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Abstract
Retinoic acid receptor (RAR) signaling is important for regulating transcriptional activity of genes involved in growth,
differentiation, metabolism and reproduction. Defects in RAR signaling have been implicated in cancer. TEL, a member of
the ETS family of transcription factors, is a DNA-binding transcriptional repressor. Here, we identify TEL as a transcriptional
repressor of RAR signaling by its direct binding to both RAR and its dimerisation partner, the retinoid x receptor (RXR) in a
ligand-independent fashion. TEL is found in two isoforms, created by the use of an alternative startcodon at amino acid
43. Although both isoforms bind to RAR and RXR in vitro and in vivo, the shorter form of TEL represses RAR signaling
much more efficiently. Binding studies revealed that TEL binds closely to the DNA binding domain of RAR and that both
Helix Loop Helix (HLH) and DNA binding domains of TEL are mandatory for interaction. We have shown that repression by
TEL does not involve recruitment of histone deacetylases and suggest that polycomb group proteins participate in the
process.
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[8,9]. This dynamic and cyclic process cause a continuous
recruitment of both HAT and HDAC activity to the promoters
and the balance between these complexes finally results in either
activation or repression of gene expression. In addition, various
other processes including ubiquitination, sumoylation, methylation
and phosphorylation have been implicated in regulation of NR
activity [9,10,11,12].
Here we describe a novel mode of repression of RAR signaling.
The repression involves the binding of the transcriptional
repressor TEL to RARa and RXRa. TEL (ETV6) is a member
of the ETS family of transcription factors. TEL is expressed
throughout the body including the hematopoietic system and is
crucial for hematopoietic stem cell maintenance, as has been
shown in a Tel knockout mice model [13]. These mice have been
shown to die due deficient yolk sac angiogenesis. The classical
mode of repression by TEL has been studied extensively and
involves the binding of TEL to DNA-responsive elements within
promoters with its DBD domain. The helix-loop-helix (HLH)
domain, also called Pointed (PNT) or SAM domain is important
for polymerization of TEL [14,15]. Repression involves either the
recruitment of co-repressor complexes and HDACs [16,17], or
the recruitment of L(3)MBT-containing polycomb group-complexes [18] that facilitate long-term repression by chromatin
remodeling other than deacetylase activity. Here we show that
the interaction between TEL, RARa and RXR involves both
DBD and HLH domains of TEL and the DBD domain of RARa.
Furthermore, we show that both isoforms of TEL, generated by
the use of an alternative start codon, influence RAR signaling,
that this repression is HDAC-independent, and that the shorter

Introduction
Nuclear receptors (NR) belong to the large family of well
studied transcription factors that are important for growth,
differentiation, metabolism and reproduction in higher organisms. Small molecules, such as steroids, thyroid hormones and
retinoids serve as ligands and bind to the ligand binding
domains (LBDs). NRs bind DNA of target promotors as hetero
or homo dimers using their highly homologous DNA binding
domain (DBD) [1]. One of these NR, the retinoic acid receptor
(RAR) has several isoforms, forms a heterodimer with retinoicx-receptor (RXR), and binds the ligand all-trans retinoic acid
(ATRA). RAR-signaling induces differentiation and apoptosis
in a wide variety of cells. Furthermore, retinoic acid has tumorsuppressive activity and defects in RAR signaling are implicated in cancers [2,3].
The regulation of gene expression by NR involves the release
and binding of co-repressor and co-activator complexes. Nuclear
receptor co-repressor (N-CoR) and silencing mediator of retinoid
and thyroid hormone receptors (SMRT) are co-repressors that
associate with RAR and recruit complexes with histone deacetylase (HDAC) activity [4,5]. Activation of RAR target genes
involves the binding of co-activators of the p160 family (SRC1,
SRC2 also known as Tif2, and SRC3 also known as RAC3) of
which most of these have intrinsic histone acetylase (HAT) activity.
In addition, HAT activity-containing p300/CBP proteins are
recruited by these co-activator complexes [6,7]. Recent studies
have shown that both active and repressed RAR-regulated genes
continuously exchange co-activator and co-repressor complexes
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experiment, the total amount of transfected DNA as well as the
molar amount of expression plasmid was kept constant, by
addition of the required amount of pUC6 and empty pcDNA3
plasmid. When applicable, three hours after transfection Trichostatin A (TSA; Sigma Aldrich) was added to the specified
concentration from ethanol stocks. 24 or 48 hours after transfection luciferase activities were measured in lysates on a Fluoroscan
Ascent FL luminometer (Labsystems, Helsinki, Finland).

isoform is a much more efficient repressor compared to the larger
isoform.

