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TEL/ETV6 located at chromosome 12p13 encodes a member of the
E26 transformation-specific family of transcription factors. TEL is
known to be rearranged in a variety of leukemias and solid tumors
resulting in the formation of oncogenic chimeric protein. Tel is
essential for maintaining hematopoietic stem cells in the bone
marrow. To understand the role of TEL in erythropoiesis, we
generated transgenic mice expressing human TEL under the control
of Gata1 promoter that is activated during the course of the
erythroid-lineage differentiation (GATA1-TEL transgenic mice).
Although GATA1-TEL transgenic mice appeared healthy up to 18
months of age, the level of hemoglobin was higher in transgenic
mice compared to non-transgenic littermates. In addition, CD71+/
TER119+ and c-kit+/CD41+ populations proliferated with a higher
frequency in transgenic mice when bone marrow cells were cultured
in the presence of erythropoietin and thrombopoietin, respectively.
In transgenic mice, enhanced expression of Alas-e and b-major
globin genes was observed in erythroid-committed cells. When
embryonic stem cells expressing human TEL under the same Gata1
promoter were differentiated into hematopoietic cells, immature
erythroid precursor increased better compared to controls as judged
from the numbers of burst-forming unit of erythrocytes. Our findings
suggest some roles of TEL in expanding erythroid precursors and
accumulating hemoglobin. (Cancer Sci 2009; 100: 689–697)

TEL (also known as ETV6) gene is frequently involved in
recurring chromosomal translocations as well as deletions in

various hematopoietic malignancies, suggesting its role as a
tumor suppressor gene.(1,2) TEL encodes a member of the ETS
family of transcription factors and has the ETS DNA binding
domain in its C-terminal side(3) and the Pointed domain with
oligomerization capacity in its N-terminal side.(4) Between the
Pointed and ETS domains is the central domain that ascribes
TEL with transcriptional repression activity by recruiting repressor
complexes including histone deacetylase and nuclear
corepressors,(5–9) one of the characteristic properties of TEL
among ETS transcription factors.

Tel plays some important roles in development and hemat-
opoiesis. Complete ablation of the Tel. gene in mice results in
embryonic lethal phenotype at day 10.5–11.5 post-coitus with
impaired yolk sac angiogenesis.(10) At that time, primary eryth-
ropoiesis in the yolk sac is intact. Detailed analysis of hemat-
opoietic differentiation and proliferation capacity of Tel–/– cells
was carried out by means of generation of chimeric mice which
consist of Tel–/– cells as well as wild-type cells to avoid embryonic
lethality.(11) The observation that cells lacking both Tel alleles
fail to contribute to hematopoiesis in the neonatal bone marrow,
but do not in the yolk sac and fetal liver, indicating an active

role of Tel on hematopoietic stem cells to recruit to the bone
marrow microenvironment or to be maintained in the bone marrow
niche to construct bone marrow hematopoiesis by producing
their progeny. Conditional inactivation of Tel in adult mice
results in complete loss of hematopoietic stem cells in the bone
marrow(12) which is consistent with the finding obtained from
the chimera analysis. These findings indicate the function of Tel
is as a selective and essential regulator of stem cells. However,
detailed functions of TEL in hematopoietic cell differentiation
are still unknown. One approach to scrutinize the function of
TEL is to see the outcome after enforced expression of TEL gene
in a specific lineage and at a specific stage of hematopoietic
differentiation, as expression of TEL gene is suggested to be
ubiquitous and continuous during differentiation.(3,10,11) We have
previously reported that upon induction of erythroid differentiation
by chemical compounds, a murine erythroid leukemic cell line
MEL differentiates to mature erythroid cells more effectively by
overexpression of the TEL gene.(13) In addition, overexpressed TEL
in an erythroid/megakaryocytic-committed human leukemic
cell line UT7/GM promotes erythroid differentiation and inhibits
megakaryocytic maturation.(14) All these data suggest that TEL
might have some impact on terminal hematopoietic differentiation
along the erythroid and megakaryocytic lineages.

GATA1, encoding a zinc-finger transcription factor, plays a
central role in erythropoiesis by regulating transcription of
genes such as δ-aminolevulinic acid synthase-erythroid (ALAS-
E) and α/β-globin genes.(15–20) Gata1 is essential for primary
erythropoiesis(21–23) and regulates maturation and apoptotic
induction of definitive erythropoiesis.(24,25) Although GATA1 is
expressed in multipotential progenitor cells, albeit at a low
level,(26,27) a drastic increase of GATA1 expression is observed upon
erythroid-lineage commitment, resulting in further progression
of the erythroid differentiation pathway.(28,29) Regulation of GATA1
expression at an appropriate stage is quite crucial for proper
erythroid lineage development and its expression is controlled
precisely through the erythroid-specific regulatory region of the
gene.(30,31)

To understand the effects of TEL on erythropoiesis, we have
established transgenic mice and embryonic stem (ES) cells that
express human TEL specifically in the erythroid-committed cells
under the control of the erythroid-specific Gata1 promoter.
Forced expression of TEL in the erythroid-committed cells resulted
in higher hemoglobin (Hb) levels in the mice and promoted
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expansion of erythroid progenitor following erythropoietin
(EPO) stimulation in vitro. The erythroid-specific genes Alas-e
and β-major globin were more highly expressed in CD71high/
TER119+ erythroid precursor in the bone marrow of GATA1-TEL
transgenic mice than non-transgenic mice. In ES cell culture
experiments, when day 7 embryoid body (EB) was subjected to
hematopoietic colony assay, higher numbers of BFU-E were
formed in GATA1-TEL transgenic cells. These data indicate that
TEL could regulate both proliferation and differentiation of
erythroid cells.

