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The TEL (translocation–Ets–leukemia or ETV6) locus, which encodes an Ets family transcription factor, is
frequently rearranged in human leukemias of myeloid or lymphoid origins. By gene targeting in mice, we
previously showed that TEL−/− mice are embryonic lethal because of a yolk sac angiogenic defect. TEL also
appears essential for the survival of selected neural and mesenchymal populations within the embryo proper.
Here, we have generated mouse chimeras with TEL−/− ES cells to examine a possible requirement in adult
hematopoiesis. Although not required for the intrinsic proliferation and/or differentiation of adult-type
hematopoietic lineages in the yolk sac and fetal liver, TEL function is essential for the establishment of
hematopoiesis of all lineages in the bone marrow. This defect is manifest within the first week of postnatal
life. Our data pinpoint a critical role for TEL in the normal transition of hematopoietic activity from fetal
liver to bone marrow. This might reflect an inability of TEL−/− hematopoietic stem cells or progenitors to
migrate or home to the bone marrow or, more likely, the failure of these cells to respond appropriately and/or
survive within the bone marrow microenvironment. These data establish TEL as the first transcription factor
required specifically for hematopoiesis within the bone marrow, as opposed to other sites of hematopoietic
activity during development.
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Hematopoiesis is the process by which blood cells of
distinct lineages (erythrocytes, B and T lymphocytes,
neutrophils, monocyte/macrophages, mast cells, and
megakaryocytes) are produced from pluripotent hemato-
poietic stem cells (HSCs) (Orkin 1996). HSCs lie at the
top of the hierarchy and give rise to progenitor cells that
exhibit varying developmental potentials. Options avail-
able to progenitors become restricted progressively until
differentiation along a single pathway takes place. Blood
cell formation is initiated early during vertebrate em-
bryogenesis. The first cells produced, embryonic (or
primitive) erythrocytes, arise within the blood islands of
the extraembryonic yolk sac at embryonic day 7.5 (E7.5).
By E11.5, hematopoiesis shifts to the fetal liver, where
adult (or definitive) red cells, as well as cells of other
lineages, first appear. The site of origin of HSCs has been
less certain. Whereas it was previously accepted that
HSCs and progenitors migrate from the yolk sac to the
fetal liver during development, more recent studies rely-
ing on cell transplantation to reconstitute hematopoiesis
in adult recipients assign an intraembryonic source for

definitive (adult) hematopoiesis within the intraembry-
onic para-aortic splanchnopleura and aortic–gonadal–m-
esonephros (AGM) regions (Godin et al. 1993; Medvin-
sky et al. 1993; Medvinsky and Dzierzak 1996). HSCs
arising in these areas are believed to migrate to and colo-
nize the fetal liver and spleen. The presence of multipo-
tential progenitors in the blood of E10 embryos suggests
that migration and colonization are mediated via the cir-
culation (Delassus and Cumano 1996). A unique origin
of HSCs is challenged by recent evidence demonstrating
long-term repopulation by yolk sac progenitors as as-
sayed by reconstitution of fetal recipient animals (Yoder
et al. 1997). Thus, the development of a stable, function-
ing hematopoietic system reflects complex processes in-
volving cellular differentiation, as well as temporal and
spatial control of migration, homing, proliferation, and
survival of HSCs.

Regulation takes place at multiple levels to ensure
proper blood cell development. Cytokines and their cog-
nate receptors mediate signals that participate directly or
indirectly in the proliferation, differentiation, or survival
of HSC and progenitor cells (see Veiby et al. 1997). Ulti-
mately, these processes are mediated by transcription
factors that serve to establish cellular patterns of gene
expression (Orkin 1996). In vivo requirements for tran-
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scription factors exhibiting hematopoietic or lineage-re-
stricted pattterns of expression have been established by
gene targeting studies (see Shivdasani and Orkin 1996).

Among transcriptional proteins essential for aspects of
hematopoiesis, several were discovered by virtue of chro-
mosomal translocations associated with human leuke-
mias. These include the SCL/tal-1, Rbtn2/Lmo2, MLL-
1, and AML-1 genes (Yu et al. 1995; Okuda et al. 1996;
Porcher et al. 1996; Robb et al. 1996; Wang et al. 1996).
Another presumed transcription factor involved in leu-
kemia is encoded by the (TEL) (translocation–Ets–leuke-
mia or ETV6) locus (Golub et al. 1994). The involvement
of the TEL gene in leukemia is particularly interesting in
that different translocations lead to the production of
various chimeric proteins, which are associated specifi-
cally with distinct forms of the disease (see Golub et al.
1997). Fusion of the oligomerization (or pointed) domain
of TEL with the platelet-derived growth factor receptor-b
(PDGFbR) chain or with c-Abl leads to constitutive ac-
tivation of their tyrosine kinases in the pathogenesis of
chronic myelomonocytic leukemia (Golub et al. 1994;
Papadopoulos et al. 1995; Golub et al. 1996). Fusion of
this region with the catalytic domain of the Janus family
kinase, JAK2, is associated with various leukemias de-
pending on the precise chimera generated (Lacronique et
al. 1997; Peeters et al. 1997). Finally, the fusion of the
oligomerization domain to the DNA-binding and trans-
activation regions of the runt-related AML-1/CBFa2 pro-
tein is commonly seen in childhood acute pre-B-cell
lymphoblastic leukemia (Golub et al. 1995; Romana et
al. 1995), and confers a favorable prognosis (McLean et al.
1996; Shurtleff et al. 1995). TEL-AML1-associated leuke-
mia is unique in that the normal TEL allele is consis-
tently absent (Sato et al. 1995; Stegmaier et al. 1995; Kim
et al. 1996; McLean et al. 1996; Raynaud et al. 1996).
Loss of heterozygosity suggests that functions of the nor-
mal TEL protein may retard or block the development (or
progression) of leukemia. This observation predicts a
role for TEL itself in some aspect(s) of blood cell forma-
tion.

