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TEL is an ETS family transcription factor that possesses multiple putative mitogen-activated protein kinase
phosphorylation sites. We here describe the functional regulation of TEL via ERK pathways. Overexpressed
TEL becomes phosphorylated in vivo by activated ERK. TEL is also directly phosphorylated in vitro by ERK.
The inducible phosphorylation sites are Ser>'* and Ser**”. TEL binds to a common docking domain in ERK.
In vivo ERK-dependent phosphorylation reduces trans-repressional and DNA-binding abilities of TEL for
ETS-binding sites. A mutant carrying substituted glutamates on both Ser*'* and Ser*™’ functionally mimics
hyperphosphorylated TEL and also shows a dominant-negative effect on TEL-induced transcriptional sup-
pression. Losing DNA-binding affinity through phosphorylation but heterodimerizing with unmodified TEL
could be an underlying mechanism. Moreover, the glutamate mutant dominantly interferes with TEL-induced
erythroid differentiation in MEL cells and growth suppression in NIH 3T3 cells. Finally, endogenous TEL is
dephosphorylated in parallel with ERK inactivation in differentiating MEL cells and is phosphorylated
through ERK activation in Ras-transformed NIH 3T3 cells. These data indicate that TEL is a constituent
downstream of ERK in signal transduction systems and is physiologically regulated by ERK in molecular and

biological features.

TEL is a member of the ETS family transcription factors (7)
that are essential for a variety of developmental processes and
cellular responses to environmental stimuli. TEL shares with
other ETS proteins an evolutionarily conserved ETS domain at
the C terminus that is responsible for DNA binding to the
ETS-binding consensus site (EBS) (26). TEL also contains an
N-terminal domain that is referred to as the helix-loop-helix
(HLH), or pointed, domain. The HLH domain in TEL has the
unique property of inducing its stable homodimerization or
heterodimerization with other ETS family members (9, 13, 18,
27). Being a transcriptional repressor, TEL is known to inter-
act with the relevant cofactors mSin3A and N-CoR (34). By
interacting with histone deacetylase-3 directly or indirectly,
TEL is believed to mediate transcriptional repression of target
genes such as FLI-1 (21), Id] (R. Martinez and T. R. Golub,
Abstr. 42nd Annu. Meet. Am. Soc. Hematol., abstr. 453a,
2000), and stromelysin-1 (6).

Various 12p13 translocations involving the 7EL gene and
generating the TEL-related chimeric genes have been reported
in many types of hematological malignancies. In some trans-
locations, receptor-type or non-receptor-type tyrosine kinases
are fused to the N-terminal portion of TEL and are thus
activated by homodimerization through the HLH domain in
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the TEL moiety. Examples include platelet-derived growth
factor receptor B in t(5;12)(q33;p13) (12), ABL in t(9;12)(q34;
p13) (8), JAK2 in t(9;12)(p24;p13) (19), and Syk in t(9;
12)(q22;p13) (16). In other translocations, transcription factors
are structurally and functionally modified by fusion with the N-
or C-terminal part of TEL. Examples include AMLI1 in t(12;
21)(p13;q22) (5, 10, 11) and MNI1 in t(12;22)(p13;q11) (3).
Thus, perturbation of original functions of the partner genes
could be a mechanism in causing leukemia in patients with
such translocations. On the other hand, tumor-suppressive
functions of TEL are suggested, because the expression of TEL
in Ras-transformed NIH 3T3 cells inhibits cell growth in liquid
and soft agar cultures (6, 32).

TEL is widely expressed throughout mouse embryonic de-
velopment and in most human and mouse tissues. It is essential
for mouse development, since its inactivation by homologous
recombination results in embryonic lethality at E10.5 to E11.5
(35). The knockout embryos show defects in yolk sac angio-
genesis and intraembryonic apoptosis of mesenchymal and
neural cells, while they present normal yolk sac hematopoiesis.
Analysis of chimeric mice with TEL ™/~ embryonic stem cells
uncovered an essential role of TEL in establishing hematopoi-
esis of all lineages in neonatal bone marrow, although TEL ™/~
embryonic stem cells contributed to both primary and defini-
tive fetal hematopoiesis (36). As for lineage-specific roles in
hematopoietic systems, we have recently reported that TEL
accelerates erythroid differentiation of mouse erythroleukemia
(MEL) cells induced by hexamethylene bisacetamide (HMBA)
or dimethyl sulfoxide (33).
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Extracellular signal-regulated kinase (ERK) is one of the
mitogen-activated protein kinases (MAPKs) that ubiquitously
phosphorylate proline-directed serine/threonine residues and
participate in signal transduction pathways controlling intra-
cellular events (4, 14, 25). ERK governs mainly proliferation,
differentiation, and cell survival through being activated by a
wide range of cytokine and growth factor stimuli. Several nu-
clear transcription factors have been identified as in vivo sub-
strates for MAPKSs, molecular functions of which are altered
through phosphorylation. TEL is also a nuclear phosphopro-
tein that possesses multiple putative MAPK phosphorylation
sites (26). However, the functional significance of the phos-
phorylation has not yet been elucidated. In the present study,
we investigated the regulation of TEL’s functions through
ERK-induced phosphorylation. TEL became phosphorylated
by ERK on two serine residues, Ser*'® and Ser*’, in the
internal domain between the HLH and ETS domains. TEL lost
its abilities to repress transcription through the phosphoryla-
tion. A glutamate mutant molecularly mimicking hyperphos-
phorylated TEL also completely blocked TEL-mediated
erythroid differentiation in MEL cells and antagonized TEL-
induced growth suppression in H-Ras-transformed NIH 3T3
cells. Importantly, endogenous TEL proteins were found to be
dephosphorylated in parallel with ERK inactivation during
erythroid differentiation in MEL cells and to be phosphory-
lated by activated ERK in H-Ras-transformed NIH 3T3 cells.
These results suggest that TEL’s biological functions could be
physiologically regulated through ERK-induced phosphoryla-
tion via various differentiation and proliferation signals.