Materials and methods

Transgenic vector and generation of GATA1-TEL transgenic mice.
pIE3.9intLacZ vector which contains mouse Gata1 promoter
region 3.9 kb upstream of exon IE was described previously.(30)

LacZ-coding region was removed from pIE3.9intLacZ and
replaced by a coding sequence of wild-type human TEL gene
downstream of native ATG codon of Gata1 (pIE3.9int-TEL, Fig. 1a).
GATA1-TEL transgenic mice were generated by microinjection
of pIE3.9int-TEL vector to fertilized mouse oocytes isolated
from superovulated BDF1 mice (Clea Japan Inc., Tokyo, Japan).
Genomic DNA was prepared from tails of liveborn mice and
genotyping was performed by polymerase chain reaction (PCR)
using a combination of primers located on an intron sequence
upstream of exon II of mouse Gata1 (G1 HD-8369f) and human
TEL cDNA (TEL-91r, TEL-117r). Sequences of primers are listed
in Supporting Table S1. Peripheral blood counts were performed
using particle counter PCE-170 (ERMA Inc, Tokyo, Japan).
Serum EPO levels were evaluated using Quantikine Mouse/
Rat Epo Immunoassay (R & D Systems, Minneapolis, MN, US).

Reverse transcriptase-mediated PCR (RT-PCR). Total RNA was
prepared using RNeasy kit (Qiagen, Valencia, CA, US) with DNaseI
treatment and then reverse transcribed with random hexamers
using MMLV reverse transcriptase (Stratagene, La Jolla, CA, US).
Reverse transcription products were amplified by PCR with
specific primers using standard procedures. To examine the
expression of GATA1-TEL transgene, forward primers for PCR
amplification were designed on exon IE of Gata1 (mGATA1-3f,
mGATA1-28f) and reverse primers on human TEL sequence

(TEL-91r, TEL-117r). Upon transcription from integrated
pIE3.9int-TEL sequences, exon IE of mouse Gata1 is connected
to human TEL sequence replacing Gata1-coding sequence, which
could be assessed specifically by RT-PCR with this combination
of primers. Expression of endogenous Gata1 was examined with
mGATA1-3f and mGATA1-336r (located on exon III of Gata1).
The details of primer sequences are shown in Table S1. The
products were electrophoresed on 2% agarose gels and stained
by ethidium bromide.

Real-time quantitative PCR. Quantitative PCR was performed
with a SYBR Green PCR Master Mix kit (Applied Biosystems,
Foster City, CA, US) as indicated in the manufacturer’s protocol
using 10 ng cDNA template and 200 μM each primer per reaction.
Reactions were run and analyzed on ABI7700 (Applied
Biosystems). All reactions were performed in duplicate, and
were analyzed using SDS software (Applied Biosystems). Primer
sets to analyze expression levels of endogenous Gata1, transgenic
GATA1-TEL and total (endogenous + exogenous) TEL transcripts
were mGATA1–50f and mGATA1-303r, mGATA1-28f and
GIHRD-TEL-r (hTEL in Supporting Table S2), TEL-1005f and
TEL-1082r (for bone marrow cells, hmTEL(3) in Supporting
Table S2), and TEL-829f and TEL-921r (for ES cells, hmTEL(2)
in Supporting Table S2), respectively. Forward and reverse
primers of both hmTEL(3) and (2) are located on exons V and
VI of mouse and human TEL genes and can simultaneously
amplify both mouse and human TEL transcripts because the
sequences of this region are almost identical between these two
species. Hypoxanthine phosphoribosyl-transferase (Hprt) was
used as a control gene for normalization to account for
variations in template input, as described previously.(32) The
details of primer sequences are shown in Supporting Table S2.

Differentiation in liquid cultures. Bone marrow cells harvested
from femurs of mice were dispersed into single cell suspensions
and were cultured in the presence of recombinant murine EPO
(3 U/mL) and stem cell factor (SCF) (50 ng/mL), or thrombopoietin
(TPO, 20 ng/mL), interleukin (IL)-3 (10 ng/mL) and IL-6
(10 ng/mL). Cells were examined after 8 days by fluorescence
activated cell sorting (FACS). Murine recombinant SCF, IL-3
and IL-6 were purchased from Peprotec (London, UK), and
EPO from R & D Systems (Minneapolis, MN, US).

