic-
ture of the proteins interacting with TLS, we carried out a
second yeast two-hybrid screen of a mouse hematopoietic
cDNA library using the C-terminal domain of TLS as the bait
(Fig. 1A). We isolated a cDNA encoding a second novel TLS-
associated SR protein termed TASR-2. Mouse TASR-2 cDNA
(GenBank accession number AF060490) is 2.7 kb long and
encodes a protein of 262 amino acids with a calculated molec-
ular mass of 31 kDa (Fig. 3A). The cDNA encoding human
TASR-2 (GenBank accession number AF067730) was isolated
from K562 cells by RT-PCR. Mouse and human TASR-2 are
identical at the amino acid level, suggesting that TASR-2 is
evolutionarily conserved. Similar to SC35 and TASR-1, TASR-
2 also has typical RNP2 and RPN1 motifs in its N-terminal
region and multiple serine-arginine repeats in its C-terminal
region (Fig. 3B) that are characteristic of prototype SR pro-
teins. Even though the calculated molecular mass of TASR-2 is
31 kDa, in vitro-translated TASR-2 protein migrated as a band
of 37 kDa (Fig. 3C, lane 1) when analyzed by SDS-PAGE. This
discrepancy between the calculated molecular size and that
determined by SDS-PAGE is typical of SR proteins such as
SC35 and SF2/ASF (16) and results from phosphorylation of
the serine residues and perhaps regions of alternating charge.

To confirm that TASR-2 functions as a splicing factor, its
effect on the alternative splicing of an E1A reporter gene was
tested. The alternative splicing of E1A pre-mRNA leads to the
generation of five different splicing isoforms designated 13S,
128, 118, 10S, and 9S mRNA (see Fig. 5SA). For these studies
of E1A pre-mRNA splicing, HeLa cells were transfected with
the pCS3-MT-E1A reporter containing the E1A genomic se-
quence, and the alternative splicing of the E1A pre-mRNA was
examined by RT-PCR. In HeLa cells the dominant splicing
products of EIA pre-mRNA are 13S and 12S isoforms (Fig.
3D, lane 5). TASR-1 promotes multiple splice site selections
leading to 118, 10S, and 9S isoforms (lane 6) whereas coex-
pression of TASR-2 promotes 5 splice site selection, leading
primarily to the 9S isoform (lane 7). Due to the presence of
residual plasmid DNA in the total RNA, the E1A genomic
sequence could be amplified by PCR (lane 4).

The TLS C-terminal domain mediates interaction with SR
proteins. We have previously shown through coimmunopre-
cipitation that TLS interacts with SC35 and TASR-1 (47).
Since the C-terminal domain of TLS is replaced by the DNA-
binding domain of ERG in the TLS-ERG leukemia fusion
protein, we investigated the interaction between TLS and TLS-
ERG and the TASR-1 and TASR-2 proteins. Plasmids ex-
pressing Flag-tagged TLS, TLS-ERG, or ERG were cotrans-
fected into COS-7 cells with plasmids expressing Myc-tagged
TASR-1 or TASR-2, and lysates from the cotransfected cells
were used for immunoprecipitation. In immunoprecipitates
brought down using an anti-Flag antibody, Myc-TASR-1 and
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FIG. 3. Amino acid sequence and characterization of TASR-2. (A) The pre-
dicted amino acid sequence of TASR-2 protein is shown. Mouse TASR-2 (Gen-
Bank accession number AF060490) and human TASR-2 (GenBank accession
number AF067730) are identical at the amino acid level. RNP2 and RNP1
consensus sequences are underlined. Arg-Ser or Ser-Arg dipeptide repeats are
shown in bold type. (B) Schematic comparison of SC35, TASR-1, and TASR-2.
The RNP consensus sequences are shown in gray boxes. The RS domains are in
hatched boxes. (C) In vitro translation reaction products with pBluescript-
TASR-2 as the template (lane 1) are separated by SDS-PAGE on a 12% poly-
acrylamide gel along with protein molecular markers (lane 2) and control reac-
tion products with the pBluescript empty vector (lane 3). The position of the
TASR-2 protein is indicated by an arrow. (D) A 2.5-p.g sample of pCS3-MT-E1A
reporter plasmid was cotransfected with 2.5 pg of pCR3 empty vector (lanes 4
and 5) or with 2.5 pg of pCR3-TASR-1 (lane 6) and 2.5 pg of pCS3-TASR-2
(lane 7) expression plasmid into HeLa cells. RT-PCR was carried out as de-
scribed in Materials and Methods, and the E1A splicing products were confirmed
by hybridization to a 3?P-labeled E1A DNA probe. Lane 4 contains control
RT-PCR products from a reaction carried out in the absence of reverse tran-
scriptase to show the presence of residual pCS3-MT-E1A template DNA in the
total RNA.