Methods
Constructs
All expression constructs are derived from the CMV promoter
containing expression vector pcDNA3. TEL, MN1 and MN1TEL constructs have been described previously [19,20]. The DBD
mutant of TEL was described elsewhere [21] and was recloned in
a pcDNA3 vector. The point mutation in the HLH domain in
TEL was introduced using site-directed mutagenesis (Quikchange
mutagenesis kit, Stratagene). The primerset used was 59-cctcattcaggtgatgcggcctatgaac tccttcagc-39 in combination with a primer
that consists of the opposite strand. The DBD mutation was
combined with the HLH mutant by ligating the BstEII/ScaI
fragment from a pcDNA3 TEL-DBD mutant construct into the
corresponding sites of the digested HLH mutant constructs. The
HA-tagged version of TEL was created by ligating a double
stranded oligo containing the DNA sequence for a spacer
encoding amino acids GAGAGA followed by the HA sequence
and a stop codon, in frame with the last amino acid of TEL. TEL
constructs with a forced start at methionine 1 or 43 were created
using the Quikchange mutagenesis kit by changing the methionine
into a cysteine. Deletion constructs of TEL were generated by
PCR using primers containing restriction sites enabling cloning
and fusion of the specified regions. The RARE-luc reporter vector
contains 3 retinoic acid responsive (DR5) elements in a basic TK
luc reporter vector and was a kind gift of Dr. J.Jansen (Dept. of
Hematology, Erasmus MC, Rotterdam, the Netherlands). The
MSV-luc reporter construct was previously described [20] and
the RARE3-MSV reporter was created contains three RARE
elements cloned in front of 131 bp of the original MSV promoter.
The putative ETS element within the remaining sequence,
TTCC, was mutated into TTTT using the Quik Change
Mutagenesis Kit. Plasmid pSG5-TIF2 was obtained from Dr. G.
Jenster (Urology, Erasmus MC, Rotterdam, the Netherlands) and
GST-RAR, GST-RAR-LBD, GST-RXR and GST-RXR-LBD
constructs were a kind gift of Dr. H. Gronemeyer (IGBMC,
Strasbourg, France). Additional deletion constructs of GST-RAR
were generated by subcloning using restriction sites available in the
RARa sequence. A bioV5-tagged version of deletion construct N3
of RAR was created by linking the bioV5 sequence [22] at the Nterminus of RAR-N3. pSG513-BirA plasmid for expression of the
BioLigase was a kind gift of T.B. van Dijk (Dept of Cell Biology,
Erasmus MC, Rotterdam, the Netherlands) [23]. All constructs
were checked by DNA sequencing (BigDye Terminator kit,
Stratagene) and, in case of expression vectors, also by in vitro
transcription/translation to confirm that translation products of
the correct length were obtained (TNT Quick Coupled Transcription/Translation system, Promega, Madison, WI, USA).

GST pull down
GST fusion constructs were expressed in E. coli and the fusion
proteins were loaded onto glutathion sepharose beads (GE
Healthcare, Uppsala, Sweden) according to the manufacturer’s
recommendations. The amount of GST protein (mg) used for
loading was similar for the different fusion proteins in each
experiment. When necessary, because of varying levels of GST
fusion protein expression, untransformed E. coli lysate was added
during loading of the beads, to keep also the total amount of lysate
(mg protein) at similar levels. Binding of proteins to the
immobilized GST fusion proteins was carried out as described
by Van Wely et al [25] with the exception that instead of using
columns, the beads were incubated and washed in microfuge tubes
and collected by centrifugation at maximal speed. Beads
containing non-fused GST were used as controls. In vitro
transcription/translation products labeled with 35S-methionine
were used for the binding experiments. The bound translation
products were eluted from the beads by boiling in SDS-PAGE
sample buffer, separated by SDS-PAGE, and visualized by
autoradiography.

Immunoprecipitation
2?106 Hep3B cells were transfected with pcDNA3, pcDNA3
TEL-HA M1C or pcDNA3 TEL-HA M43C in combination with
pcDNA3 BioV5-RARN3 and BirA plasmids using Fugene
6 transfection reagent (Roche) according to manufacturer’s
protocols. 48 hours after transfection, cells were harvested and
subsequently lysed using a buffer containing 20 mM Tris pH 8.0,
137 mM NaCl, 10% glycerol, 1% NP-40, 2 mM EDTA (pH 8.0)
supplemented with Complete Mini protease inhibitor cocktail 9
(Roche). BioV5 RAR-N3 proteins were precipitated using
streptavidin-coated Dynabeads (Invitrogen Dynal AS, Oslo,
Norway). Precipitated proteins were subjected to SDS PAGE
and Western blotting according to standard protocols. Antibodies:
a-TEL, clone 3B10 (Abnova, Taipei, Taiwan); a-HA, biotintagged, clone 3F10 (Roche); streptadivin-HRP, (BioGenex Laboratories Inc., San Ramon, CA, USA)