Fig. 1. Expression of TEL transgene in GATA1-TEL
transgenic mice. (a) Schematic representation of
the Gata1 promotor region and the pIE3.9int-TEL
construct used for the generation of GATA1-TEL
transgenic mice. The pIE3.9int vector contains
3.9 kb Gata1 promoter region upstream of exon
IE.(30) The coding sequence of wild-type human TEL
cDNA was connected to the first ATG codon in
exon II of mouse Gata1 gene. Abbreviations for the
restriction enzyme sites are E, EcoRI; B, BamHI; S,
SacI. (b) Expression of Gata1-driven TEL transgene
was confirmed by reverse transcription polymerase
chain reaction (RT-PCR) using bone marrow cells
extracted from GATA1-TEL transgenic mice of
lines 460, 462 and 464. Forward primers for the
first and second PCR were both located on exon
IE of mouse Gata1 gene and reverse primers on
exon II of human TEL gene. Tg, Gata1-TEL
transgenic mouse; nTg, non-transgenic littermate.
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Flow cytometry and cell sorting. Single cell suspensions were
prepared from bone marrow or cultured cells and were then
analyzed by flow cytometry using fluorescein isothiocyanate
(FITC)- or phycoerythrin (PE)-conjugated antibodies against c-
kit, TER119 (BD Biosciences Pharmingen, San Diego, CA, US)
or CD41, CD71 (eBioscience, San Diego, CA, US). The stained
cells were analyzed by FACSCalibur (Becton Dickinson, San
Jose, CA, US) or sorted on FACSAria (Becton Dickinson).

ES cell growth and differentiation. Mouse ES cells (J1) were
electroporated with pIE3.9int-TEL transgenic vector connected
to neomycin resistance gene or mock pIE3.9int-neo vector, and
selected with G418 (Sigma, St Louis, MO, US). ES cells were
maintained on gelatinized plates in TX-WES cell culture medium
(Thromb-X, Leuven, Belgium) with supplement of recombinant
murine leukemia inhibitory factor (LIF, AMRAD, Melbourne,
Australia). For the generation of EBs, ES cells were trypsinized
and plated at various densities in differentiation cultures.
Differentiation of EBs was carried out in 82-mm Petri-grade dishes
in Iscove’s modified Dulbecco’s Medium (IMDM) supplemented
with 15% fetal calf serum (FCS), 2 mM L-glutamine (Gibco/BRL,
Gaithersburg, MD, US), 200 μg/mL transferrin, 0.5 mM ascorbic
acid (Sigma), and 4.5 × 10–4 M 1-thioglycerol (Sigma). Cultures
were maintained in a humidified chamber in a 5% CO2/air
mixture at 37°C.

Colony assays of EBs. To differentiate hematopoietic precursors,
EBs were dissociated at day 7 and cells were plated in 1%
methylcellulose containing 10% FCS, 5% protein-free hybridoma
medium (PFHM-II; Gibco/BRL), 2 mM L-glutamine, 200 μg/mL
transferrin and following cytokines for colony forming unit
of granulocyte/erythrocyte/macrophage/megakaryocytic (CFU-
GEMM) assay: SCF (100 ng/mL), TPO (5 ng/mL), EPO (2 U/mL),
IL-11 (5 ng/mL), IL-3 (1 ng/mL), granulocyte/macrophage-colony
stimulating-factor (GMCSF) (30 ng/mL), granulocyte-colony stimula-
ting factor (G-CSF) (30 ng/mL), macrophage-colony stimulating
factor (M-CSF) (5 ng/mL) and IL-6 (5 ng/mL), and for BFU-E
assay: SCF (100 ng/mL), TPO (5 ng/mL) and EPO (2 U/mL).
Murine recombinant GM-CSF, M-CSF, G-CSF and IL-11 were
purchased from Peprotec. Cultures were maintained at 37°C
with 5% CO2. The numbers of colonies comprising more than
40 cells were scored after 7 days, and myeloid, erythroid and
mixed colonies were defined based on their morphology.

In vitro differentiation of EB-derived c-kit+/CD71+ cells on OP9
layer. EBs were dissociated at day 6 of differentiation and c-kit+/
CD71+ cells were separated by FACSAria. Sorted c-kit+/CD71+

cells were plated onto OP9 stromal cell(33,34) layer supplemented
with EPO (3 U/mL) and SCF (50 ng/mL) to promote erythroid
differentiation and cultured for 8 days before FACS analysis.
OP9 cells were maintained in α-modified minimum essential
media (α-MEM, Gibco-BRL) supplemented with 20% FCS.

Statistical analysis. A two-tailed Student’s t-test was used to
determine the difference between non-transgenic and GATA1-
TEL transgenic samples.

Results

Generation of GATA1-TEL transgenic mice. Three transgenic lines
(460, 462 and 464) were established with pIE3.9int-TEL
transgenic construct. Expression of transgene (i.e. human TEL)
from integrated Gata1-TEL sequences was confirmed by RT-PCR
with bone marrow cells of transgenic mice and their littermates.
As expected, expression of the transgene was seen in the bone
marrow of all of the transgenic mice examined, and the
representative data are shown in Fig. 1(b). Expression of
endogenous Gata1 was also confirmed with the same bone
marrow RNA samples. GATA1-TEL transgenic mice of all the
lines appeared healthy up to 18 months of age without any
symptoms.