As shown by gene targeting, TEL function is required
for viability of the developing mouse. TEL−/− embryos
die at E11.5 because of a failure in maintenance of the
developing vascular network in the yolk sac (Wang et al.
1997). In addition, apoptosis occurs in selected regions of
the embryo. We showed previously that TEL is not re-
quired for production of embryonic red cells in the yolk
sac, or for in vitro colony formation by definitive hema-
topoietic progenitors. Although excluding TEL as an es-
sential regulator of the intrinsic differentiation programs
of hematopoietic cells, these observations did not ad-
dress functions in adult hematopoiesis in vivo.

To investigate the role of TEL in fetal liver or bone
marrow hematopoiesis within the context of an intact
animal, we examined the development of all blood lin-
eages in chimeric mice generated in both wild-type and
recombinase-activating-2 gene (RAG-2)−/− backgrounds
(Chen et al. 1993). Here, we demonstrate that, although
dispensable for fetal liver hematopoiesis, TEL is specifi-
cally required for bone marrow hematopoiesis, as early

as the immediate postnatal period. Our findings raise
several possible mechanisms by which TEL functions in
hematopoiesis, and have implications for the conse-
quences of TEL loss in childhood pre-B-cell leukemia.

Results

TEL is expressed in hematopoietic tissues and cell
lines

TEL RNA transcripts are expressed widely in the early
embryo and adult mouse (Wang et al. 1997). We used
RNA in situ hybridization to assess TEL expression at
midgestation. As compared with other tissues except the
lung, TEL transcripts are expressed highly in the fetal
liver and thymus at E14.5 (Fig. 1A,B). TEL mRNAs are
also detectable by Northern blotting in cell lines repre-
sentative of various blood lineages and developmental
stages (Fig. 1C). Thus, TEL appears to be relatively abun-
dant in hematopoietic cells.

Selection for G418-resistant hematopoietic colonies
demonstrates that TEL+/− and TEL−/− embryonic stem
cells contribute to definitive lineages of chimeric mice
at the yolk sac stage

Prior analysis of TEL−/− embryos revealed normal eryth-
ropoiesis in the yolk sac and the presence of both ery-

Figure 1. TEL mRNAs are expressed in hematopoietic tissues
and cell lines. (A,B) In situ hybridization of TEL transcripts was
performed on E14.5 paraffin-embedded embryos as described
previously (Wang et al. 1997). (Th) Thymus; (Ht) heart; (Lv)
liver; (Ln) lung. (C) Northern blot analysis of poly(A)+ RNA iso-
lated from the indicated murine cell lines. Hybridization with
TEL cDNA probes is shown above. Hybridization with GAPDH
cDNA as a control is shown below. (Ma) Mast cells; (MK) mega-
karyocytes; (T) T lymphoid.
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throid and myeloid colonies in colony assays of yolk sac
progenitors (Wang et al. 1997). Such in vitro colonies
obtained from the mid-yolk sac arise from definitive pro-
genitors (Kennedy et al. 1997). To circumvent the early
lethality of TEL−/− embryos and examine a potential role
for TEL in definitive hematopoiesis, we analyzed chime-
ras made by injection of TEL+/− and TEL−/− embryonic
stem cells into wild-type C57BL/6 blastocysts. To dis-
tinguish host and ES-derived hematopoietic progenitors,
we took advantage of the presence of an active neomy-

cin-resistance gene in the targeted TEL+/− or TEL−/− cells
(Fig. 2A). Only colonies derived from injected ES cells
would be expected to survive in the presence of G418.