Myc-TASR-2 were found to associate with the wild-type Flag-
TLS (Fig. 4A, lanes 1 and 4) but not with the Flag-TLS-ERG
leukemia fusion protein or wild-type Flag-ERG (lanes 2, 3,
5, and 6). In the reciprocal immunoprecipitation, only Flag-
TLS was coimmunoprecipitated with Myc-TASR-1 and Myc-
TASR-2 using an anti-Myc antibody (Fig. 4B, lanes 7 and 10)
whereas Flag-TLS-ERG and Flag-ERG were not immunopre-
cipitated (lanes 8, 9, 11, and 12). Since Flag-TLS and Flag-
TLS-ERG differ only in their C-terminal domains, these results
suggested that the TLS C-terminal domain was responsible for
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FIG. 4. Association of TLS-CTD with TASR proteins in COS-7 cells. (A)
Plasmids expressing Myc-tagged TASR-1 (lanes 1 to 3) and TASR-2 (lanes 4 to
6) were cotransfected into COS-7 cells with plasmids expressing Flag-tagged
TLS, TLS/ERG, or ERG. The cell lysates were immunoprecipitated (IP) with a
rabbit polyclonal D8 anti-Flag antibody (Santa Cruz Biotechnology). The immu-
noprecipitates were blotted with a mouse monoclonal M2 anti-Flag antibody
(Sigma) or a mouse monoclonal 9E10 anti-Myc antibody (Sigma). (B) The
reciprocal immunoprecipitation described for panel A was carried out with the
9E10 anti-Myc antibody using the same lysates from cells coexpressing Myc-
TASR-1 (lanes 7 to 9) or Myc-TASR-2 (lanes 10 to 12), along with Flag-tagged
TLS, TLS-ERG, or ERG. (C) Plasmids expressing Myc-tagged TASR-1 (lanes 13
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interaction with TLS-associated SR proteins. In further exper-
iments, the Flag-tagged TLS C-terminal domain alone was
shown to coimmunoprecipitate with both Myc-TASR-1 and
Myc-TASR-2 (Fig. 4C, lanes 15 and 18) whereas the Flag-
tagged TLS N-terminal domain did not interact with either
TASR protein (lanes 14 and 17).

The TLS-ERG leukemia fusion protein inhibits E1A pre-
mRNA splicing. It is now increasingly recognized that gene
transcription by RNA Pol II can be coupled to RNA process-
ing (5, 14, 15, 22, 29, 30, 38, 43, 45, 50). As transcriptional
elongation by RNA Pol II is taking place, the nascent pre-
mRNA is processed by the splicing machinery associated with
RNA Pol II. Because TLS interacts with both RNA Pol II and
SR splicing factors and because TLS-ERG lacks the ability to
recruit SR proteins due to the replacement of the C-terminal
domain by the fusion partner, the fusion protein might cause
alterations in RNA splicing mediated by the SR proteins.