Higher Hb concentration in GATA1-TEL transgenic mice. Blood
counts were examined using peripheral bloods obtained from
GATA1-TEL transgenic mice and their littermates (Table 1). As
a result, Hb concentration was significantly higher in two
transgenic lines (460 and 462), and red blood cell (RBC) count
was also higher in one of the lines (460). Although not
statistically significant, Hb concentration was also higher in the
other transgenic line (464). There were no significant differences
in white blood cell and platelet counts between GATA1-TEL
transgenic mice and their littermate controls of any lines. Then,
we evaluated serum EPO levels of GATA1-TEL transgenic mice
and their litters of the three lines 460, 462 and 464. Mean EPO
levels of transgenic and non-transgenic mice were 108 ± 21 pg/
mL (n = 10) and 123 ± 30 pg/mL (n = 10) in line 460,
221 ± 65 pg/mL (n = 8) and 250 ± 105 pg/mL (n = 11) in line
462, and 134 ± 54 pg/mL (n = 4) and 142 ± 85 pg/mL (n = 4) in
line 464. Although the differences were not statistically
significant, there was a tendency that serum EPO levels were
lower in the transgenic mice of all the lines, suggesting that
serum EPO levels were negatively regulated by increased Hb in
the transgenic mice.

CD71high/TER119+ cells expanded better from the bone marrow
cells of transgenic mice than littermate controls. When populations
of granulo-monocytic, erythroid, megakaryocytic and immature
hematopoietic cells in the bone marrow were assessed by FACS
analysis using antibodies against Gr-1/Mac-1, CD71/TER119,
c-kit/CD41 and c-kit/CD34, no apparent difference between
GATA1-TEL transgenic mice and their littermate controls was
observed (data not shown). Colony forming cell (CFC) assay
also revealed no significant difference between them (data not
shown). However, when bone marrow cells were cultured in the

Table 1. Peripheral blood count of GATA1-TEL transgenic mice and littermate controls

TEL460 TEL462 TEL464

nTg Tg nTg Tg nTg Tg

No. of mice 11 20 14 30 7 50
WBC ( × 103/μL) 9.8 ± 4.8 10.5 ± 3.5 11.1 ± 4.3 9.8 ± 3.4 8.6 ± 4.0 7.7 ± 3.0
RBC ( × 106/μL) 8.6 ± 0.5 9.1 ± 0.4* 8.7 ± 0.4 8.7 ± 0.4 8.7 ± 0.5 8.8 ± 0.4
Hb (g/dL) 16.5 ± 1.0 17.4 ± 1.0* 17.1 ± 0.8 17.8 ± 1.3* 16.4 ± 0.8 17.1 ± 3.9
Ht (%) 37.7 ± 3.5 38.9 ± 1.8 40.0 ± 3.1 41.0 ± 4.2 36.8 ± 1.9 37.7 ± 2.1
Plt ( × 104/μL) 164.4 ± 50.1 148.5 ± 32.6 128.1 ± 38.1 123.3 ± 56.0 122.0 ± 14.9 110.1 ± 25.9
MCV (fl) 43.5 ± 2.3 42.9 ± 1.2 46.1 ± 3.4 46.9 ± 3.9 42.5 ± 1.4 43.0 ± 1.4
MCH (pg) 19.1 ± 0.7 19.2 ± 0.8 19.8 ± 0.8 20.4 ± 0.9* 19.0 ± 0.7 19.5 ± 4.6*
MCHC (%) 44.1 ± 3.1 44.9 ± 1.7 42.9 ± 3.3 43.8 ± 4.4 44.7 ± 2.0 45.5 ± 10.5

*Significantly higher compared to littermate controls (P < 0.05).
Tg, GATA1-TEL transgenic mouse; nTg, non-transgenic littermate; Hb, hemoglobin; Ht, Hematocrit; Plt, platelet; MCV, mean corpuscular volume; 
MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration.
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presence of EPO and SCF for 7 days, CD71high/TER119+ popul-
ation, corresponding to proerythroblast to basophilic erythroblast(35)

expanded more efficiently from the bone marrow cells of
GATA1-TEL transgenic mice compared to those of littermate
controls (Fig. 2a). In addition, c-kit+/CD41+ population was also
obtained more abundantly in the transgenic mice following 7
days of culture with TPO, IL-3 and IL-6 (Fig. 2b).

The expression levels of Alas-e and β-major globin genes are
higher in CD71high/TER119+ erythroblast of transgenic mice than
littermate controls. Given that GATA1-TEL transgenic bone
marrow cells gave rise to more CD71high/TER119+ erythroblast
upon stimulation with EPO, Gata1-driven TEL expression might
alter proliferation and/or differentiation abilities of immature
erythroid progenitors. To find out the molecular basis, bone
marrow cells were separated into three populations according to
the expression levels of CD71 and TER119 (Fig. 3A-a,b,c), and
expression of genes related to erythroid proliferation/differentiation
was examined by quantitative PCR. The most differentiated
erythroid population in the panel is represented as CD71–/
TER119+ (Fig. 3A-c), whereas the CD71high/TER119+ population
(Fig. 3A-b) contains more immature but erythroid-committed
progenitors, which are derived from the CD71int/TER119–

population (Fig. 3A-a) consisting of not only erythroid-committed
progenitors but also other lineages-committed progenitors such
as myeloid cell and megakaryocyte. CD71int/TER119– population
was positive for c-kit, and gave rise to both myeloid and erythroid
colonies (data not shown). The proportions of these three
populations were comparable between GATA1-TEL transgenic
mice and their littermates (data not shown).

