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Previous studies have indicated that the stem cell leukemia gene (SCL) is essential for both embryonic and
adult erythropoiesis. We have examined erythropoiesis in conditional SCL knockout mice for at least 6 months
after loss of SCL function and report that SCL was important but not essential for the generation of mature
red blood cells. Although SCL-deleted mice were mildly anemic with increased splenic erythropoiesis, they
responded appropriately to endogenous erythropoietin and hemolytic stress, a measure of late erythroid
progenitors. However, SCL was more important for the proliferation of early erythroid progenitors because the
predominant defects in SCL-deleted erythropoiesis were loss of in vitro growth of the burst-forming erythroid
unit and an in vivo growth defect revealed by transplant assays. With respect to erythroid maturation,
SCL-deleted proerythroblasts could generate more mature erythroblasts and circulating red blood cells.
However, SCL was required for normal expression of TER119, one of the few proposed target genes of SCL. The
unexpected finding that SCL-independent erythropoiesis can proceed in the adult suggests that alternate
factors can replace the essential functions of SCL and raises the possibility that similar mechanisms also
explain the relatively minor defects previously observed in SCL-null hematopoietic stem cells.

The production of mature hematopoietic cells involves a
step-wise process from the multipotent hematopoietic stem
cell, to lineage-committed progenitors, and finally to mature
blood cells (18). In the case of erythropoiesis, the erythroid-
committed progenitor, the burst-forming erythroid unit
(BFU-E) arises from a megakaryocyte-erythroid progenitor
(MEP) (22). BFU-Es give rise to the progenitors of more limited
proliferative capacity, termed erythroid CFUs (CFU-Es), which
in turn, generate proerythroblasts, the earliest postmitotic ery-
throid cell. Subsequent erythroid maturation from the proeryth-
roblast to late normoblast just prior to enucleation can be mon-
itored by expression of the cell surface markers CD71 and
TER119 (32). In response to erythroid stress, erythropoietin
(EPO) acts at multiple levels of erythropoiesis to induce red
blood cell production (11). The glucocorticoid pathway is also
important for normal erythroid response to hemolytic stress (39).

The stem cell leukemia gene (SCL) encodes a basic helix-
loop-helix (bHLH) protein first cloned from a leukemic trans-
location (3). SCL is critical for the formation of primitive
erythropoiesis in embryonic development (25, 27, 28, 31). In
adult hematopoiesis, SCL is also believed to be essential for
erythropoiesis. SCL is expressed in erythroid progenitors and
maintained throughout erythroid development, with levels
peaking at the CFU-E stage (4). Enforced expression of SCL
favored erythroid proliferation and differentiation in cell lines
and primary hematopoietic progenitors (7, 33). Continued ex-

pression of SCL in erythroid cells appears to be essential for
erythropoiesis, as an SCL transgene expressed in hematopoi-
etic progenitors but not erythroid cells failed to rescue eryth-
ropoiesis in SCL knockout embryos (30). More recently, anal-
yses of conditional SCL knockout mice have supported the
hypothesis that SCL is critical for adult erythropoiesis. Imme-
diately after loss of SCL expression, in vitro and in vivo growth
of erythroid progenitors was absent (8, 20). Furthermore, com-
petitive transplant assays suggested that SCL was essential for
mature red blood cell formation with a block in maturation at
the CD71pos TER119low proerythroblast stage (5, 20). Thus,
analyses of SCL-conditional knockout mice suggest that SCL is
essential for maturation beyond the proerythroblast stage.

Within erythroid cells, SCL was identified within large pro-
tein complexes comprising not only its E-protein partner, but
also LMO2, Lbd-1, GATA-1, pRb, and Sp1 (15, 36, 38). This
SCL complex regulates transcription at promoters containing
E-box GATA motifs and has been reported to positively and
negatively modulate expression of target genes. Proposed ery-
throid target genes of this complex include the gene encoding
the receptor for stem cell factor c-kit and the red blood cell
membrane proteins glycophorin A and protein 4.2 (12, 14, 15,
41). Other potential erythroid targets of SCL include GATA-1
and EKLF, a transcription factor essential for expression of
adult globin (1, 37). Thus, SCL is predicted to regulate ery-
throid commitment, proliferation, and maturation.

In this study, we have examined the long-term consequences
for erythropoiesis of deleting SCL by using conditional SCL
knockout mice. In light of the absence of BFU-E and a block
in differentiation at the proerythroblast stage in SCL-deleted
mice, we predicted that SCL would be essential for the pro-
duction of mature red blood cells (5, 8, 20). Surprisingly, we
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found that SCL was important but not essential for continuing
adult erythropoiesis, including a response to erythropoietic
stress. This unexpected finding suggests that unlike in devel-
opment, alternate factors or pathways can replace the essential
functions of SCL in adult erythropoiesis.