MATERIALS AND METHODS

Plasmid construction. pME18S-FLAG-TEL, pCXN2-FLAG-TEL, pME18S-
FLAG-AHLH-TEL, pME18S-FLAG-A5'ID-TEL, pME18S-FLAG-AETS-TEL,
pME18S-FLAG-AHLH+5'ID-TEL, pME18S-FLAG-AHLH+ID-TEL, and
pMEI18S-EVI-1 were described previously (1, 33). The TEL mutants S22, S213,
$238, and S257 were obtained by leaving the serine residues of the amino acids
indicated and replacing the remaining residues among Ser??, Ser?'3, Ser?*®, and
Ser®7 with alanines in pME18S-FLAG-TEL by using the Chameleon double-
stranded site-directed mutagenesis kit (Stratagene). The TEL mutants E22,
E213, E238, E257, E213/238, E238/257, E213/257, E22/257, E22/213/257, and
E213/238/257 were also obtained by replacing the serine residues of the amino
acids indicated with glutamates in pME18S-FLAG-TEL. Both FLAG-tagged
wild-type TEL and E213/257 mutant cDNAs were cloned into the EcoRI site of
pCDNA3 (Invitrogen) and pSRaMSVtkneo retrovirus vector. FLAG-tagged
wild-type TEL and S22, S213, S238, and S257 mutant cDNAs were cloned into
the EcoRI site of pGEX-1 (Pharmacia). FLAG-tagged E213/257 mutant and
influenza virus hemagglutinin (HA)-tagged wild-type TEL ¢cDNAs were also
cloned into the EcoRI site of the pCXN2 and the pCAGIpuro expression plas-
mids that carry the neo® and the puromycin® genes, respectively. pPCMVMK,
which is an expression vector of a rat ERK1-ERK2 chimeric protein, was de-
scribed previously (31). To construct ERK-ACD, two Aor51HI sites (positions
915 and 996) were created by means of site-directed mutagenesis and the internal
fragment from mutagenic Aor51HI (position 915) to mutagenic Aor41HI (po-
sition 996) was deleted. Activated H-Ras genomic DNA was purchased from
JCRB GenBank and was cloned into the pCAGIPuro expression plasmid. The
pGL2-754TR reporter plasmid contains a natural promoter derived from the
stromelysin-1 gene (6).

Cell culture. A Friend virus-induced erythroleukemia cell line, MEL-BS, and
NIH 3T3 and COS-7 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum (FCS). To activate
ERK, COS-7 cells were treated with 10% FCS plus 100 ng of recombinant
human epidermal growth factor (EGF; Wakunaga) per ml after serum starvation
with 0.1% FCS. To induce erythroid differentiation in MEL cells, 5 mM HMBA
(Sigma-Aldrich) was added to the culture. Erythroid differentiation was deter-
mined by calculating the percentage of hemoglobin-producing cells following
benzidine staining.
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Isolation of stable transfectants. To establish stable transfectants of wild-type
TEL or the E213/257 mutant, 1 X 107 MEL cells were electroporated with 20 p.g
of each cDNA cloned into the pCXN2 plasmid at 380 V and 975 pF by using
Gene Pulser (Bio-Rad). Transfected cells were selected with 0.8 mg of G418
(Sigma-Aldrich)/ml and cloned by limiting dilution. Survival clones were
screened for the expression of wild-type TEL or the E213/257 mutant by Western
analysis with anti-FLAG M2 antibody (Sigma-Aldrich). To further obtain double
transfectants of the wild-type-TEL and the E213/257 mutant, 2 X 10° MEL cells
stably expressing the E213/257 mutant were electroporated with 8 g of wild-type
TEL c¢DNA cloned into the pCAGIpuro plasmid at 500 V and 25 wF by using
Gene Pulser. Electroporated cells were selected with 0.75 pg of puromycin
(Sigma-Aldrich)/ml and cloned by limiting dilution. Survival clones were
screened for concomitant expression of the wild-type TEL and the E213/257
mutant by Western analysis with anti-HA (BAbCO) and anti-FLAG M2 anti-
bodies. To establish stable transfectants expressing the activated H-Ras mutant,
5 X 10° NIH 3T3 cells were transfected with 10 pg of the pCAGIPuro-H-Ras
expression plasmid by the Lipofectin method with TransFast (Promega). Trans-
fected cells were selected with 0.3 pg of puromycin/ml and cloned by limiting
dilution. Survival clones were screened for the expression of H-Ras by Western
analysis with anti-H-Ras F235 antibody (Santa Cruz Biotechnology).

Western analysis and immunoprecipitation. COS-7 cells were transfected with
FLAG-tagged wild-type TEL or its mutant expression plasmids alone or in
combination with ERK expression plasmid by the DEAE-dextran method as
described previously (33). Western analyses were performed as described previ-
ously (22) by using anti-FLAG M2, anti-HA, anti-ERK1 C-16 (Santa Cruz
Biotechnology), or anti-phosphorylated ERK E10 (New England BioLabs) an-
tibody. The blots were visualized by using the Problot AP system (Promega).
Immunoprecipitation was carried out with anti-FLAG M2 or anti-TEL N-19
(Santa Cruz Biotechnology) antibody conjugated with protein G-Sepharose
(Pharmacia), and immunoprecipitates were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE).

Metabolic labeling. COS-7 cells were cultured for 36 h after transfection in
DMEM containing 10% FCS, transferred to DMEM containing 0.1% FCS, and
incubated for 12 h. They were then transferred and cultured for 3 to 4 h in
methionine- or phosphate-free DMEM supplemented with 0.1% FCS (dialyzed
against 150 mM NaCl) plus 100 nCi of [**S]methionine (Tran->>S label; ICN)/ml
or 400 wCi of [*?P]orthophosphate (Phosphorus-32; Amersham)/ml. Then, they
were either left untreated or treated with 10% FCS (dialyzed against 150 mM
NaCl) plus 100 ng of recombinant human EGF per ml for 5 min.

Parental MEL cells were cultured in DMEM containing 10% FCS with 5 mM
HMBA for the indicated periods and were then transferred and cultured for 12 h
in methionine- or phosphate-free DMEM supplemented with 10% FCS (dia-
lyzed against 150 mM NaCl) plus 100 nCi of [**S]methionine/ml or 400 p.Ci of
[3?PJorthophosphate/ml.

After incubation in DMEM containing 10% FCS for 36 h, nontransformed or
H-Ras-transformed NIH 3T3 clones were transferred and cultured for 12 h in
methionine- or phosphate-free DMEM without FCS but with 100 pnCi of
[3*S]methionine/ml or 400 pCi of [**P]orthophosphate/ml.