Results
TEL binds directly to RARa and RXRa
The transcriptional cofactor MN1 stimulates and inhibits RAR/
RXR-mediated transcription [26]. In order to investigate if MN1
bound to RARa and/or RXRa we performed GST pulldown
experiment using GST-fused RARa (GST-RARa) and GSTRXRa together with in vitro produced and 35S-labeled proteins.
MN1 was unable to bind to GST-RARa and RXRa (Figure 1A).
Other cofactors are thus involved in this transcription regulation.
In this experiment we also tested the MN1-TEL protein. This
leukemogenic protein is formed by an AML-causing translocation
(12;22) between MN1 and TEL genes. To our surprise, MN1-TEL
bound very strongly to RARa and RXRa. In order to locate the
domain that binds RARa and RXR we investigated whether
binding was a property of the TEL moiety in the MN1-TEL
protein. This indeed appeared to be the case as is shown in

Transfection
The Hep3B cell line (human hepatocarcinoma) [24] was
cultured in a-MEM, supplemented with 5% (v/v) fetal bovine
serum and antibiotics (penicillin and streptomycin). Hep3B cells
were seeded at a density of 0.6?105 cells per well in 24-well culture
plates. 24 hours after seeding the cells the medium was replaced
with fresh medium, containing all-trans retinoic acid (ATRA,
Sigma Aldrich, St. Louis, MO, USA), when indicated, at a
concentration of 1 mM. After 1–2 hours the cells were transfected
with the indicated amounts of DNA, using FuGENE 6
Transfection Reagent (Roche Applied Science, Basel, Switserland), according to the manufacturer’s instructions. In each
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Figure 1. TEL binds RAR and RXR in vitro and in vivo. (A) TEL and MN1-TEL bind RAR and RXR whereas MN1 does not. In vitro generated, 35Slabeled proteins, as shown in the input lanes, were used for GST pulldowns with GST-RAR, GST-RXR and GST (as control). (B) TEL binds the DBD
domain of RARa. Upper panel: Schematic overview of the RARa and RXRa constructs. The domains within RARa and RXRa are indicated with letters
commenly used to indicate the domains within the nuclear receptor family. At the bottom the different regions are indicated with respect to their
function. AF1, Activator function 1; DBD, DNA binding domain; CTE, C-terminal extension; LBD, ligand-binding domain; AF2, activator function 2.
Lower panel: GST pulldowns with in vitro transcribed/translated TEL and TIF2. Binding of TEL to RAR and RXR differs from the binding of TIF2 to RARa
and RXRa. Binding of TIF2 was detected for LB-containing RARa constructs whereas TEL bound to the DBD region of RARa. No binding of TEL to the
AF1 and first part of DBD was detected (GST-RAR-N2). (C) HLH and DBD domains of TEL are crucial for binding to RARa. Upper panel: Schematic
overview of deletion constructs of TEL. Numbers indicate the amino acid positions. Middle left: ITT products were used for GST pulldown assays with
GST-RAR-N3. Middle right: Only deletion constructs that contain both HLH and DBD domains were detected in the in vitro binding assay. Lower
panel: WT TEL showed binding to GST-RARa, whereas HLH, DBD or double mutant TEL proteins failed to bind GST-RARa. (D) bio-precipitation of
bioV5-tagged RAR-N3 proteins. Only in the presence of bioV5-tagged RARN3, TEL-HA proteins were detectable in the precipitations, showing the in
vivo binding between TEL and RAR. Right panel shows input lysates. TEL proteins were detectable with both a-TEL and a-HA antibodies.
doi:10.1371/journal.pone.0023620.g001

figure 1A, right panel. The presence of an alternative start
methionine at aa 43 of the coding region of the TEL gene gives rise
to two isoforms of TEL [27,28]. Both isoforms of TEL bound
GST-RARa and GST-RXRa equally efficiently in this GST
pulldown assay.

obtained and generated deletion constructs of RARa and RXRa
that harbor the different regions of the receptor (Figure 1B).
Pulldowns using these constructs showed that Tif2 could bind to
RARa but not to RXRa. TEL interacted with both RARa and
RXRa constructs. The RARa and RXRa deletion constructs
showed that TEL interacted with RARa constructs that contain
the AF1 and DBD regions of RARa, whereas Tif2 interacted with
the LBD region (Figure 1B). The binding of TEL was independent
of the ligand ATRA, whereas the binding of Tif2 was lost if ATRA
was not available (data not shown). The smallest RARa construct
tested only contains the CTE region of the DBD. This construct
was efficiently expressed but TEL failed to bind this region (data
not shown). From these experiments we conclude that the binding
of TEL to RARa and RXRa is within or close to the DBD

TEL binds to the DBD domain of RAR whereas the
coactivator Tif2 binds to the ligand binding domain
Tif2, also known as SRC2, is a coactivator of RAR that binds
the ligand binding domain (LBD) in a ligand dependent fashion
[7]. The LxxLL motif of Tif2 provides the binding interface. TEL
also harbors a LxxLL motif (aa 113–117, LYELL) within the HLH
domain and this prompted us to investigate the possibility that Tif2
and TEL are displaying similar binding characteristics. We
PLoS ONE | www.plosone.org
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domain of RARa and that it differs from the binding of Tif2 to
RARa, which is ligand-dependent.