This strategy was validated by experiments summa-
rized in Table 1. Macrophage/granulocyte colonies of
yolk sac progenitors were obtained in the presence of
G418 from embryos shown to be chimeric by Southern
blot analysis. Drug-resistant colonies were not obtained
from cells of nonchimeric embryos. Moreover, Southern
blotting of G418-resistant colonies grown from TEL−/−/
wild-type chimeras revealed only the targeted TEL allele
(Fig. 2B). Thus, culture in the presence of G418 selects
for ES-derived cells and does not permit survival of wild-
type cells. Finally, the fraction of colonies surviving
G418 selection closely parallels the degree of chimerism
estimated by Southern blotting of embryonic material
(Table 1). Therefore, the approach outlined in Figure 2A
is a valid means of evaluating the origin of hematopoi-
etic lineages in mouse chimeras at different stages of
development.

TEL−/− ES cells contribute to fetal liver hematopoiesis

We applied this assay to progenitors present in fetal liv-
ers of TEL+/− and TEL−/− chimeras. In each instance
Southern blotting was used to document chimerism of
varying extents in other embryonic tissues (data not
shown). As summarized in Table 2, ES-derived (i.e.,
G418-resistant) erythroid colonies of CFU-e and BFU-e
types, as well as non-red (i.e., myeloid) colonies, were
observed. Colony morphologies were normal. Thus, ex-
pression of the TEL gene is not essential for fetal liver
hematopoiesis. This also implies that TEL is not re-
quired for the intrinsic commitment and maturation of
progenitors of these lineages.

Table 1. TEL+/− and TEL−/− ES cells contribute to definitive
lineages at the yolk sac stage

Genotype Chimera

Percent
ES cell

contribution

Macrophage/granulocyte
colonies

−G418 +G418

1 0 >100 *0
2 0 >100 *0

−/− 3 50 84 ± 20 26 ± 2
4 60 168 ± 20 **68 ± 2
5 80 113 ± 20 **69 ± 6

+/− 1 20 37 ± 3 7 ± 0
2 20 50 ± 5 14 ± 2

Hematopoietic progenitor assays were performed using E10.5
yolk sac cells of TEL/wild-type chimeras in the presence of
macrophage/granulocyte colonies (IL-1/IL-3/G-CSF/GM-CSF).
Percent ES contribution was estimated by Southern blotting.
Note that no colonies were detected in the presence of G418 in
chimeras lacking ES cells contribution (*). Hematopoietic colo-
nies (**) were collected and subjected to Southern blot analysis,
as shown in Fig. 2B.

Figure 2. Assay of ES-cell-derived G418-resistant hematopoi-
etic colonies in TEL/wild-type chimeras. (A) G418 selection
strategy to distinguish hematopoietic colonies derived from
wild-type (WT) or ES origins in the TEL/wild-type chimeras (see
Results). Following injection of TEL+/− and TEL−/− ES cells into
wild-type C57BL/6 blastocysts, single-cell suspensions are pre-
pared from hematopoietic organs at different stages [yolk sac
(E10.5), fetal liver (E14.5–E16.5), perinatal, adult]. Cells are
plated in methylcellulose cultures supplemented with various
growth factors, either in the presense or in the absence of G418.
The numbers of colonies representing each blood-cell lineage
are numerated and colonies are prepared for histological exami-
nation. (neo) Neomycin; (hyg) hygromycin; (G418S) G418 sen-
sitive; (G418r) G418 resistant. (B) Macrophage/granulocytic
colonies grown in the absence (−) and in the presense (+) of G418
(left panel, 1 mg/ml; right panel, 1.5 mg/ml G418, respectively)
were collected from two representative (** in Table 1) TEL/
wild-type yolk-sac progenitor assays, DNAs were extracted and
subjected to Southern blot analysis. (wt) Wild-type allele; (mt)
mutant allele. Note that only targeted alleles (ES-cell-derived)
were detected after selection in the presence of G418.
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TEL−/− ES cells do not contribute to bone marrow
myelopoiesis and erythropoiesis

The site of hematopoiesis shifts from fetal liver to the
bone marrow during the transition from intrauterine to
extrauterine life. Given its dispensability for yolk sac
and fetal liver hematopoiesis, a deficit in bone marrow
hematopoiesis of TEL−/− cells was not expected. How-
ever, initial studies using adult marrow cells of >8-week-
old mice revealed that TEL−/−, but not TEL+/−, cells
failed to generate G418-resistant myeloid colonies in
progenitor assays (Table 3A). Chimerism was indicated
by ES-cell-derived agouti coat color contribution, and
subsequently verified by Southern blotting in the major-
ity of animals (see below; data not shown). Further analy-
sis revealed that the observed deficit of TEL−/− ES-cell-
derived progenitors was manifest in the bone marrow by
1 week of age (Table 3A). Additional lineages were as-
sayed to examine the extent of the deficit. TEL−/− bone-
marrow-derived mast cells (Table 3A) and megakaryo-
cyte colonies (Table 3B) were also not observed upon
G418 selection. Red blood cell contribution was assessed
by hemoglobin analysis, relying on genotype differences
between host and ES-derived cells. Adult red cells were
exclusively of host origin in liveborn chimeras (Fig. 3).
These findings indicate that TEL function is required for
the production of bone marrow-derived erythroid, my-
eloid, mast, and megakaryocytic cells.