In vitro kinase and pull-down assays. Glutathione S-transferase (GST)-wild-
type-TEL, S22, S213, S238, and S257 proteins were produced as described
previously (17). For an in vitro kinase assay, COS-7 cells that were transfected
with ERK expression plasmid were stimulated with EGF as described above. Cell
lysates were immunoprecipitated with anti-ERK1 antibody conjugated with pro-
tein G-Sepharose and subjected to an in vitro kinase reaction with myelin basic
proteins (MBPs) (Sigma-Aldrich) or GST-wild-type-TEL, S22, S213, S238, and
S257 fusion proteins as a substrate as described previously (1). A pull-down assay
was performed with GST-wild-type-TEL and COS-7 lysates expressing ERK or
ERK-ACD as described previously (1).

Luciferase assay. NIH 3T3 cells were transfected with 1 pg of the pGL2-
754TR reporter plasmid alone or along with 1 pg of expression plasmids by using
TransFast (Promega). Luciferase assays were performed using the Dual-Lucif-
erase reporter assay system (Promega) as described previously (1). We confirmed
that all of the proteins used in this study were expressed at almost similar levels
(data not shown).

EMSA. COS-7 cells were transfected with TEL expression plasmid alone or
along with ERK expression plasmid and either left untreated or treated with
EGF. Wild-type TEL and E213/257 mutant proteins were in vitro translated with
pCDNA3 expression plasmids by using the TNT coupled wheat germ extract
system (Promega). The procedures for the electrophoretic mobility shift assay
(EMSA) and the oligonucleotides used were reported previously (33).

Viral infection. To prepare the retrovirus stocks, 10 ug of pPSRaMSVtkneo,
pSRaMSVtkneo-TEL, or pSRaMSVtkneo-E213/257 construct was transfected
with 40 pg of ¢ packaging plasmid into 1 X 10° COS-7 cells by the DEAE-
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dextran method. The culture medium containing viruses was harvested 96 h after
transfection. Viral titers were determined and normalized. Viral infections were
carried out by exposing 5 X 10* H-Ras-transformed NIH 3T3 cells to 1 ml of
virus stocks for 8 h. G418-resistant populations were selected in medium con-
taining 0.4 mg of G418/ml after additional incubation for 48 h in medium without
G418. The following experiments were performed with uncloned cell popula-
tions.

Transformation assay. For a soft agar assay, cells of each transfected deriva-
tive were trypsinized, suspended in DMEM containing 0.3% agar and 20% FCS,
and plated onto a bottom layer containing 0.6% agar. Cells were plated at a
density of 2 X 10* cells/3.5-cm dish in quadruplicate, and colonies >0.125 mm in
diameter were enumerated after 14 days. The numbers of colonies are presented
as mean values.

RESULTS

TEL is phosphorylated in vivo with dependence on activa-
tion of ERK. MAPK-induced phosphorylation of several tran-
scription factors is frequently detected as size-shifted bands of
the proteins with SDS-PAGE (30). To clarify a role of TEL in
the Ras/ERK signaling pathways, we examined whether TEL
becomes phosphorylated through the activation of ERK. We
observed three differently migrating bands (two slow-migrating
bands and one fast-migrating band) derived from TEL in
Western analysis, when TEL expression plasmid was intro-
duced into COS-7 cells (Fig. 1A). Interestingly, overexpressed
TEL showed a size shift when COS-7 cells cotransfected with
ERK expression plasmid were serum starved and stimulated
with EGF. Then, kinase activities of endogenous or overex-
pressed ERK in COS-7 cells were evaluated by an in vitro
kinase assay with immunoprecipitates with anti-ERK antibody
and its known substrate MBP (Fig. 1B). Endogenous ERK was
slightly activated upon EGF stimulation, as judged by the phos-
phorylation status of MBP. The most prominent ERK activity
was detected when ERK-transfected COS-7 cells were treated
with EGF. We thus concluded that the EGF treatment poten-
tiated kinase activities of overexpressed ERK in COS-7 cells.
Therefore, TEL seems to be phosphorylated through the acti-
vation of ERK. To confirm in vivo phosphorylation of TEL
proteins by activated ERK, we next employed [**S]methionine
and [**PJorthophosphate labeling. FLAG-tagged TEL was
transiently expressed with or without overexpressed ERK in
COS-7 cells and immunoprecipitated with anti-FLAG anti-
body. With [>*S]methionine labeling, we observed two TEL-
derived bands (a broad slow-migrating band and a narrow
fast-migrating band) when only TEL was overexpressed (Fig.
1C). We also detected size-shifted bands when cotransfected
ERK was stimulated with EGF. When [**P]orthophosphate
labeling was carried out, the former slow- and fast-migrating
bands turned out to be derived from phosphorylated and un-
phosphorylated forms of TEL, respectively. The latter shifted
bands appeared to be derived from hyperphosphorylated
forms. These data indicate that approximately two-thirds of
overexpressed TEL molecules are constitutively phosphory-
lated and that almost all of them are inducibly hyperphospho-
rylated upon ERK activation.

ERK-dependent phosphorylation at Ser®*” is detectable as a
size shift. Overexpressed TEL proteins were detected as three
differently migrating bands in COS-7 cells by Western analysis
(Fig. 1A). In contrast to the results of the [**S]methionine- and
[**P]orthophosphate-labeling experiments, two slow-migrating
bands were considered to be derived from phosphorylated
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FIG. 1. (A) TEL shows a size shift upon activation of ERK. COS-7
cells were transfected with 5 wg of pME18S-FLAG-TEL alone (lanes
1 and 2) or together with 5 wg of pPCMVMK (ERK expression plasmid)
(lanes 3 and 4), starved in medium containing 0.1% FCS, and either
left untreated (lanes 1 and 3) or treated with recombinant human EGF
for 5 min (lanes 2 and 4). Western analyses were performed with
anti-FLAG or anti-ERKI1 antibody. (B) ERK activities in COS-7 cells.
COS-7 cells were not transfected (lanes 1 and 2) or transfected with 5
ng of ERK expression plasmid (lanes 3 and 4) and treated as described
for panel A. In vitro kinase assays were performed with MBP as a
substrate. (C) [**S]methionine and [**PJorthophosphate labeling of
TEL proteins. COS-7 cells were transfected with 5 pg of pME18S-
FLAG-TEL alone (lanes 1, 2, 5, and 6) or together with 5 ng of ERK
expression plasmid (lanes 3, 4, 7, and 8), subjected to metabolic label-
ing with [**S]methionine (lanes 1 to 4) or [**PJorthophosphate (lanes
5 to 8), treated as described for panel A, and immunoprecipitated with
anti-FLAG antibody. Open arrowheads, solid arrowheads and solid
arrows in panels A and C indicate unphosphorylated, phosphorylated,
and hyperphosphorylated forms of TEL, respectively. Positions of size
markers (in kilodaltons) are shown.