by numerous transcription factors [30,31]. We have shown
previously that the MSV promoter harbors a genuine RAR/
RXR-responsive element (RARE), also known as a direct repeat 5
(DR5) element [25]. The remainder of the sequence has at least
five potential ETS-responsive elements that possibly represent
target sequences for TEL. Both isoforms of TEL strongly repressed
the activity of the MSV-LTR although the shorter isoform (M43TEL) was more efficient (Figure 2C). The extent of the repression
was much greater compared to the repression observed on the
RARE luc reporter. We hypothesized that on this viral promoter,
the repressive effects on ETS elements are combined with
repression by TEL via the RAR/RXR dimer. In order to
investigate repression on the RARE element in the context of the
MSV-LTR, we juxtaposed three copies of the RARE element
from the MSV promoter adjacent to the 39 region of the MSVLTR, which harbors crucial elements like the TATA box and
CAAT box, thereby deleting all but one ETS element. This
remaining putative ETS element, which is located between the
TATA and CAAT boxes, was removed by mutating two C’s into 2
T’s (Figure 2A). The resulting promoter, called RARE3-MSV, was
repressed by TEL and the extent of the repression was lower
compared to the original MSV-LTR constructs (Figure 2D) but
somewhat higher when compared to the RARE luc constructs.
The larger isoform of TEL (M1-TEL) still had some residual
repression on this construct.

Both the HLH domain and the DBD of TEL are required
for binding
The TEL protein is member of the ETS family of transcription
factors that have several domains in common. We have generated
deletion constructs to investigate which domains of the protein are
crucial for binding to RARa. A schematic overview is shown in
Figure 1C. All constructs were efficiently produced in the in vitro
transcription/translation system (middle left panel of Figure 1C)
and were used in pulldown experiments (middle right panel of
Figure 1C). All constructs that contain both the HLH and DBD
domains of TEL were binding to RARa whereas other constructs
failed to bind. Both HLH and DBD domains of TEL are thus
crucial for binding to RARa. It has also been described that the
HLH domain of TEL causes aggregation of TEL in vitro and this
could result in entrapping of other proteins. Such a a-specific
entrapping of proteins does not explain the interactions shown in
Figure 1 since (1) we do not see interaction with GST, and (2) we
also do not see any interaction with two TEL mutants in which the
polymerization domain is still intact, i.e. the TEL-DBDmutant
and the deletion mutant HCE.To investigate whether also small
point mutations within the DBD and HLH domains of TEL can
abrogate the interaction between TEL and RARa we generated
two mutants of TEL. The mutations within the HLH domain of
TEL (V112A/L113A) are located in the binding surface of the
HLH structure important for polymerization. This mutant is
impaired in polymerization (data not shown). The DBD mutant of
TEL (R396L, R399L) was described previously [21,29] and fails to
bind ETS responsive elements. In our in vitro binding assay with
GST-RARa both TEL mutants were tested for interaction with
RARa. Figure 1C, lower panel shows that these TEL mutants
failed to bind RARa. From this we conclude that both HLH and
DBD domains are crucial for binding to RARa and that mutations
that impair the function of these domains also disrupt binding of
TEL to RARa.

Besides HLH and DBD domains, other regions of TEL are
important for repression of RAR/RXR-mediated
transcription
We next tested the ability of the TEL deletion mutants and point
mutants to repress the activity of the MSV LTR and the RARE
reporter plasmids in Hep3B cells (Figure 3A). The classical mode of
repression by TEL is conducted on the MSV reporter and involves
the binding to ETS elements. Although the HD deletion mutant
lacks the central region of the TEL protein, that is crucial for
the recruitment of corepressors N-CoR and SMRT [16,17,32], it
still was able to repress transcription of the MSV-LTR. Either
recruitment of mSIN3A via the HLH domain is sufficient for
repression or dimerization with other intact TEL molecules that are
endogenously expressed in Hep3B cells provides the interface for
recruitment of other co-repressors. In contrast, the repression of
RAR-RXR-responsive elements fully depends on regions other than
the HLH and DBD domains of TEL. Whereas M43-TEL inhibited
the activity of the RARE luc or RARE3-MSV reporter, none of the
tested deletion mutants did. The results of the DBD mutants were
inconsistent. DBD deletion mutants were unable to repress the
reporters whereas TEL that contains point mutations within the
DBD (TEL-DBDm) was capable of low-level repression (data not
shown). TEL proteins that either contain a point mutation in or a
deletion of the DBD domain localized exclusively to the cytoplasm
and therefore their effect on RAR/RXR-induced expression could
not be tested. Next we investigated if the HLH mutant construct,
which is unable to polymerize with itself, but showed some residual
polymerization with wildtype TEL (data not shown), was able to
carry out either mode of repression. Figure 3B shows that this
mutant was unable to repress any of the two reporters. From this we
conclude that dimerization of TEL proteins is important for
repression on ETS elements that are present in the MSV_LTR.

