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TEL/ETV6 accelerates erythroid differentiation in the murine
erythroleukemia cell line. To clarify the effects of TEL on
megakaryocytic maturation as well as erythroid differentiation, we
chose the human leukemia cell line UT-7/GM that differentiates into
the erythroid and megakaryocytic lineages by treatment with
erythropoietin  and  thrombopoietin,  respectively.  Upon
erythropoietin exposure, overexpressed TEL stimulated hemoglobin
synthesis and accumulation of the erythroid differentiation-specific
transcripts such as v-globin, &-aminolevulinic acid synthase-
erythroid, and erythropoietin receptor. Moreover, the glycophorin
A(+)/glycoprotein llb(-) fraction appeared more rapidly in the TEL-
overexpressing cells. Interestingly, overexpression of TEL was
associated with lower levels of the megakaryocytic maturation-
specific glycoprotein Ilb and platelet factor 4 transcripts under the
treatment with thrombopoietin. Consistently, the glycophorin A(-)/
glycoprotein llb(+) fraction increased more slowly in the TEL-
overexpressing cells. Finally, expression of endogenous TEL proteins
in UT-7/GM cells was down-regulated following erythropoietin and
thrombopoietin exposure. All these data suggest that TEL may
decide the fate of human erythrocyte/megakaryocyte common
progenitors to differentiate towards the erythroid lineage and
against the megakaryocytic lineage. (Cancer Sci 2005; 96: 340-348)

TEL (also known as ETV6) is a member of the E26
transformation-specific (ETS) family of transcription
factors.” The highly conserved ETS domain is located at the C-
terminal region, while a distinct domain with weak homology to
the well-described helix-loop-helix (HLH) domain (also referred
to as the pointed domain) is located at the N-terminal region. The
former serves for DNA binding to the ETS-binding consensus
site (EBS) (GGAA/T) and the latter for homodimerization and
heterodimerization with other ETS family members.?® Through
interacting with relevant corepressors mSin3A, N-CoR and
SMRT, and histone deacetylase-3,” TEL mediates transcriptional
repression on its target genes such as FLI-1,? inhibitor of
differentiation/DNA binding-1 (Id-1),® stromelysin-1© and Bcl-
X,.7 Transcriptional activities of TEL are regulated through
phosphorylation with mitogen-activated protein kinases®® and
small ubiquitin-like modifier conjugation.*!)

The TEL gene that is mapped to 12p13 is most frequently
rearranged and fused to various partner genes by chromosomal
translocations in human leukemias and myelodysplastic syn-
dromes. The partners include receptor type or non-receptor type
tyrosine kinases and transcription factors. Providing tyrosine
kinases, such as platelet-derived growth factor receptor
(PDGFRB) in t(5;12) (q33;p13),"'» ABL1 in t(9;12) (q34;p13),""¥
ARG (ABL2) in t(1;12) (q25;p13),"» JAK2 in t(9;12) (p24;p13)19
and Syk in t(9;12) (q22;p13),"'® with the HLH domain, TEL
homodimerizes them and thereby stimulates their kinase activities.
In contrast, TEL gives corepressor-binding domains to a transcrip-
tion factor AMLI in t(12;21) (p13;q22) and interferes with its
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transcriptional abilities."'” Therefore, dysregulation of the partner
proteins by TEL functional domains seems to cause leukemia in
patients with 12p13 translocations. Moreover, inactivation of the
TEL gene is speculated to be the second hit in t(12;21) (p13;q22)
type leukemia, because the wild-type-TEL allele is deleted in
the vast majority of the patients."®!” Thus, TEL appears to be a
tumor suppressor. Consistent with its roles as a putative tumor
suppressor, expression of TEL in Ras-transformed NIH3T3 cells
inhibits cell growth in liquid and soft agar cultures,® and in
serum-starved NIH3T3 cells induces apoptosis.©