forms and a fast-migrating band was considered to be derived
from unphosphorylated forms. The retarded bands that were
observed when exogenous ERK was activated mirrored those
of hyperphosphorylated forms. In order to determine phos-
phorylation sites in TEL, a set of deletion mutants (shown in
Fig. 2A) were expressed with ERK in COS-7 cells and subse-
quently analyzed for size shifts after the EGF stimulation with
SDS-PAGE. When three types of TEL mutants (AHLH-TEL,
AHLH+5'ID-TEL, and AETS-TEL) were expressed in the
presence of activated ERK, retarded bands were induced with
almost the same pattern as in wild-type TEL (Fig. 2B). How-
ever, we did not detect such a size shift by ERK when
AHLH+ID-TEL and AS'ID-TEL were expressed. These data
suggest that major ERK-dependent phosphorylation sites exist
within the region comprising amino acids 206 to 267 in TEL.
We cannot completely rule out the existence of other phos-
phorylation sites outside this region because phosphorylation
on some residues could not be detected as size shifts with
SDS-PAGE.

Ser/Thr-Pro is a minimal consensus sequence for phosphor-
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FIG. 2. (A) Structures of TEL deletion mutants. The HLH and the
ETS domains are shown by shaded and hatched boxes, respectively.
Numerals are amino acid numbers in the TEL protein. (B) ERK-
dependent size shifts of wild-type TEL and its deletion mutants. COS-7
cells were transfected with 5 ug of pME18S-FLAG-TEL (lanes 1 and
2), pME18S-FLAG-AHLH-TEL (lanes 3 and 4), pME18S-FLAG-
AHLH+5'ID-TEL (lanes 5 and 6), pME18S-FLAG-AHLH+ID-TEL
(lanes 7 and 8), pME18S-FLAG-A5'ID-TEL (lanes 9 and 10), or
pME18S-FLAG-AETS-TEL (lanes 11 and 12) alone (lanes 1, 3,5, 7, 9,
and 11) or in combination with 5 pg of ERK expression plasmid (lanes
2,4, 6, 8, 10, and 12), serum starved, and either left untreated (lanes
1,3,5,7,9, and 11) or treated with recombinant human EGF for 5 min
(lanes 2, 4, 6, 8, 10, and 12). Western analysis was performed with
anti-FLAG antibody. Positions of size markers (in kilodaltons) are
shown.

ylation by all MAPKs (4). Thus, there are three potential
phosphorylation sites (Ser*'?, Ser**®, and Ser**’) within the
region identified above if TEL is directly phosphorylated by
ERK (Fig. 3A). Because Ser®? is equivalent to Thr*® in ETS1
and Thr’? in ETS2 (29), which are phosphorylated by ERK
(28, 38), this serine residue is another candidate for phosphor-
ylation by ERK. To determine whether these four candidate
sites become phosphorylated depending on ERK activation,
we constructed TEL mutants S22, S213, S238, and S257 by
leaving each serine residue as it is and replacing the remaining
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FIG. 3. (A) Potential sites of phosphorylation by ERK in TEL.
Potential phosphorylation sites that meet a minimal consensus se-
quence (Ser/Thr-Pro) and reside within the region comprising amino
acids 206 to 267 are boxed. Numerals are amino acid numbers in the
TEL protein. (B) Structures of alanine mutants. The potential serine
residues for phosphorylation, Ser?, Ser®'3, Ser®*®, and Ser®’, were
replaced with alanines. Asterisks show the positions of the residual
serine residues. (C) ERK-dependent size shifts of wild-type TEL and
its alanine mutants. COS-7 cells were transfected with 5 ng of
pME18S-FLAG-TEL (lanes 1 and 2), pME18S-FLAG-S22 (lanes 3
and 4), pME18S-FLAG-S213 (lanes 5 and 6), pME18S-FLAG-S238
(lanes 7 and 8), pME18S-FLAG-S257 (lanes 9 and 10), or pME18S-
FLAG-S-null (lanes 11 and 12) alone (lanes 1, 3, 5, 7, 9, and 11) or in
combination with 5 wg of ERK expression plasmid (lanes 2, 4, 6, 8, 10,
and 12) and treated as described in the legend to Fig. 2B. Western
analysis was performed with anti-FLAG antibody. Positions of size
markers (in kilodaltons) are shown.

three residues with alanines by in vitro mutagenesis (Fig. 3B).
In addition, we also constructed S-null, in which all four serine
residues were replaced by alanines. Among these mutants, only
S22 showed the slow- and fast-migrating bands that might
correspond to phosphorylated and unphosphorylated forms of
wild-type TEL without activated ERK, while the other four
mutants, S213, S238, S257, and S-null, revealed only the fast-
migrating bands and were thought to remain unphosphory-
lated (Fig. 3C). It is conceivable that almost two thirds of
overexpressed wild-type TEL molecules are constitutively
phosphorylated on Ser** without ERK activation. On the other
hand, the S257 mutant showed the same pattern of shifted
bands as wild-type TEL after ERK activation, while the re-
maining mutants hardly induced the shifted bands. Thus,
Ser?” may be a major phosphorylation site depending on ERK
activation, and phosphorylation at Ser?'* and Ser**® is not
detectable by a size shift.