In vivo binding of TEL and RAR
To examine the interaction between TEL and RAR in vivo, we
transfected Hep3B cells with an expression plasmid of N-terminal
part of RARa (RAR-N3) tagged with a V5 and bio tag at the Nterminus and a M43-TEL-HA or M1-TEL-HA construct. RAR
proteins were precipitated on the bio tag using streptavidin beads
and precipitates were subjected to immunoblotting for TEL
proteins. TEL-HA proteins, detected with either an antibody
against TEL or the HA-tag, co-precipitated with RAR-N3 protein.
No signal for TEL proteins was observed in negative control
precipitations (Figure 1D).

M43-TEL represses transcription directed by the nuclear
receptor dimer RAR/RXR
The binding of TEL to RARa and RXRa prompted us to
investigate if TEL can also repress transcription that is regulated
by the nuclear receptor heterodimer RAR/RXR. In Hep3B cells,
the retinoic acid-responsive element (RARE) from the RARb
promoter cloned in front of a TK promoter (Figure 2A) was
strongly stimulated by ATRA (data not shown), which activates
endogenously expressed RAR and RXR. Although both isoforms
of TEL are binding to RARa and RXRa, only the shorter isoform
(M43-TEL) exhibited repression activity on this promoter
(Figure 2B) in this assay. The moloney sarcoma virus long
terminal repeat (MSV-LTR) is a viral promoter that is regulated
PLoS ONE | www.plosone.org
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Figure 2. TEL represses transcription that is mediated by the heterodimer RAR/RXR. (A) Schematic overview of different luciferase reporter
constructs RARE-luc, MSV-luc and RARE3MSV-luc. (B) The M43-TEL isoform inhibits the RARE luc reporter whereas the M1-TEL isoform does not. (C)
The viral promoter MSV is repressed by both isoforms of TEL. M43-TEL is more efficient. (D) Both TEL isoforms repress the RARE3 MSV-luc construct.
M43-TEL is more efficient. All transfections were performed in the presence of all-trans retinoic acid (ATRA).
doi:10.1371/journal.pone.0023620.g002

Figure 3. Deletion mutants of TEL have no repressive activity. (A) Three different reporters were tested with TEL deletion mutants. The
repression of TEL on the RAR-RXR dimer (i.e. RARE luc and RARE3-MSV luc) was only detected using full length M43 TEL. Although deletion mutant
HD was able to bind RAR in vitro (figure 1), it was unsuccessful in repression. The MSV-luc reporter contains not only an RAR/RXR responsive element
but also many possible ETS binding sites (figure 2E). The HD deletion construct of TEL repressed the MSV-luc reporter efficiently. (B) Both modes of
repression by TEL (i.e. on RAR/RXR and on ETS sites) are disabled in the HLH mutant of TEL (TEL-V112A/L113A).
doi:10.1371/journal.pone.0023620.g003
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repressors and these in turn recruit histone deacetylating proteins
(HDACs) [8]. In the presence of ligand only a small fraction of the
RAR-RXR target promoters is active as can be deduced from the
finding that inhibition of HDAC activity by TSA results in an at
least 8-fold increase in expression from the reporter as indicated in
Figure 4. Thus TSA apparently fixes the reporter gene in the
active state and consequently the pool of active reporter genes is
much larger than in the presence of ATRA alone. Here, we
provide evidence that TEL (ETV6) is a co-repressor for RAR. The
interplay between TEL and RAR has not been described before,
as far as we are aware. The TEL-M43 isoform actively represses
transcription of the reporter by RAR-RXR. In the presence of
TSA the activity of the reporter is only marginally increased. The
other TEL forms, TEL-M1 and the fusion protein MN1TEL also
bind RAR-RXR and they also reduce the effect of TSA. This
suggests that inhibition of RAR-RXR activity by TEL is HDAC
independent and in fact replaces HDAC activity. It is tempting to
speculate that this property of TEL is due to the recruitment of
polycomb repressor complexes through TEL’s binding partner
L(3)MBT. Alternatively it is possible that TEL prevents RAR
binding to DNA, similar to Oct-1 and Myb. Further studies should
establish which mechanism is used by TEL.
The human tumor antigen PRAME (PRreferentially expressed
Antigen in MElanoma) and HACE1 (HECT domain and Ankyrin
repeat containing E3 ubiquitin-protein ligase) were both recently
identified as a co-repressors of RAR signaling [35,36]. These corepressors also function via HDAC-independent mechanisms and
PRAME was shown to interact with polycomb group protein
EZH2. Despite the interesting similarity between HACE1,
PRAME and TEL as co-repressors with respect to HDACindependent repression, many differences are also apparent: (1)
PRAME binds RAR only in the presence of its ligand ATRA,
whereas TEL and HACE1 bind both in the presence or in the
absence of ATRA, (2) PRAME binds the LBD of RAR and
HACE1 binds the N-terminal activation function 1 (AF-1) domain
whereas TEL binds the DBD of RARa, and (3) PRAME and
HACE1 do not bind RXR, whereas TEL also binds RXRa.
We have shown that two well-studied domains of TEL, the
HLH and DBD domains, are mandatory for the interaction. Even
small point mutations in either of the domains abrogates the
binding. The binding of TEL to RARa involves the DBD of
RARa and over the last years a growing number of co-regulators
have been identified that bind this highly homologous region of
the NRs. The origin of these regulatory proteins is diverse. RIF1
and HET/SAF-B are nuclear matrix proteins and both were
shown to interact with the DBD region of the estrogen receptor
(ER). In addition, RIF1 was shown to bind the DBD of RAR and
the glucocorticoid receptor (GR) [37,38]. Binding of RIF1
translocates RAR to the nuclear matrix, thereby limiting the
amount of RAR available for DNA binding, resulting in repression
of RAR-induced transcription. Oct-1 and Myb are transcription
factors that bind to the DBDs of RXR, RAR, the vitamin D (VD)
and thyroid hormone receptor (TR) [39,40]. Both proteins prevent
the NR dimers to bind DNA, thereby reducing the fraction of
transcriptionally active NRs. In addition, Schick et al [41], have
described TEL as a repressor of Stat3 (Signal Transducer and
Activator of Transcription 3) signaling. TEL binds Stat3 and DNA
binding is not required. Stat3 repression by TEL is HDACdependent, and thus different from inhibition of RAR-RXRmediated transcription by TEL.
In summary, we have identified TEL (ETV6) as a co-repressor
of RAR-RXR-mediated transcription. The binding of TEL to
RXRa suggests that TEL may broadly interact with NR signaling,
since RXR also dimerizes with the TR, VDR, peroxisome