TEL is required for mouse development as its inactivation
by homologous recombination results in embryonic lethality at
E10.5-11.5.""® The knockout embryos show defects in yolk sac
angiogenesis and intraembryonic apoptosis of mesenchymal and
neural cells, while they present normal yolk sac hematopoiesis.
Analyzing chimeric mice with TEL(—/-) ES cells, an essential
role of TEL in establishing hematopoiesis of all lineages in
neonatal bone marrow has been uncovered, although TEL(—/-)
ES cells contributed to both primary and definitive fetal hemat-
opoiesis.!” As for lineage-specific roles in hematopoietic systems,
we have reported that TEL accelerates erythroid differentiation of
mouse erythroleukemia (MEL) cells induced by hexamethylene
bisacetamide (HMBA) or dimethylsulfoxide (DMSO).?” Because
both erythroblasts and megakaryocytes arise from common
progenitors, this observation prompted us to search for TEL’s
roles in lineage commitment of the bi-potential progenitors.

A human tri-factor dependent hematopoietic cell line UT-7/
GM® is a subline of UT-7 that was originally established from
a patient of acute megakaryoblastic leukemia.®® UT-7/GM cells
show absolute dependence for growth and survival on granulocyte-
macrophage colony-stimulating factor (GM-CSF), erythropoietin
(EPO) or thrombopoietin (TPO). They differentiate into the
erythroid or megakaryocytic lineage in the presence of EPO or
TPO, while they keep immature phenotypes and proliferate in
the presence of GM-CSE.“" Thus, UT-7/GM cells are considered
to mimic erythrocyte/megakaryocyte common progenitors and
differentiate along two distinct lineages in relatively physiological
conditions. We employed this cell line and examined influences
of TEL overexpression on erythroid differentiation and
megakaryocytic maturation. As judged from higher percentages
of benzidine positivity in TEL-overexpressing cells under treat-
ment with EPO, TEL accelerated erythroid differentiation in
UT-7/GM cells similar as in MEL cells. The TEL-overexpressing
cells showed increased expression of the transcripts for y-globin,
d-aminolevulinic acid synthase-erythroid (ALAS-E) and EPO
receptor (EPO-R) during the erythroid differentiation. Moreover,
accumulation of the glycophorin A(+)/glycoprotein (GP) IIb(-)
fraction was more prompt in these cells. Interestingly, expression
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levels of the transcripts for GPIIb and platelet factor 4 (PF 4 ) under
the treatment with TPO were lower in the TEL-overexpressing
cells. Consistent with this, accumulation of the glycophorin A(-)/
GPIIb(+) fraction was delayed and appearance of platelet
peroxidase (PPO)-positive cells was reduced in these cells.
Endogenous TEL proteins disappeared after 14 and 21 days upon
EPO and TPO exposure, respectively. We conclude that TEL
stimulates erythroid differentiation while opposing megakaryo-
cytic maturation in human hematopoietic system.

Materials and Methods

Cell culture. Parental UT-7/GM cells, the mock (M-1 and M-4)
and the TEL-overexpressing (T-5 and T-6) clones were maintained
in Isocove’s modified Dulbecco’s medium (IMDM; Gibco
Laboratories, Grand Island, NY) supplemented with 10% fetal
calf serum (FCS) and 1 ng/mL of recombinant human (rh) GM-
CSF. To physiologically induce erythroid or megakaryocytic
differentiation, these cells were cultured in IMDM supplemented
with 10% FCS, and 10 U/mL of rhEPO or 100 ng/mL of thTPO.
Light microscopic examination was performed on Wright-Giemsa-
stained cytospin preparations. Erythroid differentiation was
evaluated by counting percentages of benzidine-positive cells.

Isolation of stable transfectants. The expression of plasmid
pCXN2-FLAG-TEL was described in a previous study.®” To
establish stable transfectants, 1 x 107 of UT-7/GM cells were
electroporated with 20 ug of pCXN2-FLAG-TEL at 380 V and
975 UF using Gene Pulser (Bio-Rad, Hercules, CA). Transfected
cells were selected with 0.8 mg/mL of G418 (Sigma-Aldrich, St.
Louis, MO) and cloned by limiting dilution. Expression of FLAG
tagged-TEL proteins was confirmed by the western analysis
method using anti-FLAG antibody (Sigma-Aldrich).