TEL is directly phosphorylated by ERK in vitro at Ser*'?
and Ser®™’. It is quite likely that TEL is directly phosphorylated
by ERK, since the identified phosphorylation residue Ser®*’
meets the minimal consensus sequence for phosphorylation by
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FIG. 4. (A) In vitro ERK kinase assays with wild-type TEL (WT),
S22, 8213, S238, and S257 as substrates. The top panel shows results of
assays performed as described in the legend to Fig. 1. In the bottom
panel, the input of each lane is shown by Coomassie staining. The
arrow indicates GST-wild-type-TEL or its mutant fusion proteins
phosphorylated by ERK. (B) Physical interaction between ERK and
wild-type TEL through the CD domain in ERK. COS-7 cells were not
transfected (lanes 1 and 4) or were transfected with 5 pg of ERK-ACD
(lanes 2 and 5) or ERK (lanes 3 and 6) expression plasmid, harvested,
and mixed with GST-glutathione-Sepharose beads (lanes 1 to 3) or
GST-wild-type-TEL conjugated with glutathione-Sepharose beads
(lanes 4 to 6). Western analyses were performed with anti-ERK anti-
body to detect ERK proteins expressed in COS-7 cells (top panel) and
those bound to GST-wild-type-TEL (bottom panel). Arrows and a
solid arrowhead indicate ERK and ERK-ACD proteins, respectively.

ERK. In order to confirm this possibility, a GST-wild-type-
TEL fusion protein was produced in Escherichia coli, affinity
purified, and used as a substrate for an in vitro ERK assay.
ERK overexpressed in COS-7 cells was immunoprecipitated
with anti-ERK antibody and subjected to the assay. GST-wild-
type-TEL became phosphorylated in vitro by EGF-activated
ERK (Fig. 4A). To determine phosphorylation sites in a more
straightforward way, we next performed in vitro kinase assays
with GST-S22, GST-S213, GST-S238, and GST-S257 fusion
proteins. As expected from the Western analysis results de-
scribed above, activated ERK induced phosphorylation in
GST-S257 fusion protein in vitro. GST-S238 did not become
phosphorylated at all, even after ERK activation, suggesting
that neither Ser?® nor any other serine or threonine residues
except Ser??, Ser?'®, and Ser®’ are targets for ERK-induced
phosphorylation. Surprisingly, GST-S213 became phosphory-
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lated with activated ERK. This result indicates that Ser?'? is
another phosphorylation site that is not detected as a band
shift with SDS-PAGE. Ser??, which was considered to be a
constitutive phosphorylation site on the basis of SDS-PAGE
analysis, became slightly phosphorylated upon ERK stimula-
tion as with SDS-PAGE. Taking these results together, we
conclude that both Ser?'* and Ser*” in TEL are ERK-induc-
ible phosphorylation sites.

TEL physically interacts with ERK. MAPKs have been re-
ported to physically interact with some of their substrates
through their common docking (CD) domains (30, 39). Thus,
we investigated whether TEL associates with ERK depending
on the CD domain. For this purpose, ERK and ERK-ACD,
which lacks the entire CD domain, were overexpressed in
COS-7 cells and their associations with immobilized GST-wild-
type-TEL were examined. ERK significantly associated with
GST-wild-type-TEL, but ERK-ACD did not (Fig. 4B). We
conclude that ERK phosphorylates TEL by binding to it
through the CD domain.

ERK-dependent phosphorylation reduces frans repression
by TEL. In order to obtain insights into the functional modi-
fication of TEL through ERK-induced phosphorylation, we
examined whether the phosphorylation alters the trans-repres-
sional abilities of TEL through EBS. We employed the pGL2-
754TR reporter (6), which contains a natural promoter derived
from the TEL target gene stromelysin-1, in luciferase assays. A
twofold decrease in luciferase activities was observed when
wild-type TEL was expressed (Fig. SA). However, both coex-
pression of ERK and treatment with EGF attenuated tran-
scriptional suppression by wild-type TEL (Fig. SA and B). A
mutant with substituted alanines on both Ser*'* and Ser®’
(S22/238) was not influenced with regard to frans-repressional
functions by either ERK overexpression or EGF treatment.
From these data, we conclude that ERK-dependent phosphor-
ylation inhibits transcriptional repression by TEL.

We constructed a set of TEL mutants by replacing some of
the four candidate serine residues for phosphorylation with
glutamates that mimic phosphoserine residues. Of these mu-
tants, only the E213/257 and E22/213/257 mutants lost their
abilities to repress the transcription through the pGL2-754TR
reporter and functionally mimicked ERK-induced hyperphos-
phorylated TEL (Fig. 5C). Therefore, we speculate that phos-
phorylation at both Ser*"? and Ser®”’ is required to modify
TEL’s molecular functions. Moreover, coexpression of the
E213/257 mutant abolished the transcriptional suppression by
wild-type TEL in a dose-dependent manner (Fig. 5D). When
EVI-1 was coexpressed as a control, the repression by wild-
type TEL was not affected at all. These data suggest that the
E213/257 mutant exerts a dominant-negative effect on TEL-
mediated transcriptional inhibition. We conclude that ERK-
dependent phosphorylation negatively regulates TEL’s abili-
ties as a transcriptional repressor.

ERK-dependent phosphorylation prevents DNA binding of
TEL. We thus examined whether hyperphosphorylated TEL
still possesses EBS-specific DNA-binding properties like un-
modified TEL does. Cell lysates prepared from COS-7 cells
that were transfected with the empty pME18S plasmid (mock)
or unstimulated wild-type TEL- or ERK-stimulated wild-type
TEL-expressing COS-7 cells were subjected to EMSA with
radioactive EBS oligonucleotide as a probe. Almost the same
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FIG. 5. (A) Overexpression of ERK inhibits TEL’s trans-repres-
sional ability. NIH 3T3 cells were transfected with 1 pg of the pGL2-
754TR reporter plasmid alone or along with 0.5 pg of pME18S-FLAG-
TEL or pMEI18S-FLAG-S22/S238 with or without 0.5 pg of ERK
expression plasmid and cultured in DMEM containing 10% FCS for
48 h. (B) Activation of endogenous ERK also inhibits TEL’s trans-
repressional ability. NIH 3T3 cells were transfected with 1 pg of the
pGL2-754TR reporter plasmid alone or along with 1 pg of pME18S-
FLAG-TEL or pME18S-FLAG-S22/S238. After 48 h, the cells were
incubated in DMEM containing 10% FCS with or without recombi-
nant human EGF for 2 h before harvest. (C) Simultaneous replace-
ment of Ser’’® and Ser®’ residues with glutamates eliminates TEL’s
trans-repressional ability. NIH 3T3 cells were transfected with 1 pg of
the pGL2-754TR reporter plasmid alone or along with wild-type TEL
or various kinds of TEL glutamate mutant expression plasmids and
incubated for 48 h before harvest. (D) The glutamate mutant E213/257
shows a dominant-negative effect on TEL-mediated transcriptional
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amounts of TEL proteins were expressed in the lysates without
and with ERK activation (Fig. 6A). As shown in Fig. 6A,
unmodified TEL generated a specific DNA-protein complex
that was supershifted with anti-TEL antibody and was hardly
seen in the mock lysate. This band represented a specific bind-
ing of unmodified TEL to the EBS probe, since the binding was
completely canceled by cold-specific competitors but not by
nonspecific competitors. Notably, the specific DNA-protein
band disappeared when TEL was hyperphosphorylated in vivo
by activated ERK. These results indicate that ERK-dependent
phosphorylation decreases the DNA binding of TEL.