which TEL represses transcription when it binds to TEL
responsive elements. Whether such mechanisms are also involved
in the repression of RAR/RXR-mediated transcription by TEL
was tested using trichostatin (TSA). TSA is a strong inhibitor of
deacetylases and is expected to abrogate repression by TEL if
repression is carried out by deacetylation of histones. Increasing
amounts of TSA were tested on the RARE luc reporter. In the
absence of TEL, TSA strongly increased the activity of the
promoter, suggesting that HDAC-dependent down regulation of
expression is inhibited and the promoter remains active. In the
presence of M43-TEL, however, RAR induced expression is
inhibited and TSA hardly increased the activity, suggesting that
the repression of RAR/RXR-mediated transcription by TEL
depends on other repressive mechanisms than histone deacetylation (Figure 4). Although both M1-TEL and MN1-TEL proteins
are able to bind RAR (Figure 1), no direct repression was observed
on the reporters (Figure 4, 0 mM TSA and Figure 2B). In the
presence of TSA both proteins however showed intermediate
effects: the activity of the promoter is far less stimulated by TSA.
This suggests that both M1-TEL and MN1-TEL have repressive
capacity although at a lower level compared to M43-TEL.

Discussion
RAR-RXR signaling and TEL expression are required for
proper embryonic haematological development. In adult life these
proteins are expressed throughout the body and regulate various
biological processes including cellular proliferation, differentiation,
hematopoiesis, angiogenesis and transformation [1,33,34]. RARRXR regulated gene expression involves the dynamic and
continuous binding and release of co-repressors and co-activators.
Activation of RAR-RXR is the result of recruitment of coactivators to the receptors upon binding of the ligand. The coactivators recruit p300 a histone acetyl transferase or HAT.
Acetylation of histones then facilitates gene expression. Subsequent down regulation is by exchange of the co-activators for co-

Figure 4. Repression of TEL on RAR/RXR-mediated transcription does not involve histone deacetylase activity. Increasing
amounts of TSA were tested on RARE luc reporter in the presence of
ATRA, and with and without M1-TEL, M43-TEL or MN1-TEL (120 ng).
RAR/RXR-mediated transcription was stimulated by TSA to high levels,
whereas M43-TEL prevents this. Intermediate effects were observed
with MN1-TEL and M1-TEL.
doi:10.1371/journal.pone.0023620.g004
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proliferator-activated receptor (PPAR) and a variety of other
orphan receptors [42]. If and how TEL represses other NR
signaling pathways are questions to be answered in the future. We
hypothesize that TEL bypasses deactivation of a promoter by
HDACs perhaps by recruiting polycomb complexes through one
of the L(3)MBT proteins. Thus TEL has been added to the
growing list of NR co-regulators and since both TEL and RAR
signaling are implicated in a broad spectrum of biological
processes, both in health and disease, this interaction might be
important to understand some of the biological effects of TEL and
RAR.

Acknowledgments
We thank Dr. Adriaan Houtsmuller for helpful discussions.