TEL is also required for efficient lymphopoiesis
in the adult

To address the possible involvement of TEL in lympho-
poiesis, we generated chimeras by injection of TEL+/− or
TEL−/− ES cells into RAG-2−/− blastocysts. Because
RAG-2−/− mice do not produce mature B and T lympho-
cytes (Chen et al. 1993), examination of the number and
phenotype of B and T cells in such chimeras allows for a
rapid and stringent complementation assay of lymphoid
potential.

We first examined the B- and T-cell phenotype in adult
TEL/RAG-2 chimeras by FACS analysis. As shown in
Figure 4A, a dramatic reduction in both the frequency
and absolute number of TEL−/− B220+ B cells in the bone
marrow was observed. This B-cell defect appears to lie at
the progenitor level as revealed by the lack of pre-B-cell
progenitors in the bone marrow assayed at 1–6 weeks of
age (Table 4). Note, however, that despite the paucity of
TEL−/− B220+ B cells in the bone marrow, B220+/IgM+

mature B cells are present in the spleen (Fig. 4A; data not
shown).

The number of TEL−/− CD4+CD8+ immature T cells in
the thymus was also reduced dramatically relative to
that seen with TEL+/− ES cells (Fig. 4B). As with TEL−/−

B cells, the defect appears to lie at the progenitor level, as
TEL−/− CD25+ prothymocytes failed to accumulate (data
not shown). In addition, despite the low number of im-
mature thymic T cells, mature single CD4+ or CD8+ T
cells appeared to migrate to and repopulate the lymph
node in the RAG-2−/− background (Fig. 4B). The total
number of these mature T cells was ∼sixfold less than
that seen in TEL+/− chimeras (Fig. 4B).

We also examined progenitors in chimeras during the
transition from fetal liver to bone marrow hematopoi-
esis. As shown in Figure 5, FACS analysis of thymic cells
of E18 TEL/RAG-2 chimeras revealed the presence of
TEL−/− CD4+CD8+ immature T cells in numbers ap-
proximating that of TEL+/− cells. Thus, TEL−/− progeni-
tors exit the fetal liver, migrate, and home to fetal thy-
mus, despite their paucity in the thymus after birth.

These findings indicate that TEL is not required in-
trinsically for the proliferation and differentiation of
committed lymphoid lineages. As TEL−/− splenic B cells
and lymph node T cells proliferate in response to stimu-
lation by LPS or anti-CD3 antibody, respectively (data
not shown), TEL is also not essential for some aspects of
cellular responsiveness. Because the majority of the lym-
phoid progenitors reside in the bone marrow during post-
natal life, our data suggest, however, that TEL is required
for maintaining a normal pool of lymphoid progenitors
in the bone marrow.

Table 2. TEL−/− ES cells contribute to fetal liver hematopoiesis

Chimera Genotype

Red colonies

(CFU-e) (BFU-e) Non-red Colonies

−G418 +G418 −G418 +G418 −G418 +G418

+/− 510 ± 90 190 ± 45 70 ± 20 40 ± 5 910 ± 140 190 ± 30

−/− 655 ± 35 395 ± 50 110 ± 40 40 ± 20 750 ± 70 85 ± 10
Clone 1 −/− 610 ± 130 20 ± 10 115 ± 35 15 ± 5 925 ± 45 35 ± 10

−/− 770 ± 90 55 ± 10 170 ± 10 15 ± 5 1055 ± 165 35 ± 5
Clone 2 −/− 875 ± 75 360 ± 45 220 ± 20 90 ± 5 1200 ± 10 125 ± 35

Clone 3
−/−

N.D.
635 ± 35 85 ± 15

−/− 625 ± 45 50 ± 0

One TEL+/− ES clone and three independently-derived TEL−/− ES cell clones were injected into wild-type blastocysts. Progenitor assays
were performed on the resultant TEL/wild-type chimeric fetal livers (E14.5–E16.5). Erythroid (red) colonies, including CFU-e and
BFU-e, and myeloid (non-red) colonies were cultured with or without G418 as in Fig. 2A. Numbers represent progenitors/106 fetal liver
cells. (N.D.) Not determined.
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TEL−/− ES cells do not contribute to hematopoietic
organs in the adult

Because deficiency affects all lineages, our results are
compatible with a critical role for TEL in the develop-
ment/maintenance of HSCs or multipotential progeni-
tor cells within the bone-marrow compartment. To ex-
amine whether such defects are reflected at the level of
TEL−/− ES-cell contribution to the hematopoietic organs,
we performed Southern blotting of tissues from young
and adult mice. As shown in Figure 6A, both TEL+/− and
TEL−/− cells contributed readily to nonhematopoietic
tissues, including brain, heart, liver, kidney, and muscle.