We also compared the DNA-binding affinities of wild-type
TEL and the E213/257 mutant by EMSA with in vitro-trans-
lated wild-type TEL and E213/257 mutant proteins. As shown
in Fig. 6B, expression levels of wild-type TEL and E213/257
mutant proteins were almost similar. Wild-type TEL generated
a specific DNA-protein complex that was completely canceled
by cold-specific competitors but not by nonspecific competitors
and was supershifted with two kinds of anti-TEL antibodies
(N-19 and C-20). The band derived from the specific complex
was quite broad, possibly because the association was ex-
tremely weak, and wild-type TEL proteins and the probe be-
came dissociated during electrophoresis. However, the E213/
257 mutant formed neither the specific DNA-protein complex
nor the supershifted complex with either anti-TEL antibody.
From these results, we conclude that the E213/257 mutant
loses its ability for DNA binding to the EBS and conceivably
mimics hyperphosphorylated TEL in DNA binding. The E213/
257 mutant was found to bind to mSin3A and locate in the
nucleus as wild-type TEL does (data not shown). Moreover,
the glutamate mutant formed a homodimer and a heterodimer
with wild-type TEL (data not shown). It could be possible that
hyperphosphorylated TEL without DNA binding modulates
molecular functions of nonhyperphosphorylated TEL by het-
erodimerizing with it.

E213/257 mutant blocks erythroid differentiation in MEL
cells and stimulates growth in H-Ras-transformed NIH 3T3
cells. Considering that the E213/257 mutant has a dominant-
negative effect on wild-type TEL-mediated transcriptional re-
pression, we further analyzed alterations of TEL’s biological
functions through ERK-dependent phosphorylation. For this
purpose, we employed MEL and NIH 3T3 cells. Because we
have reported that overexpression of wild-type TEL acceler-
ates erythroid differentiation induced by chemical compounds
such as HMBA and dimethyl sulfoxide in MEL cells (33), we
established clones expressing wild-type TEL, the E213/257 mu-
tant, and both wild-type-TEL and the E213/257 mutant to test
the effect of hyperphosphorylated TEL on erythroid differen-
tiation. Figure 7A shows the expression of wild-type TEL

repression. NIH 3T3 cells were transfected with 1 pg of the pGL2-
754TR reporter plasmid alone (lane 1) or along with 0.1 pg of
pPMEI18S-FLAG-TEL (lanes 2 to 8). In lanes 3 to 8, 0.05, 0.5, and 0.9
wg of pMEI18S-FLAG-E213/257 or pMEISS-EVI-1 were cotrans-
fected as well. NIH 3T3 cells were also transfected with 1 pg of the
pGL2-754TR reporter plasmid along with 0.05, 0.5, and 0.9 pg of
pMEI18S-EVI-1 alone (lanes 9 to 11). Bars show luciferase activities
relative to the level observed when control plasmid pME18S was co-
transfected, and average results of duplicate experiments are pre-
sented.
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FIG. 6. (A) Hyperphosphorylated TEL does not bind to DNA. The
top left panel shows results of EMSA carried out with the *?P-labeled
EBS probe (oligonucleotide A) and mock lysate (lanes 1 to 3), wild-
type TEL-expressing COS-7 lysate without activated ERK (lanes 4 to
6), and wild-type TEL-expressing COS-7 lysate with activated ERK
(lanes 7 to 9). A 300-fold molar excess of oligonucleotide A (S.C., lanes
2, 5, and 8) or oligonucleotide M (N.C,, lanes 3, 6 and 9), which
contains mutations in the EBS, was also added to the reaction mix-
tures. Asterisks indicate a specific DNA-TEL complex-derived band.
The top right panel shows results obtained when anti-TEL antibody
(lanes 2 and 4) was also added to the reaction mixtures. The super-
shifted bands are indicated with arrowheads. In the bottom panel, the
expression of unstimulated or ERK-stimulated wild-type TEL protein
is shown. An arrow indicates overexpressed wild-type TEL proteins.
(B) The E213/257 mutant also does not bind to DNA. The top panel
shows results obtained when EMSA was carried out with the 32P-
labeled EBS probe and mock (lanes 1 to 5), in vitro-translated wild-
type TEL (lanes 6 to 10), or E213/257 (lanes 11 to 15) proteins.
Asterisks indicate a specific DNA-TEL complex-derived band. A 300-
fold molar excess of cold-specific competitor (S.C., lanes 2, 7, and 12)
or nonspecific competitor (N.C., lanes 3, 8, and 13) was also added to
the reaction mixtures. Two kinds of anti-TEL antibodies (N-19 for
lanes 4, 9, and 14 and C-20 for lanes 5, 10, and 15) were added to the
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and/or the E213/257 mutant in each of two independent
clones. When stimulated with HMBA, the wild-type TEL-ex-
pressing cells showed an earlier onset and a higher incidence of
benzidine positivity, while mock cells began to be benzidine
positive on day 4 (Fig. 7B). Surprisingly, the E213/257-express-
ing cells completely lost their abilities to become benzidine
positive. However, coexpression of wild-type TEL recovered
E213/257 mutant-induced differentiation block. Thus, it is
plausible that the dominant-negative form of TEL, namely,
E213/257, blocks erythroid differentiation in MEL cells by re-
pressing the propelling function of wild-type TEL.