Immunoprecipitation and western analysis. UT-7/GM cells were
lyzed on ice in lysis buffer composed of 20 mM Tris pH 8.0,
50 mM sodium fluoride (NaF), 2 mM ethylenediamine-N,N,N’,N’-
tetra-acetic acid (EDTA), 1% NP-40, 500 U/mL aprotinin, 1 mM
sodium orthovanadate (Na,VO,), and 1 mM phenylmethylsulfonyl
fluoride (PMSF). Immunoprecipitation and western analysis were
performed as described in a previous study,®” using anti-TEL
(N-19 for immunoprecipitation and H-214 for western analysis;
Santa Cruz Biotechnology, Santa Cruz, CA) or mouse anti-FLAG
monoclonal (Sigma-Aldrich) antibodies. The blots were visualized
by ProtoBlot AP system (Promega, Madison, WI).

Northern analysis. Total RNA was extracted from the mock
and the TEL-overexpressing cells using ISOGEN (Nippon Gene,
Tokyo, Japan) under the manufacturer’s instruction. Twenty Lg
of each RNA sample was resolved by electrophoresis on agarose
formaldehyde gels, transferred to Hybond-N+ nylon membranes
(Amersham, Piscataway, NJ) in 20 X standard sodium citrate
(SSC) and hybridized to human cDNA fragments for ALAS-E,
EPO-R, y-globin, GPIIb and PF 4 that were labeled with [0-**P]
dCTP using the Megaprime DNA labeling system (Amersham).
Human glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
cDNA probe was used as a control. After overnight incubation
at 42°C in the presence of 50% formamide, membranes were
washed with 0.1 X SSC containing 0.1% sodium dodecyl sulfate
(SDS) at 42°C and autoradiographed using Fujix BAS2500
Bio-image Analyzer (Fuji Photo Film, Tokyo, Japan). Relative
expression levels to the level at day O in each clone were
quantified.

Fluorescence activated cell sorter (FACS) analysis. The mock and
the TEL-overexpressing cells were incubated for 30 min at 4°C
with appropriately diluted fluorescein-labeled antiglycophorin A
and anti-GPIIb (CD41b) antibodies (Beckman Coulter, Fullerton,
CA). After washing, cells were analyzed using Becton Dickinson
FACS Calibur.

Electron microscopic analysis. Ultrastructural PPO activity was
detected by a conventional method.®®
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Fig. 1. Establishment of UT-7/GM sublines overexpressing FLAG-
tagged TEL proteins. Clones T-5 and T-6 were obtained from UT-7/GM
cells that were transfected with pCXN2-FLAG-TEL and selected by G418
resistance. Clones M-1 and M-4 were established from UT-7/GM cells
that were transfected with the empty pCXN2 vector and selected by
G418 resistance. Expression of FLAG-tagged TEL proteins was confirmed
by western analysis with anti-FLAG antibody. An arrow indicates
overexpressed FLAG-TEL proteins.
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Results

TEL accelerates erythroid differentiation upon EPO treatment in UT-
7/GM cells. Human leukemia UT-7/GM cells differentiate into
either erythroblasts or megakaryocytes upon cytokine exposure.
Thus, this cell line provides a useful tool to analyze the effects of
TEL on erythroid differentiation and megakaryocytic maturation
in human hematopoietic cells. We established UT-7/GM clones
stably overexpressing FLAG-tagged TEL by electroporating the
expression plasmid containing TEL cDNA and selecting cells
with G418 resistance. Western analysis with anti-FLAG antibody
demonstrated that representative clones T-5 and T-6 expressed
TEL proteins at high levels (Fig. 1). Mock clones M-1 and M-4
were also isolated by introducing the empty expression plasmid.
Overexpression of TEL slightly retarded growth of the cells under
treatment with EPO or TPO, but did not influence proliferation
of the cells maintained in GM-CSF (data not shown).