The adenovirus E1A gene was used as a reporter gene to
analyze splicing, since the alternative splicing of E1A pre-
mRNA by SR proteins has been well characterized (7, 44). The
five different E1A splicing isoforms designated 13S, 12S, 118,
108, and 9S mRNA are illustrated (Fig. 5A). The effect of TLS
or the TLS-ERG leukemia fusion protein on TASR-mediated
alternative splicing of adenovirus E1A pre-mRNA was tested
in HeLa cells and analyzed by RT-PCR. In the absence of
exogenous SR protein expression, the major splicing products
of E1A pre-mRNA were 13S and 128 isoforms (Fig. 5B, lanes
1 to 3). TASR-1 overexpression resulted in an increase in the
118, 10S, and 9S isoforms (lane 4), whereas TASR-2 overex-
pression predominantly increased the 9S isoform (lane 7). Al-
though coexpression of wild-type TLS did not significantly alter
TASR-mediated E1A pre-mRNA splicing (lanes 5 and 8),
most probably due to the high levels of endogenous TLS,
coexpression of TLS-ERG resulted in nearly complete inhibi-
tion of E1A pre-mRNA splicing mediated by both TASR pro-
teins (lanes 6 and 9).

To confirm that these results reflected changes in E1A pre-
mRNA splicing patterns and were not due to selective am-
plification by PCR, we used an RNase protection assay to
measure the steady-state levels of the various E1A splicing
isoforms. After hybridization to a **P-labeled antisense E1A
RNA probe followed by RNase digestion and gel electrophore-
sis, each E1A splicing product could be identified according to
the distinct sizes of the protected RNA fragments. In the
absence of exogenous SR protein expression, alternative splic-
ing of E1A pre-mRNA in HelLa cells normally generated 13S,
128, and 9S isoforms (Fig. 5C, lanes a to d). TASR-1 overex-
pression resulted in an increase in the levels of 118, 10S, and 9S
isoforms (lane e), whereas TASR-2 overexpression favored 5’
splice site selection, leading primarily to the 9S isoform (lane
i). Although coexpression of Flag-TLS and Flag-ERG did not
significantly alter TASR-mediated E1A pre-mRNA splicing
(lanes f, h, j, and 1), coexpression of Flag-TLS-ERG led to a
decrease in the levels of 13S and 12S isoforms and an almost
complete inhibition of the 118§, 10S, and 9S isoforms mediated
by both TASR proteins (lanes g and k). By Western blotting,
the levels of Flag-tagged TLS, TLS-ERG, ERG and HA-
tagged TASR proteins were shown to remain consistent in all
samples, demonstrating that the observed inhibition of E1A

to 15) and TASR-2 (lanes 16 to 19) were cotransfected into COS-7 cells with
plasmids expressing Flag-tagged TLS, TLS-NTD, or TLS-CTD. The cell lysates
were immunoprecipitated with the 9E10 anti-Myc antibody, and the immuno-
precipitates were separated by SDS-PAGE on a 12% polyacrylamide gel and
blotted with the anti-Flag antibody.
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splicing was not due to variation in transfection or decrease in
TASR expression caused by the TLS-ERG fusion protein. Un-
spliced E1A pre-mRNA was not detected by RNase protec-
tion, consistent with previous reports (7, 44) indicating that
unprocessed E1A pre-mRNA is labile under the in vivo exper-
imental conditions. The SR splicing factor SC35 was not as-
sessed in this study, because endogenous SC35 is abundant in
HeLa cells and overexpression of SC35 has minimal effect on
E1A pre-mRNA splicing (44, 47).

To rule out the possibility that the observed TLS-ERG in-
hibition of TASR-mediated E1A pre-mRNA splicing was due
to repression of transcription from the pCS3-MT-E1A re-
porter or preferential destabilization of the 11S, 10S, and 9S
E1A splicing isoforms, we constructed an additional reporter
plasmid, pCS3-MT-E1A-9S, which was generated from the
same vector as pCS3-MT-E1A but contains a cDNA insert
corresponding to the 9S E1A splicing isoform. When this con-
struct was analyzed under the same conditions, the resultant 9S
E1A mRNA levels were not decreased by coexpression of
TLS-ERG or altered by TASR-1 or TASR-2 (data not shown).
These results indicated that TLS-ERG did not suppress tran-
scription from the pCS3-MT-E1A vector or selectively desta-
bilize the 9S E1A splicing isoform.