Expression of endogenous Gata1 existed in the CD71int/
TER119– population at a low level, and was then highly induced
to a maximum level at the CD71high/TER119+ stage in both
transgenic and non-transgenic mice (Table 2 and Fig. 3B).
Corresponding to this Gata1 expression, total expression of
endogenous + exogenous TEL gene was maintained at a rela-
tively high level at the CD71high/TER119+ stage in the GATA1-TEL
transgenic bone marrow cells, showing a striking contrast to the
control cells in which endogenous Tel gene was markedly
down-regulated to the lowest level at this stage (Table 2). This
suggested that exogenous TEL expression overlaid endogenous
Tel expression at this stage in the transgenic mice. Then,
expression levels of the genes that are involved in erythropoiesis
were examined in these three populations (Table 2). As a result,
higher expression of Alas-e and β-major globin genes was con-
stantly observed in the CD71high/TER119+ cells of GATA1-TEL
transgenic mice than control mice (the former with a statistical
significance but the latter without; Table 2 and Fig. 3C). In
addition, expression of erythroid Kruppel-like factor (Eklf) was
higher in GATA1-TEL transgenic mice at the stage of CD71int/
TER119– population, but without a statistical significance. There
was no difference in expression levels of Fli1, stem cell leukemia
(Scl) and other hematopoietic transcription factor-encoding genes
as well as EPO receptor (Epor) gene between transgenic mice
and littermate controls.

Because GATA1-TEL transgenic bone marrow cells produced
a more abundant population of megakaryocytic progenitors
(c-kit+/CD41+), we also separated c-kit+/CD41+ populations from
bone marrow cells of GATA1-TEL transgenic mice and their litter-
mates, and the expressions of endogenous Gata1 and endogenous +
exogenous TEL genes in this population were examined by quantita-
tive PCR. Gata1 mRNAs were abundantly expressed at comparable
levels in both types of mice, and the expression of endogenous +
exogenous TEL gene was higher in GATA1-TEL transgenic mice
with a statistical significance, as expected (Supporting Fig. S1).
Thus, exogenous TEL expression might support expansion of
c-kit+/CD41+ megakaryocytic progenitors in vitro.

Generation of Gata1-TEL-expressing ES cells. To analyze the effects
of TEL in early erythropoiesis, ES cells in which human TEL

Fig. 2. Differentiation of bone marrow cells into erythroid and mega-
karyocytic precursors. Bone marrow cells were extracted and cultured in
the presence of recombinant murine (a) erythropoietin (EPO) (3 U/mL)
and Stem cell factor (SCF) (50 ng/mL), or (b) thrombopoietin (TPO)
(20 ng/mL), interleukin (IL)-3 (10 ng/mL) and IL-6 (10 ng/mL). Cells were
examined after 8 days of culture by fluorescence-activated cell sorter,
which revealed that bone marrow cells obtained from GATA1-TEL
transgenic mice showed higher populations of (a) CD71high/TER119+ cells,
or (b) c-kit+/CD41+ cells compared to those from littermate controls. In
the left panels, the representative data from non-transgenic (nTg) and
transgenic (Tg) mice of line 464 are shown. In the right panel, indicated
are average and standard deviation of five (a) or four (b) independent
experiments using lines 460, 462 and 464. Numbers in parenthesis indicate
numbers of mice analyzed in each group. Tg, GATA1-TEL transgenic
mouse; nTg, non-transgenic littermate.
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Fig. 3. Quantitative PCR of the genes involved in
erythropoiesis. (A) To compare the expression of
erythroid-related genes between GATA1-TEL
transgenic mice and control littermates, bone
marrow cells were sorted for CD71int/TER119–

(a), CD71high/TER119+ (b) and CD71–/TER119+ (c),
representing different stages of erythroid
differentiation, and then subjected to
quantitative PCR analysis. The result of FACS
analysis shown in Fig. 3 A came from a non-
transgenic litter mouse. There was no difference
in the expression pattern of each population
between non-transgenic and transgenic mice. (B)
Representative results of quantitative PCR for
endogenous Gata1 and endogenous + exogenous
TEL in each stage of erythroid differentiation
from animals of line 460. The highest expression
of TEL gene was obtained in CD71high/TER119+

population in the GATA1-TEL transgenic mice, in
concordance with the highest expression of
endogenous Gata1 among the three populations.
(C) Representative results of quantitative PCR for
Alas-e and β-major globin genes from animals of
line 460. Tg, GATA1-TEL transgenic mouse; nTg,
non-transgenic littermate.

Table 2. Quantitative analysis of transcripts expressed in different stages of erythropoiesis