We previously reported that TEL acts as an accelerator of
erythroid differentiation induced by chemical compounds such as
HMBA and DMSO in MEL cells.®” To confirm this effect of TEL
under a more physiological condition in human hematopoietic
cells, we treated the mock and the TEL-overexpressing clones
with EPO. We observed no morphological differences between
them, except a faint color difference in the cytoplasm. Figure 2
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Fig. 2. TEL accelerates hemoglobin synthesis induced by treatment with
erythropoietin (EPO) in the UT-7/GM clones. The mock (M-1 and M-4)
and TEL-overexpressing (T-5 and T-6) UT-7/GM clones were cultured in
the presence of EPO (10 U/mL). Hemoglobin synthesis was evaluated by
the proportions of benzidine-positive cells and their averages in three
independent experiments were indicated with standard deviations.
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indicates time courses of hemoglobin synthesis estimated by of benzidine positivity in comparison with the mock clones.
proportions of benzidine-positive cells in these UT-7/GM  Eighty percent of the cells became positive for benzidine staining
clones. In the mock clones, proportions of benzidine-positive  after 10 days of culture and 90% after 14 days. We thus conclude
cells reached to 80% within two weeks. Interestingly, the TEL-  that TEL is also an accelerator for erythroid differentiation upon
overexpressing clones showed rapid onset and higher saturation  cytokine stimulation in human hematopoietic cells.
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Erythroid and megakaryocytic lineages-specific surface antigen expression in the UT-7/GM clones under the treatment with erythropoietin

(EPO). The mock (M-1 and M-4) and TEL-overexpressing (T-5 and T-6) UT-7/GM clones cultured in the presence of EPO (10 U/mL) were harvested
at each time point indicated (days 0, 4, 7) and subjected to flow-cytometric analysis. GPIlb on X axis and glycophorin A on Y axis were

megakaryocyte- and erythrocyte-specific markers, respectively.

To further obtain evidence for erythroid differentiation
exaggerated by TEL in UT-7/GM cells, erythroid differentia-
tion-specific transcripts were analyzed using northern analysis.
As shown in Fig. 3, transcripts for y-globin, ALAS-E and EPO-
R increased upon EPO exposure in both cell types. However,
even before the treatment (at day 0), expression of these genes
appeared to be stimulated by overexpressed TEL proteins. This
tendency was maintained at all the time points examined. Next,
we performed flow cytometric analysis to assess expression levels
of erythrocyte-specific glycophorin A and megakaryocyte-
specific GPIIDb in the cell surface during the course of erythroid
differentiation. Proportions of the glycophorin A(+)/GPIIb(-)
fractions were significantly higher at days 4 and 7 in the
TEL-overexpressing cells than in the mock cells (Fig. 4). The

Takahashi et al.

glycophorin A(-)/GPIIb(+) fractions disappeared more rapidly
in the TEL-overexpressing cells. These results collectively
confirm the TEL functions as an erythroid differentiation stimu-
lator and indicate the possibility that TEL might concomitantly
accelerate erythroid differentiation and repress megakaryocytic
maturation.

TEL inhibits megakaryocytic maturation upon TPO treatment in UT-
7/GM cells. To clarify the roles of TEL in megakaryocytic matu-
ration of human hematopoietic cells, we induced megakaryocytic
maturation by treatment with TPO in the mock and the TEL-
overexpressing clones and first analyzed their morphological
changes. Differing from the mock clones, the TEL-overexpressing
clones hardly maturated into megakaryocyte-containing multi-
lobulated nuclei even after 28 days of culture with TPO
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Fig. 5. Morphology and megakaryocytic lineage-specific gene transcription in the UT-7/GM clones under treatment with thrombopoietin (TPO). The
mock (M-1 and M-4) and TEL-overexpressing (T-5 and T-6) UT-7/GM clones cultured in the presence of TPO (100 ng/mL) were harvested at each
time point indicated (days 0, 7, 10, 14, 28). (a) Cytospin preparations of M-4 and T-5 at day 28. Wright-Giemsa staining, x100. (b-d) Total mRNA
was extracted and subjected to northern analysis with GPIlb (b), PF 4 (c) and GAPDH (d) probes. Signal ratios between day 0 and the indicated time
points were quantified and presented below each lane.
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Fig. 6.

Erythroid and megakaryocytic lineage-specific surface antigen expression in the UT-7/GM clones under the treatment with thrombopoietin

(TPO). The mock (M-1 and M-4) and TEL-overexpressing (T-5 and T-6) UT-7/GM clones cultured in the presence of TPO (100 ng/mL) were harvested
at each time point indicated (days 0, 4, 7, 14) and subjected to flow-cytometric analysis. GPllb on X axis and glycophorin A on Y axis were

megakaryocyte- and erythrocyte-specific markers, respectively.