TLS deletion mutants are unable to inhibit E1A pre-mRNA
splicing. Since the TLS N-terminal domain mediates the in-
teraction with RNA Pol II and the C-terminal domain binds
and recruits SR splicing factors, TLS appears to have two
functionally distinct domains. To investigate whether the TLS
N-terminal or C-terminal domain alone inhibited TASR-me-
diated E1A pre-mRNA splicing, TLS deletion plasmids and
TASR expression plasmids were cotransfected into HeLa cells
along with the pCS3-MT-E1A reporter construct and the al-
ternative splicing of E1A pre-mRNA was analyzed by the
RNase protection assay. The Flag-TLS-ERG leukemia fusion
protein again inhibited TASR-mediated E1A pre-mRNA
splicing (Fig. 6, lanes n and r). However, neither the Flag-
tagged TLS N-terminal domain nor the C-terminal domain
alone affected TASR-mediated E1A pre-mRNA splicing
(lanes o, p, s, and t). These results indicated that neither TLS
deletion mutant was sufficient to disrupt E1A pre-mRNA splic-
ing mediated by TLS-associated SR proteins and that both the
TLS N-terminal domain (RNA Pol II-interaction domain) and
the ERG C-terminal domain (DNA-binding domain) were re-
quired for the TLS-ERG leukemia fusion protein to inhibit
E1A pre-mRNA splicing.

Stable expression of the TLS-ERG fusion protein affects
CD44 alternative splicing. We have shown that coexpression of
TLS-ERG inhibits TASR-mediated E1A pre-mRNA splicing
in transient-transfection experiments. Since these results were
obtained through overexpression of both TLS-ERG and the
E1A reporter gene, overexpression of the TLS-ERG fusion
protein might displace binding to RNA Pol II by other splicing
factors, resulting in a generic decrease in RNA splicing.

To investigate the effect of exogenous TLS-ERG on endog-
enous RNA splicing when TLS-ERG is expressed at a level
comparable to the endogenous protein, we subcloned the Flag-
TLS, Flag-TLS-ERG, and Flag-ERG cDNA cassettes into the
retroviral vector LXSN. Through retroviral transduction, K562
cells harboring Flag-TLS, TLS-ERG, and ERG retroviral con-
structs were obtained using G418 selection. From these trans-
duced K562 cells, Flag-tagged proteins were readily detectable
by Western blotting with an anti-Flag antibody (Fig. 7A, lanes
1 to 4). The protein level and the relative ratio between the
exogenous Flag-TLS and Flag-TLS-ERG in retrovirus-trans-
duced K562 cells were comparable to those between the en-
dogenous TLS and TLS-ERG in YNH-1 cells (compare lanes
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FIG. 6. Effects of TLS deletion mutants on TASR-mediated E1A pre-mRNA
splicing. The TLS deletion mutant containing the N-terminal or C-terminal
domain was transfected into HeLa cells, and its effect on TASR-mediated E1A
pre-mRNA splicing was examined by an RNase protection assay. Bottom panels
represent Western blots of TLS and TLS deletion mutants as well as immuno-
precipitation (IP) followed by Western blotting to demonstrate the presence of
TASR-1 and TASR-2. Labeling is as in Fig. 5C.

2 and 3 to lane 5). YNH-1 is a cell line from a myeloid
leukemia patient with the t(16;21) translocation that expresses
the TLS-ERG fusion protein (46).

To examine whether stable expression of the exogenous
Flag-TLS-ERG fusion protein affects the splicing of an impor-
tant endogenous RNA, we investigated the alternative splicing
profiles of CD44 mRNA in K562 cells harboring different
LXSN retroviral constructs. The CD44 gene encodes a cell
adhesion molecule consisting of 10 constitutive exons and 10
variable exons (Fig. 7B). Different combinations of the variable
exons lead to a variety of CD44 splicing isoforms that differ in
their extracellular domains. Abnormal splicing of CD44 mRNA
has been found both in solid tumors and in leukemia (10), and
recently it has been suggested that stage-specific changes in SR
proteins may be linked to changes in CD44 splicing during
different stages of mammary cancer (41).