In marked contrast, contribution to the hematopoietic
organs was observed in TEL+/− but not TEL−/− chimeras
(Fig. 6A; data not shown). As shown by progenitor assays
(Tables 1 and 2), however, TEL−/− ES cells readily con-
tribute to hematopoietic tissues of the embryo–yolk sac
and fetal liver (Fig. 6B). These data support a restricted
role for TEL in the bone marrow (Fig. 7).

Intraembryonic hematopoietic progenitors initially
colonize the fetal liver, and thereafter migrate to other
hematopoietic organs (spleen, thymus, and bone mar-
row). In the adult, the bone marrow is the primary source
of multipotential progenitors, which then seed other he-
matopoietic sites via the circulation. TEL function

Table 3. TEL function is required for development of myeloid, mast cells, and megakaryocytes

A. TEL−/− ES cells do not contribute to bone marrow myelopoiesis
Chimera

Percent
agouti

Macrophage/granulocyte colonies Mast cells

genotype age (week) −G418 +G418 −G418 +G418

>70 2240 ± 240 650 ± 5 + +

1
∼50 860 ± 20 370 ± 5 + +
<50 660 ± 80 205 ± 5 + +
<50 3120 ± 340 80 ± 0 + +

+/− 3 <50 880 ± 105 280 ± 5 + +
>70 1285 ± 125 405 ± 65 + +

>8
>70 1400 ± 100 350 ± 5 + +
<70 260 ± 30 35 ± 5 + +
<70 665 ± 75 35 ± 10 + +

>70 875 ± 145 5 ± 5 + −
<50 2210 ± 390 0 + −

−/−

1 <50 2270 ± 10 0 + −
<50 2100 ± 60 0 + −
<50 860 ± 10 0 + −

3
>50 1315 ± 95 0 + −
<50 1095 ± 45 0 + −
>70 1165 ± 165 0 + −

>8
>70 460 ± 40 0 + −
<70 500 ± 80 0 + −
<70 690 ± 60 0 + −

B. Lack of megakaryocytic progenitors in the bone marrows of TEL−/− → wild-type chimeras
Megakaryocyte colony no./1 × 106 bone marrow cells

−G418 +G418

1
50 155 ± 45 60 ± 10

+/−
40 115 ± 25 35 ± 15

6
80 165 ± 35 25 ± 3
30 200 ± 30 10 ± 0

−/−
1 30 105 ± 5 0

6
60 195 ± 15 0
40 185 ± 10 0

(A) Bone marrow progenitor assays were performed using TEL/wild-type chimeras with various degrees of ES cell contribution. Bone
marrow cells were cultured in methylcellulose supplemented with IL-1/IL-3/GM-CSF/G-CSF to obtain myeloid colonies indicated as
no. of myeloid progenitors per 1 × 106 bone marrow cells. To obtain homogeneous populations of mature mast cells, 2 × 105 bone
marrow cells/ml were cultured in DMEM supplemented with 10% FCS and IL-3 for 4 weeks. In the presence of G418 no viable cells
were obtained from TEL−/−/wild-type chimeras. Similarly, no viable cells were obtained from control wild-type C57BL/6 bone marrow
cells upon G418 selection. (+) Mast cell growth; (−) no growth.
(B) Progenitor assays were performed in the presence of kit-ligand (KL) and thrombopoietin. Pure and mixed (with erythroid) mega-
karyocytic colonies were enumerated on day 7. The identity of megakaryocytes was confirmed by May-Grunwald-Giemsa stain and
histochemical staining for acetylcholinesterase activity.
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might be required in one, or multiple, processes, includ-
ing migration and/or homing from the fetal liver to other
sites, or progenitor survival/proliferation within the
marrow microenvironment. Although cellular migration
cannot be studied conveniently in chimeras, the pres-
ence of low numbers of TEL−/− hematopoietic progeni-
tors in the bone marrow, spleen, and liver of newborn
animals and in the spleen and liver of E18 embryos (data
not shown) suggests that TEL−/− hematopoietic cells ini-
tially seed sites of hematopoietic activity, but in the ab-
sence of stable colonization of the bone-marrow micro-
environment, hematopoiesis is not sustained.

Discussion

The TEL gene is involved in leukemias of both myeloid
and lymphoid origins (Golub et al. 1997). During early
embryonic development TEL is required for yolk-sac an-
giogenesis and for survival of several cell types (Wang et
al. 1997). Here we have used mouse chimera analysis
(Pevny et al. 1991; Porcher et al. 1996) to address addi-
tional roles for TEL in later development, specifically
within hematopoiesis. Our studies reveal a unique re-
quirement for TEL in establishing stable bone-marrow
hematopoiesis in early postnatal life and in the adult
(Fig. 7). The specificity of TEL loss of function for hema-
topoiesis in this site, as contrasted with other sites during
development, points to the existence of novel regulatory
pathways in bone-marrow HSCs or progenitors. More-
over, our results may relate to the pathogenesis of child-
hood pre-B leukemia associated with TEL/AML1 trans-
locations and loss of heterozygosity at the TEL locus.