(Fig. 5a). Expression of megakaryocytic maturation-specific
genes such as GPIIb and PF 4 was also examined using northern
analysis. The TEL-overexpressing cells expressed these
transcripts at almost comparable levels to mock cells before the
treatment (Fig. 5b—d). As expected, they increased upon TPO
exposure in both cell types. It is interesting to note that levels of
these transcripts were lower in the TEL-overexpressing cells
than in the mock cells at least until day 14. We again examined
cell surface expression of glycophorin A and GPIIb during
the course of megakaryocytic maturation. Proportions of the
glycophorin A(-)/GPIIb(+) fractions were markedly lower until
day 14 in the TEL-overexpressing cells than in the mock cells,
whereas proportions of the glycophorin A(+)/GPIIb(-) fractions
higher (Fig. 6). Furthermore, fewer percentages of the cells
became positive for electron microscopic PPO in the TEL-
overexpressing clones after 14 days treatment with TPO (Fig. 7).
We hypothesize that TEL could prevent megakaryocytic
maturation and maintain expression of erythroid markers in
erythrocyte/megakaryocyte common progenitors even when
induced towards the megakaryocytic lineage.

Expression of endogenous TEL proteins decreases upon both EPO
and TPO treatments in UT-7/GM cells. Finally, we examined changes

Takahashi et al.

of endogenous TEL expression during both the courses of
erythroid and megakaryocytic differentiation in parental UT-7/
GM cells to further obtain findings for the physiological roles of
TEL. Under the presence of GM-CSF, endogenous TEL proteins
were detected at almost the same size as overexpressed TEL
proteins in the T-5 clone (lane 4, Fig. 8a) using western analysis
(lane 3) and self-immunoprecipitation assay (lane 1). When the
cells were induced to erythroid differentiation by treatment with
EPO, endogenous TEL proteins maintained steady expression
until 3 days of culture and then began to decline (Fig. 8b). At day
14, endogenous TEL proteins almost completely disappeared.
When induced to megakaryocytic maturation by treatment with
TPO, UT-7/GM cells kept constant expression of endogenous TEL
proteins until 14 days of culture and lost their expression at day 21
(Fig. 8c). These data suggest that endogenous TEL may work in the
early phase of differentiation to either lineage and accelerate erythroid
differentiation and actively repress megakaryocytic maturation.

Discussion

We demonstrated in the present study that TEL accelerates
erythroid differentiation induced by a physiological cytokine

CancerSci | June2005 | vol.96 | no.6 | 345
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maturation-specific surface marker GPIIb disappears more
quickly during the course of erythroid differentiation in the
TEL-overexpressing cells. Importantly, morphological maturation
towards megakaryocyte with multilobulated nuclei and induction
of megakaryocyte maturation-specific transcripts GPIIb and PF
4 after TPO treatment are weaker when TEL is overexpressed.
Moreover, GPIIb accumulates and glycophorin A disappears more
slowly in the cell surface of these cells. Electron microscopic
PPO reaction is detected at fewer ratios. All these data collectively
suggest that TEL might drive erythroid differentiation and
suppress megakaryocytic maturation in erythrocyte/megakaryocyte
common progenitors. Consistently, endogenous TEL proteins
are expressed only in the early phase of either differentiation in
which TEL is expected to function, and thereafter disappear.
This paper is the first describing the unique role of TEL in the
megakaryocytic lineage.