The predominant CD44 mRNA in K562 cells is the CD44H
isoform which lacks any of the variable exons (data not shown).
To detect subtle changes in variable-exon-containing CD44
splicing isoforms, we used RT-PCR and primers P1 and V6D
to amplify CD44 isoforms that contain the variable V6 exon
and primers V3U and P2 to amplify CD44 isoforms that con-
tain the variable V3 exon. The amplified CD44 products were
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FIG. 7. Effects of TLS-ERG stable expression on CD44 splicing in K562 cells. (A) Western blot analyses of lysates from K562 cells harboring the empty retroviral
vector LXSN (lane 1) or K562 cells harboring the retroviral construct with Flag-TLS (lane 2), Flag-TLS-ERG (lane 3), or Flag-ERG (lane 4) were carried out with
a mouse anti-Flag antibody. Lysate from the human YNH-1 myeloid leukemia cells (which express endogenous TLS-ERG fusion protein) was blotted with a rabbit
anti-TLS antibody that recognizes the N-terminal region of TLS (lane 5). (B) Genomic structure of the CD44 gene. Regions of constitutive exons and variable exons
are indicated. The sizes of the exons are not drawn to scale. Arrows designate primers used for RT-PCR amplification. (C) Southern blot analysis of RT-PCR products
for CD44 splicing isoforms. Lanes 1 to 4 represent CD44 RT-PCR products using primer P1 and V6D. Lanes 5 to 8 represent CD44 RT-PCR products using primer
3VU and P2. All RT-PCR products were separated on a 1.5% agarose gel and probed with a >*P-labeled CD44 DNA probe. Arrows indicate positions of CD44 splicing
isoforms that are affected by exogenous Flag-TLS-ERG in K562 cells.
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then separated by gel electrophoresis and probed with a *2P-
labeled CD44 DNA probe. As shown in Fig. 7C, expression of
the Flag-TLS or Flag-ERG protein in K562 cells did not alter
the profile of CD44 isoforms containing the V6 exon (compare
lane 1 with lanes 2 and 4) or the profile of CD44 isoforms
containing the V3 exon (compare lane 5 with lanes 6 and 8).
However, expression of the Flag-TLS-ERG fusion protein in
K562 cells changed the profile of endogenous CD44 isoforms
containing the V6 exon (compare lane 1 with lane 3) and the
V3 exon (compare lane 5 with lane 7).

DISCUSSION

These studies indicate that TLS interacts with RNA Pol II
through the N-terminal domain of TLS and interacts with
members of the SR family of splicing factors through the C-
terminal domain of TLS. In contrast, the TLS-ERG fusion
protein binds RNA Pol II but is unable to bind SR proteins,
due to replacement of its C-terminal domain by the fusion
partner. The TLS-ERG fusion protein not only lacks the ability
to bridge the binding of RNA Pol II to SR proteins but also
inhibits E1A pre-mRNA splicing mediated by these SR pro-
teins in transfected HeLa cells. When Flag-TLS-ERG was in-
troduced through retroviral transduction into K562 cells and
expressed at a level comparable to the endogenous protein, it
changed the splicing profile of the endogenous CD44, a cell
adhesion molecule whose abnormal splicing is associated with
cellular transformation and tumor metastasis (10).

RNA splicing, a critical step in gene expression, is increas-
ingly recognized as a cotranscriptional event (reviewed in ref-
erences 31 and 40). Experimental evidence now indicates that
transcription, capping, and polyadenylation are also intimately
linked by RNA Pol II through its association with RNA-pro-
cessing factors (9, 21). Among different components of the
transcriptional machinery, the C-terminal domain of the larg-
est subunit of RNA Pol II complex is thought to be especially
critical for recruitment of RNA-processing factors (29, 30).
Even though a novel set of C-terminal domain associated SR-
like proteins directly interact via their C-terminal domain-
interacting domains with RNA Pol II (11, 48), prototypical SR
proteins including SC35 and ASF/SF2 lack such C-terminal
domain-interacting domains. At present, the way in which
these SR proteins associate with RNA Pol II remains unclear.
Recently, a novel transcription coactivator, p52, was found to
interact specifically with ASF/SF2 and was suggested to act as
an adapter to coordinate transcription and splicing (17). Based
on our observation that TLS interacts with both RNA Pol II
and SR proteins, we propose that TLS functions as a docking
molecule by recruiting SR splicing factors to RNA Pol II, thus
coupling gene transcription with RNA splicing.