Author Contributions
Conceived and designed the experiments: MMS MJFWJ WMH KHMW
ECZ. Performed the experiments: MMS MJFWJ WMH KHMW AFLJFA
GO GBAT. Analyzed the data: MMS MJFWJ WMH KHMW AFLJFA
GO GBAT ECZ. Wrote the paper: MMS ECZ.

References
1. Aranda A, Pascual A (2001) Nuclear hormone receptors and gene expression.
Physiol Rev 81: 1269–1304.
2. Altucci L, Gronemeyer H (2001) The promise of retinoids to fight against
cancer. Nat Rev Cancer 1: 181–193.
3. Clarke N, Germain P, Altucci L, Gronemeyer H (2004) Retinoids: potential in
cancer prevention and therapy. Expert Rev Mol Med 6: 1–23.
4. Lavinsky RM, Jepsen K, Heinzel T, Torchia J, Mullen TM, et al. (1998) Diverse
signaling pathways modulate nuclear receptor recruitment of N- CoR and
SMRT complexes. Proc Natl Acad Sci U S A 95: 2920–2925.
5. Nagy L, Kao HY, Chakravarti D, Lin RJ, Hassig CA, et al. (1997) Nuclear
receptor repression mediated by a complex containing SMRT, mSin3A, and
histone deacetylase. Cell 89: 373–380.
6. Leo C, Chen JD (2000) The SRC family of nuclear receptor coactivators. Gene
245: 1–11.
7. Bommer M, Benecke A, Gronemeyer H, Rochette-Egly C (2002) TIF2 mediates
the synergy between RARalpha 1 activation functions AF-1 and AF-2. J Biol
Chem 277: 37961–37966.
8. Perissi V, Jepsen K, Glass CK, Rosenfeld MG (2010) Deconstructing repression:
evolving models of co-repressor action. Nat Rev Genet 11: 109–123.
9. Carlberg C, Seuter S (2010) Dynamics of nuclear receptor target gene
regulation. Chromosoma 119: 479–484.
10. Baek SH, Rosenfeld MG (2004) Nuclear receptor coregulators: their
modification codes and regulatory mechanism by translocation. Biochem
Biophys Res Commun 319: 707–714.
11. Wu RC, Smith CL, O’Malley BW (2005) Transcriptional regulation by steroid
receptor coactivator phosphorylation. Endocr Rev 26: 393–399.
12. Lonard DM, O’Malley BW (2006) The expanding cosmos of nuclear receptor
coactivators. Cell 125: 411–414.
13. Wang LC, Kuo F, Fujiwara Y, Gilliland DG, Golub TR, et al. (1997) Yolk sac
angiogenic defect and intra-embryonic apoptosis in mice lacking the Ets-related
factor TEL. Embo J 16: 4374–4383.
14. Green SM, Coyne HJ, 3rd, McIntosh LP, Graves BJ (2010) DNA binding by the
ETS protein TEL (ETV6) is regulated by autoinhibition and self-association.
J Biol Chem 285: 18496–18504.
15. Kim CA, Phillips ML, Kim W, Gingery M, Tran HH, et al. (2001)
Polymerization of the SAM domain of TEL in leukemogenesis and
transcriptional repression. EMBO J 20: 4173–4182.
16. Wang L, Hiebert SW (2001) TEL contacts multiple co-repressors and specifically
associates with histone deacetylase-3. Oncogene 20: 3716–3725.
17. Chakrabarti SR, Nucifora G (1999) The leukemia-associated gene TEL encodes
a transcription repressor which associates with SMRT and mSin3A. Biochem
Biophys Res Commun 264: 871–877.
18. Boccuni P, MacGrogan D, Scandura JM, Nimer SD (2003) The human
L(3)MBT polycomb group protein is a transcriptional repressor and interacts
physically and functionally with TEL (ETV6). J Biol Chem 278: 15412–15420.
19. Meester-Smoor MA, Molijn AC, Zhao Y, Groen NA, Groffen CA, et al. (2007)
The MN1 oncoprotein activates transcription of the IGFBP5 promoter through
a CACCC-rich consensus sequence. J Mol Endocrinol 38: 113–125.
20. van Wely KH, Meester-Smoor MA, Janssen MJ, Aarnoudse AJ, Grosveld GC,
et al. (2007) The MN1-TEL myeloid leukemia-associated fusion protein has a
dominant-negative effect on RAR-RXR-mediated transcription. Oncogene 26:
5733–5740.
21. Buijs A, van Rompaey L, Molijn AC, Davis JN, Vertegaal AC, et al. (2000) The
MN1-TEL fusion protein, encoded by the translocation (12;22)(p13;q11) in
myeloid leukemia, is a transcription factor with transforming activity. Mol Cell
Biol 20: 9281–9293.
22. Kolodziej KE, Pourfarzad F, de Boer E, Krpic S, Grosveld F, et al. (2009)
Optimal use of tandem biotin and V5 tags in ChIP assays. BMC Mol Biol 10: 6.
23. de Boer E, Rodriguez P, Bonte E, Krijgsveld J, Katsantoni E, et al. (2003)
Efficient biotinylation and single-step purification of tagged transcription factors

PLoS ONE | www.plosone.org

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.
34.
35.