CD71int/TER119– CD71high/TER119+ CD71–/TER119+

nTg Tg nTg Tg nTg Tg

Gata1 0.05 ± 0.05 0.63 ± 0.62 3.40 ± 2.41 1.46 ± 0.78 0.54 ± 0.29 0.57 ± 0.71
hmTEL 0.76 ± 0.67 1.73 ± 1.48 0.18 ± 0.05 1.20 ± 0.65* 1.19 ± 0.73 0.93 ± 0.48
Gata2 0.13 ± 0.08 0.90 ± 1.10 0.04 ± 0.01 0.22 ± 0.32 0.44 ± 0.36 0.41 ± 0.45
Runx1 0.38 ± 0.29 0.93 ± 0.71 0.47 ± 0.15 0.57 ± 0.34 0.79 ± 0.26 0.91 ± 0.20
Scl 0.06 ± 0.02 0.12 ± 0.09 1.79 ± 0.60 1.56 ± 0.75 0.12 ± 0.18 0.19 ± 0.31
Fli1 1.13 ± 1.01 4.32 ± 7.39 0.19 ± 0.01 5.77 ± 10.16 2.20 ± 0.98 3.31 ± 3.51
Eklf 0.11 ± 0.07 0.64 ± 0.52 10.6 ± 3.26 6.52 ± 4.53 1.39 ± 1.80 0.56 ± 0.12
Epor 0.19 ± 0.11 0.11 ± 0.11 1.89 ± 0.73 2.14 ± 1.05 0.73 ± 1.06 0.05 ± 0.06
β-major globin 2.10 ± 2.38 18.0 ± 5.80 2804 ± 1970 6730 ± 4775† 298 ± 288 83.3 ± 78.9
Alas-e 1.92 ± 1.36 1.01 ± 0.67 46.3 ± 12.2 143 ± 36** 10.7 ± 11.6 3.62 ± 1.97

Every numerical value indicates fold difference relative to hypoxanthine-guanine phosphoribosyltransferase (HPRT) calculated by 2–(ΔCT).
(Δ cycle of threshold (CT), mean CT of indicated gene – mean CT of HPRT)
Average and standard deviation from two mice of line 460 and one mouse from 462 are shown.
*Significantly higher compared to control (P < 0.01).
**Significantly higher compared to control (P < 0.003).
†There is no significant difference though higher expression levels were observed in transgenic mice compared to controls in each experiment.
Tg, GATA1-TEL transgenic mouse; nTg, non-transgenic littermate.
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gene is induced under the control of IE3.9int Gata1 promoter
(GATA1-TEL ES) were established. The ES cells were maintained
and differentiated into hematopoietic cells as described previously.(36)

When expression of Gata1 and TEL was examined during
differentiation of ES cells by quantitative PCR analysis,
endogenous Gata1 transcript began to increase from day 5 of
removal of LIF, which gradually increased afterwards (Fig. 4a),
possibly due to an increment of erythroid-committed cells in the
whole cell population. There was no statistical difference in the
amount of endogenous Gata1 mRNA between GATA1-TEL ES
cells and control cells during days 5–7 of EB culture. Exogenous
TEL gene expression from the integrated GATA1-TEL vector
showed precisely a similar pattern to endogenous Gata1
expression, starting to express around day 5 of differentiation
and gradually increasing afterwards. In GATA1-TEL ES cells,
total amount of endogenous + exogenous TEL transcript was

higher compared to control ES cells after day 6 of differentiation
(Fig. 4b).

Higher erythroid activity of Gata1-TEL-expressing ES cells. Day 7
EBs following removal of LIF were subjected to CFC assay.
Erythroid colony-forming activity (BFU-E) of GATA1-TEL EBs
was significantly higher than that of control EBs, while there
was no difference observed in the activity of multipotential
progenitors (CFU-GEMM) between them (Fig. 5). This result
indicated that GATA1-TEL EB cells might have an increased
number of erythroid-committed progenitors or be more prone to
commit to the erythroid lineage at day 7 of differentiation.

Day 6 EB-derived c-kit+/CD71+ cells efficiently differentiated into
CD71high/TER119+ erythroid precursors on OP9. Erythroid differen-
tiation of GATA1-TEL and control ES cells was also assessed
by coculture with OP9 as described previously with some
modifications.(37) Day 7 EBs were replated onto OP9 stromal

Fig. 4. Expression of Gata1 and TEL during
differentiation of embryonic stem (ES) cells. (a)
Undifferentiated original J1, mock-transfected
(Mock2) and Gata1-TEL-overexpressing (GATA1-
TEL3, 29 and 30) ES cells were deprived of
leukemia inhibitory factor to initiate differentia-
tion and analyzed for the expression of endogenous
Gata1 gene and TEL transgene under the control
of Gata1 IE3.9int promoter. Expression of TEL trans-
gene was observed from day 5 of differentiation
in concordance with the expression of endogenous
Gata1 gene. (b) Total amount of TEL tran-
script (endogenous + exogenous) in differentiating
embryoid body (EB) cells. Mouse and human TEL
transcripts were simultaneously amplified as
described in Materials and methods using primers
TEL-829f and TEL-921r located on exons V and
VI of mouse and human TEL gene. Average and
standard deviation of two independent experi-
ments are shown. After day 6 of differentiation,
total amount of TEL was higher in GATA1-TEL EBs
than in mock EBs.

Fig. 5. Enhanced erythroid colony formation in
GATA1-TEL embryoid body (EB) cells. Undifferen-
tiated J1, mock-transfected (Mock1) and Gata1-TEL-
overexpressing (GATA1-TEL25, 29 and 30) embryonic
stem cells were deprived of leukemia inhibitory
factor to form differentiated EBs. EBs at day 7 of
differentiation were collected and subjected to BFU-
E (supplemented with SCF, thrombopoietin [TPO]
and erythropoietin [EPO]) and CFU-GEMM (supple-
mented with SCF, TPO, EPO, interleukin [IL]-11,
IL-3, GM-CSF, G-CSF, M-CSF and IL-6) assays. Average
and standard deviation of at least two independent
experiments are shown. Gata1-TEL-expressing EB
cells showed higher BFU-E activity than controls,
while no difference was observed in CFU-GEMM
activity. GEMM, mixed colony; E, erythroid colony;
M, myeloid colony.
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layer and cultured for another 8 days supplemented with EPO
and SCF. Erythroid differentiation was then assessed by FACS
analysis. GATA1-TEL and control EB cells produced comparable
amounts of the CD71high/TER119+ erythroid progenitor population
(data not shown). This result indicated the possibility that usage
of whole EB cells avoided detecting increased abilities of
transgenic erythroid progenitors to expand, and/or that timing
could be earlier when transgenic erythroid progenitors in EBs
showed increased abilities.