Because TEL is a transcriptional regulator for EBS-containing
promoters, it is interesting to know whether the cis-regulatory
elements actually exist in the erythrocyte or megakaryocyte-
specific genes, the expression of which was found in this study
to be altered by overexpressed TEL. Numerous megakaryocyte-
specific genes contain EBS and GATA-1 binding sites in their
promoters.?¥ Of note, both ETS-1 and GATA-1 are reported
essential for positive regulation of GPIIb and PF 4 gene tran-
scription.?® Moreover, ETS-1 is demonstrated to directly bind
to their promoters by chromatin precipitation assays.®® Although
it remains undetermined whether TEL binds to EBS in the
promoters of GPIIb and PF 4 genes, overexpressed TEL could
repress it directly or indirectly. In the latter case, TEL may
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Expression of endogenous TEL proteins in parental UT-7/GM cells. (a) Expression of endogenous TEL proteins in parental UT-7/GM cells was

confirmed under the presence of GM-CSF (1 ng/mL) by western analysis (lane 3) or immunoprecipitation assay (lane 1) with anti-TEL antibody.
Overexpressed FLAG-tagged TEL proteins in clone T-5 were shown in lane 4. An arrow indicates endogenous TEL or overexpressed FLAG-tagged
TEL proteins; (b,c) Parental UT-7/GM cells cultured in the presence of erythropoietin (10 U/mL); (b) or thrombopoietin (100 ng/mL); (c) were
harvested at each time point indicated (days 0, 1, 2, 3, 5, 10, 14, 21, 28). Cell lysates were extracted and subjected to western analysis with anti-

TEL antibody. Arrows indicate endogenous TEL proteins.
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dominantly suppress functions of other ETS family members
such as ETS-1 that show transactivation abilities on the promoters
through heterodimerizing with them by the HLH domain.
However, because EBS is not identified in the promoters of
the erythrocyte-specific genes examined in this study, we have
no ground to speculate that TEL could be involved in their
transcriptional regulation.

We hypothesize that TEL could trigger erythroid differentia-
tion and prevent megakaryocytic maturation through repressing
transcription of its target genes that play key roles in hematopoietic
differentiation. Among the known target genes of TEL, FLI-I and
Id-1 are shown to have functions in erythrocyte/megakaryocyte
differentiation. The FLI-1 gene was first isolated as a common
site for retroviral integration in Friend virus-induced erythro-
leukemia cells,”” and also encodes a member of the ETS family
of transcription factors. FLI-1 suppresses erythroid differentiation
partly through inhibiting transcription of the genes such as GATA-
1,%® Rb™ and B-globin®” that promote erythroid differentiation.
Moreover, FLI-1 knockout mice are embryonic lethal around
mid-gestation and display a marked reduction of megakaryocytes
in the fetal liver as well as a vascular developmental aberration,*"
suggesting a critical role of FLI-1 in megakaryocytic maturation.
FLI-1 binds and transactivates the promoters from megakaryocyte-
specific genes including GPIX,*» GPIIb®? and TPO receptor.*?
Therefore, FLI-1 appears to play opposite roles in erythroid
differentiation and megakaryocytic maturation. We analyzed
expression levels of FLI-1 proteins before and after induction of
erythroid differentiation or megakaryocytic maturation in the
mock and TEL-overexpressing UT-7/GM cells. However, over-
expressed TEL proteins did not affect the expression of FLI-1 in
UT-7/GM cells (data not shown). In spite of this, there still
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remains the possibility that TEL could repress molecular functions
of FLI-1 in these cells, because TEL has been proved to exert a
dominant-negative effect on FLI-1 in reporter assays.® The Id-1
gene was initially cloned from MEL cells by virtue of homology
to the helix 2 subdomain in c-myc, MyoD and myogenin, and codes
for the first member of Id-family that has the HLH domain.®?
Id-1 has been reported to be functionally implicated in differen-
tiation of specific hematopoietic lineages including erythroid,”
myeloid,®® and B cells®” and negatively control erythroid dif-
ferentiation. We observed that expression of Id-1 proteins slightly
increased after induction of erythroid differentiation or megakary-
ocytic maturation in UT-7/GM cells, but that overexpressed TEL
proteins did not influence its expression levels. Therefore, we failed
to obtain evidence that FLI-I or Id-1 could be targets of TEL-
induced transcriptional repression in UT-7/GM cells. Identifica-
tion of novel target genes for TEL that regulate erythroid and/or
megakaryocytic differentiation should provide new insights into
molecular mechanisms in hematopoietic cell differentiation.
Studies to determine the target genes of TEL in differentiating
MEL and UT-7/GM cells are now in progress in our laboratory.
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