TEL serves a critical, nonredundant function
in bone-marrow hematopoiesis

The expression of the TEL locus in hematopoietic cells,
taken together with its rearrangement in leukemia,
hinted at a potential role for TEL in hematopoiesis. Our

prior data relying on in vitro differentiation of TEL−/− ES
cells and progenitor assay of TEL−/− yolk-sac progenitor
cells, however, demonstrated that TEL function is dis-
pensable for the committment and differentiation of ery-
throid-myeloid lineages. This conclusion is confirmed
by the studies reported here. The presence of a low num-
ber of otherwise normal TEL−/− B and T lymphocytes in
TEL−/−/RAG-2−/− chimeras further indicates that TEL is
not essential for development of lymphoid cells.

Whereas TEL is dispensable for the intrinsic differen-
tiation of blood lineages, however, it is required for in
vivo hematopoiesis within the bone marrow. This is an
unexpected finding that points to critical differences in
the nature of hematopoietic HSCs (or progenitors) that
develop within different anatomic sites or differences in
the responses of these cells to varying microenviron-
ments (see below).

The bone marrow microenvironment is comprised of
diverse cell types, including reticular fibroblasts, adipo-
cytes, macrophages, endothelial cells, and extracellular
matrix (Mayani et al. 1992; Papayannopoulou and Crad-
dock 1997). Because our results are derived from the
analysis of multiple chimeras of varying contribution of
host to the microenvironment, we infer that the bone-
marrow defect is cell-autonomous and hematopoietic-
cell specific. Our findings, however, do not exclude ad-
ditional functions of TEL specific to cells of the micro-
environment, as these would not be detected in our
assays. It might also be argued that the hematopoietic
defects reflect unknown, TEL-independent genetic alter-
ations in the TEL−/− ES clones that might impair contri-
bution of ES cells to hematopoietic, but not other, com-
partments in chimeras. This explanation is highly un-
likely for at least two reasons. First, as controls for the
experiments, we have used TEL+/− ES clones that were
selected in parallel with TEL−/− clones. In numerous ex-
periments, we document that TEL+/− clones contribute
efficiently to the hematopoietic system of chimeras (see
Table 3A). Second, the temporal appearance of the he-

Figure 3. TEL−/− ES cell progneitors do not con-
tribute to mature erythroid lineages in chimeras.
Red blood cells from young and adult chimeric
mice were subject to hemoglobin analysis. [H
(Hbbs)] Specific for host (C57BL/6) blastocyst cells;
[ES (Hbbd)] specific for ES (129/Sv) cells. (*) Lack of
adult b-hemoglobin contribution from TEL−/− ES-
cell-derived chimeras.
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matopoietic defect is remarkable in its onset. Contribu-
tion of TEL−/− ES cells to fetal liver progenitors is de-
tected readily at E14.5–16, whereas contribution to bone-
marrow progenitors is virtually absent just several days
later. We conclude that the failure of TEL−/− hematopoi-
etic progenitors to achieve stable colonization of the
bone marrow reflects a nonredundant, selective, and
cell-autonomous function for TEL.

Possible mechanisms for bone-marrow hematopoietic
defects in the absence of TEL

The establishment of bone-marrow hematopoiesis ne-

cessitates migration of HSCs (or progenitors) from the
fetal liver (or other intraembryonic sites) and subsequent
retention, survival, and proliferation of these cells
within the marrow microenvironment. The interaction
of the microenvironment with hematopoietic cells is
critical for blood-cell production. Stroma provides a solid
support for hematopoiesis, in part facilitating availabil-
ity to membrane-localized growth factors. Hematopoi-
etic site-restricted interactions may also be inferred from
experiments in sheep indicating that liver-derived fetal
progenitors home preferentially to fetal bone marrow
(Zanjani et al. 1993).

Adhesive interactions of hematopoietic cells with
stroma and cells of the microenvironment are important
in vivo (Coulombel et al. 1997; Papayannopoulou and
Craddock 1997). Some of these are mediated by integrin
interactions with their respective ligands and are critical
in vivo (Hynes 1996). For example, migration or homing
of progenitors to the fetal liver requires b1 integrin (Hir-
sch et al. 1996). Maintenance of postnatal lymphopoiesis
is dependent on expression a4 integrin (Arroyo et al.
1996). Moreover, integrins, notably a4b1, a5b1 and their
cognate ligands, V-CAM and fibronectin, have been
shown to be necessary for proper cell–cell and/or cell–
extracellular matrix adhesion in the development of
various tissues, including the hematopoietic system
(Hynes 1996; Papayannopoulou and Craddock 1997).
Further analysis of the a4 knockout reveals the existence
of hematopoietic defects outside the lymphoid compart-
ment (A. Arroyo and R. Hynes, pers. comm.). This might
recommend a4 as a candidate target gene for TEL. How-