Erythroid differentiation of ES cells is considered to begin
around day 5 corresponding to the initiation of expression of a
key transcription factor, Gata1. Generally, when immature EBs
differentiate into the erythroid lineage, increment of CD71
expression as well as loss of c-kit expression is observed. To figure
out the effect of TEL transgene in immature hematopoietic
progenitors, day 6 EB-derived c-kit+/CD71+ cells, which are
considered to have multipotential in hematopoietic differentiation,
were separated by FACS and subjected to short-term culture on
OP9 stroma with EPO and SCF (Fig. 6a). There was no difference
in the amount of day 6 EB-derived c-kit+/CD71+ populations
between non-transgenic and transgenic EBs (data not shown).
After 8 days of coculture with OP9, almost all EB-derived cells
were differentiated to the erythroid lineage, showing a high level
of CD71 expression (Fig. 6b). The population of CD71high/
TER119+ cells, which are erythroid-committed and equivalent to
proerythroblast, was significantly higher in the GATA1-TEL EB-
derived c-kit+/CD71+ cells compared to the controls.

Discussion

For the purpose of investigating TEL’s functions in erythropoiesis,
we in this study generated transgenic mice and ES cells
expressing human TEL under the control of erythroid-specific
Gata1 promoter. Each system could have highlighted different
aspects of TEL’s roles in Gata1-expressing cells. We have
divulged two roles of the transcription factor in erythropoiesis;
one is the expansion of immature erythroid precursor and the
other is the augmentation of Hb accumulation. Thus, we conclude

that TEL affects proliferation and differentiation of erythroid-
committed cells by distinctive mechanisms.

We precisely studied the expression levels of endogenous
Gata1, and endogenous and exogenous (Gata1 promoter-driven)
TEL transcripts during the progression of erythroid differentiation
by fractionating CD71int/TER119–, CD71high/TER119+ and
CD71–/TER119+ populations in the bone marrow of non-transgenic
and transgenic mice. In both types of mice, endogenous Gata1
transcripts were induced with the highest level in the CD71high/
TER119+ cells belonging to the stage of proerythroblast(38) and
then markedly declined afterwards, which represents essential
functions of Gata1 to activate transcription of globin and heme
biosynthetic genes. On the other hand, expressional changes of
endogenous Tel. transcripts in a physiological setting of erythroid
differentiation have not as yet been described. The endogenous
TEL expression in the non-transgenic mice was found to be low
in the CD71high/TER119+ population, while relatively high in
both the CD71int/TER119– and CD71–/TER119+ populations
(Table 2), for which we could not uncover a biological meaning
at this moment. Considering that the exogenous expression in
the transgenic mice was up-regulated at the CD71high/TER119+

proerythroblast stage, consistent with the highest expression of
endogenous Gata1 at this stage, we can conclude that our trans-
genic system successfully led to overexpression of exogenous
TEL transcript in the Gata1-expressing cells. In addition, c-kit+/
CD41+ megakaryocytic progenitors also highly expressed
endogenous Gata1 gene and the transgenic c-kit+/CD41+ cells
showed high expression of exogenous TEL gene as well.

This transgenic event caused several differences between the
transgenic and control mice. One is further up-regulation of
Alas-e and β-globin genes in the CD71high/TER119+ population
of GATA1-TEL transgenic mice. These data indicate that TEL
directly or indirectly exaggerates the transcription of genes involved
in Hb synthesis. In GATA1-TEL transgenic mice, the level of Hb
concentration in the peripheral blood was higher, and with a
statistical significance. We have previously reported by evaluating
Hb accumulation with benzidine staining that overexpressed
TEL stimulates erythroid differentiation in UT7/GM and MEL