It has also been demonstrated that the expression of TEL in
Ras-transformed NIH 3T3 cells inhibits cell growth in liquid
and soft agar cultures (6). To look at whether the E213/257
mutant modulates the growth of H-Ras-transformed NIH 3T3
cells, we infected these cells with recombinant retroviruses
expressing wild-type TEL or the E213/257 mutant. Western
analysis confirmed that wild-type TEL and the E213/257 mu-
tant were expressed at similar levels (Fig. 7C). Interestingly,
the E213/257 mutant cooperated with Ras to stimulate cell
growth in both liquid and semisolid media, while wild-type
TEL inhibited growth under both conditions (Fig. 7D and E).
All of these data indicate growth-stimulating and transforming
activities of the E213/257 mutant in the murine fibroblasts. It is
plausible that hyperphosphorylated TEL might act as an in-
hibitory protein that blocks tumor-suppressive functions of
nonhyperphosphorylated TEL.

Extracellular and intracellular signals regulate the phos-
phorylation status of endogenous TEL. We further analyzed
the phosphorylation status of endogenous TEL proteins to
clarify a physiological role of their ERK-dependent phosphor-
ylation. We at first induced erythroid differentiation into pa-
rental MEL cells by treating them with HMBA. Upon treat-
ment, ERK significantly became dephosphorylated, and thus
inactivated, within 8 h, although expression levels of the pro-
tein were unchanged (Fig. 8A). In parallel with this result,
phosphorylation levels of endogenous TEL proteins were
markedly decreased within 1 day. Because hyperphosphory-
lated TEL blocks erythroid differentiation in MEL cells, de-
phosphorylation of TEL through the inactivation of ERK
could play a role in HMBA-induced differentiation. This find-
ing suggests that ERK could physiologically phosphorylate and
thereby inactivate TEL in immature erythroid progenitors to
maintain nondifferentiation status.

We next examined phosphorylation levels of endogenous
TEL proteins in NIH 3T3 cells. ERK in H-Ras-transformed
NIH 3T3 cells was markedly phosphorylated in comparison to
that in nontransformed NIH 3T3 cells (Fig. 8B). Notably, the
phosphorylation level of endogenous TEL proteins was higher
in the former than in the latter. Moreover, the observation that
endogenous TEL proteins showed a slight band shift in H-Ras-
transformed NIH 3T3 cells supported the increased phosphor-
ylation of TEL by ERK (Fig. 8C). These results indicate that

reaction mixtures. The supershifted bands are indicated with a solid
arrowhead. In the bottom panel, the expression of in vitro-translated
wild-type TEL or E213/257 protein is shown. An arrow indicates wild-
type TEL or E213/257 mutant proteins.
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FIG. 7. (A) Expression of wild-type TEL or the E213/257 mutant in MEL clones. These clones were obtained as described in Materials and
Methods. Arrows indicate overexpressed wild-type TEL or E213/257 mutant proteins. (B) The E213/257 mutant completely blocked erythroid
differentiation in MEL cells after HMBA treatment, and coexpression of wild-type TEL relieved its differentiation block. Cell commitment to
terminal differentiation was determined by benzidine staining, and percentages of benzidine-positive cells were calculated at different time points.
(C) Expression of wild-type TEL or the E213/257 mutant in H-Ras-transformed NIH 3T3 cells. These H-Ras-transformed NIH 3T3 cells were
obtained as described in Materials and Methods. An arrow indicates overexpressed wild-type TEL or E213/257 mutant proteins. (D) The E213/257
mutant stimulates the growth of H-Ras-transformed NIH 3T3 cells in liquid culture. After a total of 2 X 10* cells were plated in 24-well plates,
cells were counted every 24 h for 5 days. (E) The E213/257 mutant also stimulates the growth of H-Ras-transformed NIH 3T3 cells in soft agar
culture. Transformation assays were performed as described in Materials and Methods. Bars show means and standard deviations of colony counts
in two independent experiments that were normalized to colony counts with 2 X 10* NIH 3T3 cells.

Ras/ERK pathways could mediate growth-stimulating signals
partly through the inactivation of TEL by phosphorylation.

DISCUSSION

We demonstrated in this study that TEL is hyperphospho-
rylated in vivo with dependence on ERK activation. Because
TEL is efficiently subjected to phosphorylation by ERK in
vitro, TEL seems to be a direct target of ERK. According to
the results of in vitro kinase assays, both Ser*'* and Ser*” are
inducible phosphorylation sites. TEL associates with the CD
domain in ERK in vitro, suggesting that the interaction be-
tween TEL and ERK may be direct. Importantly, phosphory-
lation of TEL by overexpressed ERK or endogenous ERK
activated by EGF treatment results in the diminishment of its
trans-repressional effects on the natural EBS promoter. The
E213/257 mutant loses its trans-repressional activities and
functionally mimics hyperphosphorylated TEL, while the cor-
responding alanine mutant does not lose these activities even
through the overexpression of ERK or the activation of en-

dogenous ERK. We conclude that phosphorylation at both
Ser?"® and Ser**” is necessary to regulate TEL’s molecular
functions. Moreover, the glutamate mutant exerts a dominant-
negative effect on TEL-mediated transcriptional repression.
Therefore, ERK could be a physiologically important MAPK
that induces the phosphorylation of TEL and thereby poten-
tially modulates its functions.