Table 4. Lack of pre-B cell progenitors in the bone marrows
of TEL−/− → wild-type chimeras

Chimera

Percent
agouti

Pre-B cell colony no./
1 × 106 bone marrow cells

genotype
age

(weeks) −G418 +G418

1
80 345 ± 50 140 ± 5
15 640 ± 40 4 ± 1

+/− 2
80 895 ± 35 203 ± 23
60 775 ± 75 71 ± 8

6
80 307 ± 13 69 ± 6
30 285 ± 25 19 ± 1

40 480 ± 0 0
1 40 398 ± 38 0

30 210 ± 25 0

60 935 ± 5 0
−/− 2 40 1060 ± 40 0

40 595 ± 65 0

6
60 370 ± 0 0
40 333 ± 47 0

Pre-B cell progrenitor assays were performed in 1- to 6-week-old
chimeric mice. Bone marrow cells (2 × 105) were cultured in
methylcellulose supplemented with IL-7 (H3630, Stem Cell
Technology), and pre-B colonies were enumerated on day 10.
Numbers represent pre-B progenitors/1 × 106 bone marrow cells.

Figure 4. TEL−/− ES-derived cells do not reconstitute effi-
ciently lymphoid lineages in RAG-2−/− chimeras. Flow cytom-
etry was performed on hematopoietic compartments of the
TEL/RAG-2 chimeras. Anti-B220 antibody was used as B-cell
marker for bone marrow and spleen cells. Anti-Ly 9.1 antibody
distinguishes ES-derived from RAG-2−/− blastocyst-derived
lymphocytes (the latter are Ly9.1−). (A) Anti-CD4 and CD8 an-
tibodies were used as T-cell markers for thymus and lymph-
node cells. (B) The total numbers of lymph-node T cells are
indicated. The dotted rectangles highlight the differences in the
frequency of reconstituting lymphocytes between the TEL+/−

and TEL−/− ES-cell-derived chimeras.
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ever, our preliminary analysis demonstrates ostensibly
normal expression of a4 in TEL−/− fetal liver cells. More-
over, undifferentiated TEL−/− ES cells bind fibronectin
and V-CAM, cognate ligands for a4 integrin (data not
shown). Thus, if TEL regulates the expression of inte-
grins, or other adhesive molecules, their identity is as yet
unknown.

Beyond mere adhesion of HSCs or progenitors to mar-
row stroma elements, the responses of cells to these in-
teractions and to other stimuli of the microenvironment
are likely to be critical in stable colonization and subse-
quent blood-cell production. TEL function might be es-
sential in one (or multiple) aspect(s) of these pathways.
Regardless of the specific target genes in HSCs or pro-
genitors, it seems likely that TEL serves critical func-
tions in the response of HSCs or progenitors to the bone-
marrow microenvironment.

Speculations regarding TEL function and leukemia

In instances of leukemias in which gene fusions are ex-
pressed, translocations are undoubtedly inciting genetic
events (Rabbitts 1994). Indeed, recent evidence indicates
that at least in one variety of pediatric leukemia, trans-
location between the MLL and AF4 loci occurs antena-
tally (Gale et al. 1997). Rearrangement of the TEL and
AML1 loci may have a similarly early origin in develop-
ment (Ford et al. 1998). If such somatic events precede
onset of evident disease by several years, it seems highly
probable that secondary genetic events contribute to its
evolution and progression. Such hypotheses conform to
the prevailing view that oncogenesis is a multistep pro-
cess (Nowell 1976).

The TEL locus was discovered through its fusion with
the PDGFbR gene in chronic myelomonocytic leukemia
(CMML), and has been shown subsequently to be rear-
ranged with the c-abl, JAK 2, and AML-1 loci in CMML,
T-ALL, and pre-B-ALL (see Golub et al. 1997). In the TEL

Figure 5. TEL−/− ES cells contribute to thymic T
cells prior to birth. TEL+/− and TEL−/− ES cells
were injected into RAG-2−/− blastocysts, and
flow cytometry of thymocytes was performed at
E18. The majority of the thymocytes at E18 are
CD4+CD8+. Representative FACS analysis from 2
TEL+/− and 2 TEL−/− chimeras are shown. The
control represents an embryo that lacked detect-
able ES cell contribution.

Figure 6. TEL−/− ES cells fail to contribute to adult hemato-
poietic tissues in chimeras. Southern blots were performed us-
ing DNAs of various adult tissues from TEL+/− or TEL−/− ES-
cell-derived chimeras in the RAG-2 or wild-type (WT) back-
grounds (A) and hematopoietic cells derived from yolk sacs or
fetal livers (B). (wt) Wild-type alleles; (mt) mutant alleles; (Bm)
bone marrow; (B) brain; (H) heart; (K) kidney; (L) liver; (M)
muscle; (I) intestine; (Sp) spleen; (T) tail; (Th) thymus; (*) hema-
topoietic tissues (BM, Sp, and Th).