Fig. 6. In vitro erythroid differentiation of
embryoid body (EB)-derived c-kit+/CD71+ cells.
Undifferentiated embryonic stem cells were
deprived of leukemia inhibitory factor to form
differentiated EBs. After 6 days of differentiation,
c-kit+/CD71+ cells (shown in panel a) were
separated by fluorescence-activated cell sorter
(FACS) and subjected to erythroid differentiation
assay on OP9 stromal cell layer. The result of FACS
analysis shown in (a) came from non-transgenic
cells. There was no difference in the population
of EB-derived c-kit+/CD71+ cells between non-
transgenic and transgenic cells. (b) The CD71high/
TER119+ fraction after 8 days of culture with
erythropoietin and SCF on OP9 layer. In the
left panel, the representative data of mock-
transfected (Mock1) and GATA1-TEL30 are
shown. In the right panel, average and standard
deviation of control and transgenic (Tg) cells
are shown. The results of control and Tg are
derived from the combined data in at least two
independent experiments of J1, Mock1 and 2,
and GATA1-TEL3, 25 and 30, respectively. Day 6
transgenic EB-derived c-kit+/CD71+ cells produced
higher numbers of CD71high/TER119+ cells com-
pared to the controls.
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cells.(13,14) In both the cell lines, expressional levels of β-globin
and ALAS-E mRNAs were higher in the TEL-overexpressing
cells. These previous data are consistent with those observed here
in the CD71high/TER119+ population of bone marrow cells in the
GATA1-TEL transgenic mice. The transgenic mice expressing
deletion mutants of TEL that lack the Pointed or the ETS
domain did not show any alterations in Hb concentration (data
not shown). Because these deletions abolish major molecular
functions of TEL as a transcription factor, TEL appears to rein-
force Hb synthesis through transcriptional regulation at the
CD71high/TER119+ stage. Considering that endogenous Gata1
expression in the erythroid fraction of transgenic bone marrow
cells was not increased compared to that of non-transgenic cells,
it could not be plausible that TEL up-regulates the transcription
of Gata1 gene itself. Although we do not have any evidence that
TEL and GATA1 physically associate with each other, functions
of each molecule may cross-talk in the transcriptional regulation
of β-globin and ALAS-E genes. ETS-binding consensus sequences
are not found in the promoter region of Alas-e gene, suggesting
that TEL works indirectly to stimulate transactivation of the
gene. On the other hand, because β-globin gene contains an
ETS-binding consensus sequence (GGAA/T) in its promoter
region, TEL might directly activate the expression of β-globin
gene, although TEL is currently known only as a transcriptional
repressor. Notably, the expression of Eklf that activates the pro-
moter of β-globin gene(39) was higher at the immature CD71int/
TER119– stage in the transgenic mice, which may also partly
have contributed to the up-regulation of β-globin gene in the
CD71high/TER119+ stage.

Enforced TEL expression in transgenic mice not only caused
accelerated Hb accumulation but also expanded the immature
progenitor at the earlier stage where the expression of endogenous
Gata1 has not been fully activated yet. When cultured in the
presence of EPO and TPO, transgenic bone marrow cells
produced a more abundant population of CD71high/TER119+

(erythroid-committed) and c-kit+/CD41+ (megakaryocyte-
committed) cells than control cells, respectively. This observation
suggests a stimulatory function of TEL in propagating immature
erythroid progeny and possibly erythrocyte/megakaryocyte
common progenitors that can make a commitment to either of
the erythroid or megakaryocytic lineage. Although the levels of
Epor transcript in TEL-expressing CD71high/TER119+ cells were
comparable to those in controls, we could not deny the possibility
that TEL affects intracellular EPO signals. The molecular mech-
anisms underpinning TEL’s functions in expansion of immature
erythroid precursor remain unknown. On the other hand, we at
this moment cannot discuss the exact reason that exogenous TEL
expression led to in vitro expansion of megakaryocytic progenitor
in the presence of TPO, but did not cause an increased production
of platelets in mice. However, considering that overexpressed
TEL accelerates erythroid differentiation but inhibits megakaryo-

cytic maturation in UT7/GM cells,(14) TEL may preferably drive
the erythroid commitment in erythrocyte/megakaryocyte common
progenitors also in mice and its overexpression may not result in
higher production of platelets.

We also took advantage of in vitro differentiation of ES cells
to clarify TEL’s role in early hematopoiesis. The expressions of
endogenous Gata1 and exogenous TEL concomitantly com-
menced at day 5 of EB culture in differentiation media without
LIF, and gradually increased together subsequently. We found
that total levels of endogenous + exogenous TEL transcripts were
higher at day 6 or 7 in the GATA1-TEL transgenic EB cells than
in control cells. Interestingly, when assayed day 7 EB-derived
cells on methylcellulose, numbers of BFU-E colonies derived
from GATA1-TEL transgenic EB cells revealed a significant
increase compared to those from control cells. In the liquid culture
on OP9 cells in the presence of EPO and SCF, c-kit+/CD71+ cells
sorted from day 6 transgenic EB produced a more abundant
population of erythroid-committed CD71high/TER119+ cells than
non-transgenic control cells. These observations also argue the
function of TEL in expanding erythroid progenitor or accelerating
definitive erythroid commitment.

In summary, we verify two compelling functions of TEL
exerted at the different stages of erythroid differentiation. At the
earliest stage of erythroid differentiation, TEL could proliferate
erythrocyte/megakaryocyte common progenitors and/or favor
growth of the erythroid lineage-committed cells. At the late
stage of differentiation, TEL can accelerate terminal erythroid
differentiation through stimulating Hb synthesis. Although TEL
is not essential for erythropoiesis in the fetus and adult mice,
TEL could be activated under the condition of hematopoietic
stresses such as anemia and hypo-oxygenemia. We currently
have observed no difference between non-transgenic and trans-
genic mice in recovery of Hb levels after bleeding experiments.
Further analyses with different strategies to induce hematopoietic
stress are required to address this issue. Finally, to clarify precise
mechanisms for TEL to promote the propagation of erythroid
progenitor, unknown downstream target genes of TEL that could
be critical in the erythroid commitment and proliferation, are
under investigation in our laboratory using comprehensive
microarray systems.
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