The TLS gene is ubiquitously expressed, suggesting that TLS
may be essential for cell function (1). In myeloid leukemia cells
with the t(16;21) translocation and in liposarcoma cells with
the t(12;16) translocation, only one TLS allele is interrupted by
chromosomal translocation while the remaining TLS allele is
intact (12, 36, 46). This indicates that the TLS fusion protein
functions in a dominant-negative manner.

The TLS-ERG fusion protein not only inhibits TASR-me-
diated E1A pre-mRNA splicing, leading to 11S, 10S, and 9S
isoforms, but also decreases the expression of the 13S and 12S
E1A splicing isoforms. The generation of 13S and 12S isoforms
may be mediated by additional splicing factors present in HeLa
cells, which in turn implies that the splicing pathway via TLS
potentially includes other splicing factors. Based on the obser-
vation that expression of the TLS-ERG leukemia fusion pro-
tein, despite the presence of endogenous TLS protein, is suf-
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ficient to inhibit E1A pre-mRNA splicing in HeLa cells and to
alter CD44 splicing in K562 cells, the TLS-ERG fusion protein
appears to function in a dominant-negative manner to inter-
fere with RNA splicing. Our finding that neither the N-termi-
nal nor the C-terminal deletion mutant of TLS was sufficient to
block TASR-mediated E1A splicing suggests that inclusion of
the ERG DNA-binding domain is required for the dominant-
negative function of the TLS-ERG leukemia fusion protein,
possibly by conferring a higher affinity of the fusion protein for
RNA Pol II and/or by localizing the fusion protein to the
nucleus.

One can envisage at least two potential mechanisms whereby
the TLS-ERG fusion protein alters CD44 splicing. In the first
scenario, if splicing into a specific CD44 isoform requires dock-
ing by TLS, the TLS-ERG fusion protein might block this
pathway, leading to degradation of the unfinished CD44 pre-
mRNA. In the second scenario, if one CD44 splicing pathway
is blocked and alternative splicing pathways exist, the inhibi-
tion of the first pathway by the TLS-ERG fusion protein might
push the splicing of CD44 pre-mRNA through alternative
routes, thus increasing the chance of aberrant splicing.

SR proteins appear to possess the capacity to alter gene
expression by influencing RNA splicing. The important regu-
latory roles of SR proteins in cellular processes have been
demonstrated by their functions in Drosophila development
and sex determination (2, 20, 37), their involvement in T-cell
activation (39), and their close association with cell cycle con-
trol (27). Even though transcriptional deregulation by onco-
genic fusion proteins has attracted much of the attention, ab-
errant RNA splicing is also frequently detected in cancer cells
and is associated with cellular transformation (8, 18) and tu-
mor metastasis (10). The mechanism underlying aberrant splic-
ing has yet to be elucidated. This study links a specific chro-
mosomal translocation, and the resultant leukemia fusion
protein, to disruption of RNA splicing. Although our observa-
tion is made from cells expressing exogenous Flag-TLS-ERG
fusion protein and further experiments with cancer cells har-
boring TLS translocations are needed, these results suggest
that TLS fusion proteins may lead to abnormal splicing of
genes critical for cell growth and differentiation.

Ewing’s sarcoma protein EWS and TATA-binding protein-
associated factor TAF;68 share sequence homology with TLS,
and it is likely that both EWS and TAF;68 also interact with
SR splicing factors. The potential disruption of coupling be-
tween transcription and RNA splicing by EWS fusion proteins
especially deserves further investigation. In addition to fusion
with the Fli-1 protein in 90% of cases of Ewing’s sarcoma,
EWS is involved in chromosomal translocations with a variety
of transcription factors including ERG, ETV1, E1A-F, FEV,
ATF-1, WT1, and TEC1 (4). In all of these fusions involving
EWS, the N-terminal domain of EWS is retained. EWS fusion
proteins may thus function in a manner analogous to the TLS
fusion proteins by interfering with the recruitment of RNA-
processing factors such as the SR proteins.
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