TEL and bone marrow hematopoiesis

GENES & DEVELOPMENT 2399



fusions with PDGFbR, c-abl, and JAK2, TEL-induced
oligomerization results in constitutive activation of
downstream-signaling pathways (Carroll et al. 1996; La-
cronique et al. 1997). Such is not the case for the TEL/
AML1 fusion protein, which is presumed to act by dif-
ferent mechanisms, perhaps including alteration of
AML1 function, which is essential on its own for defini-
tive hematopoiesis (Okuda et al. 1996; Wang et al. 1996).
A distinctive feature of TEL/AML1-associated leukemia
is nearly invariant loss of heterozygosity at chromosome
12p, which includes the site of the TEL locus, as well as
that of the cyclin inhibitor p27(Kip1) (Sato et al. 1995;
Stegmaier et al. 1995; Kim et al. 1996; Raynaud et al.
1996). Expression of normal TEL mRNA in cells of rare
patients in early samples, but not at later times, is con-
sistent with TEL loss serving as a secondary genetic
‘‘hit’’ in disease progression (Kim et al. 1996). Based on
the novel consequences of the absence of TEL for hema-
topoiesis demonstrated here, we speculate regarding
their implications for evolution of childhood pre-B-TEL-
AML1-associated leukemia.

The inability of TEL−/− HSCs (or progenitors) to stably
colonize the bone marrow might reflect defective adhe-
sion or defective adhesion-mediated cellular responses.
Studies, largely in the context of Phildelphia+–CML,
have suggested that leukemic cells are impaired in both
respects (Verfaillie 1997). Leukemic progenitors may cir-
culate prematurely in the blood, and also proliferate ex-
cessively because of altered adhesive properties. Thus, if
TEL regulates adhesion receptors or pathways responsive
to adhesion, its loss would predict altered behavior of
leukemic progenitors. Alternatively, TEL may mediate
aspects of adhesion-independent cellular responses to
the bone-marrow microenvironment. On one hand, our
finding that loss of TEL in otherwise normal hematopoi-
etic progenitors cripples their capacity for effective he-
matopoiesis in the bone marrow appears counterintui-
tive as a potential contributing factor in the pathogenesis
of TEL/AML1 pre-B-cell leukemia. If we postulate, how-
ever, that unique properties of the TEL/AML1 fusion
protein rescue otherwise doomed TEL−/− HSCs (or a sub-

set of progenitors) in the bone-marrow microenviron-
ment for subsequent survival, proliferation, and compe-
tition with normal progenitors, such apparent discrepan-
cies may be reconciled. In principle, these aspects of the
pathogenesis of childhood pre-B-cell leukemia might be
addressed with suitable genetic manipulations in the
mouse. It seems likely that the bone marrow-restricted
deficit of TEL−/− hematopoietic cells described here is
relevant to the evolution of this form of leukemia.

Materials and methods

Blotting and in situ hybridization

Northern and Southern blotting were described previously
(Wang et al. 1997). In situ hybridization was performed with
digoxigenin-11-UTP (Boehringer-Mannheim)-labeled riboprobes
generated from a 550-bp EcoRI–Eco47III fragment spanning the
58 TEL-untranslated region (Wang et al. 1997).

Generation of chimeras

TEL+/− and TEL−/− ES clones were injected into C57BL/6 or
RAG-2−/− blastocysts (Chen et al. 1993). Bone marrow, thymus,
spleen, or lymph-node cells of E18, newborn or 1–16 weeks old
mice were collected for hematopoietic progenitor assay or FACS
analysis. Internal organs were used for extraction of DNA. Chi-
merism was assessed by agouti coat-color contribution in the
adult mice and/or by Southern blot analysis (Porcher et al.
1996). Two independent clones each of TEL+/− and TEL−/− ES
cells were used for injections. Data on the myeloerythroid lin-
eages were derived from the study of 7–14 chimeras. For RAG-
2−/− blastocyst experiments, 7 TEL+/−, and 10 TEL−/− chimeras
were analyzed.

Hematopoietic progenitor assays from chimeric mice

Yolk sac, fetal liver, spleen, and bone-marrow progenitor assays
were performed as described (Porcher et al. 1996; Wang et al.
1997). Cells (1–2 × 105) were plated into methylcellulose me-
dium supplemented with various growth factors (Porcher et al.
1996) either in the presence (1.5 mg/ml) or absence of G418.
Pre-B-cell colony assays were performed in the presence of IL-
7-containing methylcellulose (Stem Cell Technologies).

Figure 7. The requirement for TEL in the
development of the hematopoietic system.
Arrows depict the colonization routes of
HSC/multipotent progenitors.
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Hemoglobin assay

Hemoglobin analysis was performed as described (Porcher et al.
1996).

FACS analysis

Preparation and staining of lymphoid cells were performed as
described (Porcher et al. 1996).
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