36.
37.

38.

39.

40.

41.

42.

7

in mammalian cells and transgenic mice. Proc Natl Acad Sci U S A 100:
7480–7485.
Knowles BB, Howe CC, Aden DP (1980) Human hepatocellular carcinoma cell
lines secrete the major plasma proteins and hepatitis B surface antigen. Science
209: 497–499.
van Wely KH, Molijn AC, Buijs A, Meester-Smoor MA, Aarnoudse AJ, et al.
(2003) The MN1 oncoprotein synergizes with coactivators RAC3 and p300 in
RAR-RXR-mediated transcription. Oncogene 22: 699–709.
Meester-Smoor MA, Janssen MJ, Grosveld GC, de Klein A, van IWF, et al.
(2008) MN1 affects expression of genes involved in hematopoiesis and can
enhance as well as inhibit RAR/RXR-induced gene expression. Carcinogenesis
29: 2025–2034.
Poirel H, Oury C, Carron C, Duprez E, Laabi Y, et al. (1997) The TEL gene
products: nuclear phosphoproteins with DNA binding properties. Oncogene 14:
349–357.
Lopez RG, Carron C, Oury C, Gardellin P, Bernard O, et al. (1999) TEL is a
sequence-specific transcriptional repressor. J Biol Chem 274: 30132–30138.
Buijs A, Sherr S, van Baal S, van Bezouw S, van der Plas D, et al. (1995)
Translocation (12;22) (p13;q11) in myeloproliferative disorders results in fusion
of the ETS-like TEL gene on 12p13 to the MN1 gene on 22q11 [published
erratum appears in Oncogene 1995 Aug 17;11(4):809]. Oncogene 10:
1511–1519.
Granger SW, Fan H (1998) In vivo footprinting of the enhancer sequences in the
upstream long terminal repeat of Moloney murine leukemia virus: differential
binding of nuclear factors in different cell types. J Virol 72: 8961–8970.
Gunther CV, Nye JA, Bryner RS, Graves BJ (1990) Sequence-specific DNA
binding of the proto-oncoprotein ets-1 defines a transcriptional activator
sequence within the long terminal repeat of the Moloney murine sarcoma
virus. Genes Dev 4: 667–679.
Guidez F, Petrie K, Ford AM, Lu H, Bennett CA, et al. (2000) Recruitment of
the nuclear receptor corepressor N-CoR by the TEL moiety of the childhood
leukemia-associated TEL-AML1 oncoprotein. Blood 96: 2557–2561.
Oikawa T, Yamada T (2003) Molecular biology of the Ets family of transcription
factors. Gene 303: 11–34.
Ross SA, McCaffery PJ, Drager UC, De Luca LM (2000) Retinoids in
embryonal development. Physiol Rev 80: 1021–1054.
Epping MT, Wang L, Edel MJ, Carlee L, Hernandez M, et al. (2005) The
human tumor antigen PRAME is a dominant repressor of retinoic acid receptor
signaling. Cell 122: 835–847.
Zhao J, Zhang Z, Vucetic Z, Soprano KJ, Soprano DR (2009) HACE1: A novel
repressor of RAR transcriptional activity. J Cell Biochem 107: 482–493.
Oesterreich S, Zhang Q, Hopp T, Fuqua SA, Michaelis M, et al. (2000)
Tamoxifen-bound estrogen receptor (ER) strongly interacts with the nuclear
matrix protein HET/SAF-B, a novel inhibitor of ER-mediated transactivation.
Mol Endocrinol 14: 369–381.
Li HJ, Haque ZK, Chen A, Mendelsohn M (2007) RIF-1, a novel nuclear
receptor corepressor that associates with the nuclear matrix. J Cell Biochem 102:
1021–1035.
Pfitzner E, Kirfel J, Becker P, Rolke A, Schule R (1998) Physical interaction
between retinoic acid receptor and the oncoprotein myb inhibits retinoic aciddependent transactivation. Proc Natl Acad Sci U S A 95: 5539–5544.
Kakizawa T, Miyamoto T, Ichikawa K, Kaneko A, Suzuki S, et al. (1999)
Functional interaction between Oct-1 and retinoid X receptor. J Biol Chem 274:
19103–19108.
Schick N, Oakeley EJ, Hynes NE, Badache A (2004) TEL/ETV6 Is a Signal
Transducer and Activator of Transcription 3 (Stat3)-induced Repressor of Stat3
Activity. J Biol Chem 279: 38787–38796.
Mangelsdorf DJ, Evans RM (1995) The RXR heterodimers and orphan
receptors. Cell 83: 841–850.

September 2011 | Volume 6 | Issue 9 | e23620