Various ETS family transcription factors become phosphor-
ylated by MAPKSs and are thereby molecularly activated. The
phosphorylating MAP kinases and phosphorylation sites differ
among the molecules. TEL is a member of the ETS subfamily
with ETS-1 and ETS-2, which possesses a highly conserved
N-terminal HLH domain and a C-terminal ETS DNA-binding
domain (7). Although the constitutive phosphorylation site
Ser?? in a TEL molecule is equivalent to Thr*® in ETS-1 and
Thr’? in ETS-2, which are phosphorylated by ERK (38), the
ERK-inducible phosphorylation sites Ser*** and Ser*” are not
conserved in ETS1 and ETS2. Moreover, TEL2, a protein that
is highly structurally related to TEL (9, 27), also does not
possess equivalent serine or threonine residues. Therefore,
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FIG. 8. (A) Dephosphorylation of endogenous TEL proteins dur-
ing the course of erythroid differentiation in MEL cells. Parental MEL
cells were induced into erythroid differentiation with 5 mM HMBA
and subjected to metabolic labeling as described in the legend to Fig.
1C (top panel). Western analyses were performed with anti-ERK or
anti-phosphorylated ERK antibody to detect total or phosphorylated
ERK proteins (bottom panel). Arrows, solid arrowheads, and open
arrowheads indicate endogenous TEL, ERKI1, and ERK2 proteins,
respectively. (B) Phosphorylation of endogenous TEL proteins
through Ras/ERK pathways. Nontransformed or H-Ras-transformed
NIH 3T3 clones were subjected to metabolic labeling as described for
panel A (top panel). Western analyses were performed with anti-ERK
or anti-phosphorylated ERK antibody to detect total or phosphory-
lated ERK proteins (bottom panel). Arrows, solid arrowheads, and
open arrowheads indicate endogenous TEL, ERKI, and ERK2 pro-
teins, respectively. (C) Western analysis with anti-TEL antibody (N-
19) for immunoprecipitates with the same antibody from mock or
H-Ras-transformed NIH 3T3 cells. An arrow indicates immunopre-
cipitated TEL.
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TEL’s regulation through ERK-induced phosphorylation ap-
pears to be highly characteristic of TEL in the subclass of the
ETS transcription factors. Recently, we have reported that
TEL also becomes phosphorylated at Ser®” by p38 but not by
c-Jun NH,-terminal kinase (1). Although it remains undeter-
mined whether Ser?'? is also phosphorylated by p38, phosphor-
ylation by both ERK and p38 on the same serine residue in the
internal domain is also a unique property of TEL. Both Ras
and stress signaling pathways could converge on a transcription
factor TEL in the nucleus under certain circumstances.

It has been reported that ERK physically associates with
several transcription factors that it phosphorylates, including
Elk-1, c-Myc, c-Jun, c-Fos, and AML1 (30). MAPK family
members have a CD domain that lies just C terminal to the
protein kinase catalytic core within a C-terminal extension
shared by the MAPK family and binds to the D domains of
substrates outside the phosphoacceptor site (14, 25). Acidic
residues in the CD domain of MAPKSs are thought to interact
with a basic cluster in the D domains of their substrates. This
docking reaction facilitates the phosphorylation of substrate
phosphoacceptors by MAPK catalytic units by enhancing spec-
ificity between a substrate and a relevant MAP kinase. We
have demonstrated a physical association between TEL and
ERK depending on the CD domain in ERK. This finding may
indicate that their interaction is direct. Because TEL is located
in the nucleus, ERK that is activated and moves to the nucleus
conceivably interacts with TEL. We could not find perfectly
matched consensus sequences of the D domain, (R/K)X(R/
K)X,_o(L/T)X(L/T), around Ser*'? and Ser®”. Further investi-
gation should be carried out to identify an ERK-binding site in
a TEL molecule. Alternatively, it is also possible that ERK
indirectly associates with TEL and that unknown factors me-
diate the association.

Certain transcription factors, including members of the
Forkhead family, are negatively regulated through phosphor-
ylation, although its mechanisms are diverse (2, 15). Among
the ETS family transcription factors, ETS-2 repressor factor,
which exhibits strong transcriptional repressor activity on EBS
promoters, becomes phosphorylated by ERK2 and cdc2/cyclin
B kinase and loses its suppressive effects through export to the
cytoplasm (20). TEL is like EBS-2 repressor factor in that
phosphorylation by ERK causes a decrease in frans-repres-
sional effects. We investigated possible mechanisms in the pre-
vention of TEL’s molecular functions through phosphorylation
by using the glutamate mutant that contains substituted gluta-
mates on both Ser?'® and Ser®*” and functionally mimics hy-
perphosphorylated TEL. It is conceivable that a loss of DNA
binding to the EBS plays a fundamental role in interfering with
transcriptional functions in hyperphosphorylated TEL. Al-
though the identified phosphorylation sites reside outside the
ETS DNA-binding domain, the ternary structure of the ETS
domain might be changed through the phosphorylation. It is of
note that hyperphosphorylated TEL works as a dominant-
negative molecule over nonhyperphosphorylated TEL. Con-
sidering that the E213/257 mutant described above associates
with nonhyperphosphorylated TEL, TEL could lose its tran-
scriptional functions through interaction with a hyperphospho-
rylated form that does not bind to DNA.

MAPKSs are important signal-transducing enzymes that are
involved in cell survival regulation and adaptation upon chem-
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ical and physical stresses. By and large, ERK and stress
MAPKSs such as p38 and c-Jun NH,-terminal kinase mediate
opposite signals for cell differentiation and proliferation (25).
The activation of ERK is linked to cell survival, whereas that of
stress kinases is related to apoptosis induction. We observed
that endogenous TEL proteins in NIH 3T3 cells were phos-
phorylated by endogenous ERK activated through Ras signal-
ing pathways. Moreover, the glutamate mutant mimicking
hyperphosphorylated TEL stimulated the growth of Ras-trans-
formed NIH 3T3 cells in liquid and soft agar cultures, in
contrast to results obtained with wild-type TEL. Therefore, we
conclude that activated ERK represses TEL’s inhibitory effects
on the natural EBS promoter and thus causes a loss of its
tumor-suppressive functions. Because Ras/ERK pathways me-
diate growth-stimulating signals, this functional regulation of
TEL is suitable for ERK’s biological roles. On the other hand,
some papers suggest that down-regulation of the Ras/ERK
signaling pathway is essential for erythroid differentiation in
various systems (23, 24, 37). We also showed that ERK was
dephosphorylated and thus inactivated during the course of
erythroid differentiation with HMBA in MEL cells. In parallel
to this phenomenon, endogenous TEL proteins were found to
be dephosphorylated upon HMBA treatment. Moreover, the
glutamate mutant blocked erythroid differentiation in MEL
cells, while wild-type TEL accelerated it. Therefore, the ery-
throid differentiation stimulator TEL appears to be positively
regulated during differentiation through the functional loss of
ERK and to play a role in the maturation of erythroid progen-
itors. All of these data indicate the physiological relevance of
the ERK-mediated TEL’s phosphorylation. In contrast, the
functional significance of the p38-induced phosphorylation in
physiological settings remains to be established.

In summary, ERK-induced TEL’s phosphorylation results in
a loss of its tumor-suppressive functions. Therefore, the func-
tional inactivation of TEL through phosphorylation could be
one step in the development and progression of human leuke-
mias. Further studies of the functional regulation of leukemia-
related transcription factors will provide some important clues
to understanding complex mechanisms in leukemogenesis that
have not yet been fully elucidated.
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