MATERIALS AND METHODS

Generation of SCL-deleted mice. Mice with a loxP-targeted SCL allele
(SCLloxP) were generated as previously described (8). Mice with the lacZ re-
porter gene knocked in to the SCL locus were used as a source of an SCL null
allele (SCL�) (6). The MxCre transgenic mice have been previously reported
(13). Deletion of the SCLloxP allele was achieved by injecting 300 �g poly(I:C)
(Sigma Chemical Company, St Louis, MO) dissolved in normal saline intraperi-
toneally (i.p.) on alternate days for three doses. Poly(I:C)-treated MxCre SCL�/loxP

and MxCre SCL�/loxP mice generated SCL-deleted (SCL�/�) and control (SCL�/�)
mice, respectively. All analyses were performed at least 4 weeks after adminis-
tration of poly(I:C). Deletion of the SCLloxP allele was determined by Southern
blotting by using an SCL probe that distinguished loxP, �, wild-type, and null
SCL alleles (8).

Peripheral blood analysis. For whole-blood counts, 250 �l of blood was col-
lected from the retro-orbital plexus into tubes containing potassium EDTA
(Sarstedt, Nümbrecht, Germany), and blood counts were analyzed with an
Avidia 120 automated hematological analyzer (Bayer, Tarrytown, NY). Serum
bilirubin was measured using the modified Pearlman and Lee method. Serum
lactate dehydrogenase was measured by a photometric UV method. Red blood
cell survival was measured by using direct in vivo biotinylation of erythrocytes
(9). To induce erythropoiesis, mice were either given a single i.p. injection of
darbepoetin (30 �g/kg of body weight; Amgen, Inc., Thousand Oaks, CA) or two
i.p. injections of phenylhydrazine (60 mg/kg; Sigma) on consecutive days.

Flow cytometry and sorting. For reticulocyte analysis and expression of
TER119 on peripheral blood red blood cells, 5-�l aliquots of blood were incu-
bated in 1 ml of thiazole orange (1 �g/ml; Sigma) and a saturating concentration
of TER119-PE (BD Pharmingen, San Diego, CA) for 30 min in the dark and
then analyzed with a FACSCalibur flow cytometer (BD Biosciences, San Diego,
CA). For analyses of red blood cell maturation, single-cell suspensions of bone
marrow were stained with saturating concentrations of CD71-fluorescein isothio-
cyanate (FITC); TER119-PE; biotinylated nonerythroid lineage markers Mac-
1�, B220, CD3 and Gr-1; and streptavidin-allophycocyanin conjugate (BD
Pharmingen, San Diego, CA). Apoptosis of erythroid subpopulations were an-
alyzed by costaining with annexin V-FITC (BD Pharmingen) and 7-AAD
(Sigma). Immature cell populations were identified using CD34-FITC, CD16/
CD32-PE, and biotinylated lineage markers including TER119, biotinylated in-
terleukin 7 (IL-7) receptor �-chain, biotinylated Sca-1, and c-kit–allophycocya-
nin. Biotinylated antibodies were recognized with streptavidin-peridinin
chlorophyll protein, and samples were analyzed with an LSR flow cytometer (BD
Biosciences). Cells for Southern and gene expression analyses were sorted with
a FACSVantage SE system (BD Biosciences); after sorting, cell purity of �90%
was confirmed.

Real-time PCR. Real-time PCR analysis of gene expression was conducted
using a Rotorgene 2000 instrument (Corbett Research, Sydney). Amplification
of cDNA products was followed using the fluorescent DNA-binding dye
SybrGreen (Molecular Probes, Oregon) at a dilution of 1:10,000. Gene expres-
sion of erythroid genes was normalized to expression of hypoxanthine phospho-
ribosyltransferase, and data are expressed as a percentage of the wild type.
Gene-specific primer sequences are available on request.

BFU-E and CFU-E assays. Single-cell suspensions of bone marrow and spleen
were plated in 0.9% methylcellulose, 20% fetal calf serum, Iscove’s modified
Dulbecco medium plus either 10 ng/ml murine interleukin 3 (R&D Systems,
Minneapolis, MN), 50 ng/ml rat stem cell factor (Amgen, Inc.), and 4 U/ml
human EPO (Amgen, Inc.) (for BFU-Es) or 4 U/ml EPO alone (for CFU-Es).
Colonies were scored at day 7 for BFU-Es and day 2 for CFU-Es with an inverted
phase-contrast microscope. Plates were stained with a solution of diaminoben-
zidine and hydrogen peroxide to confirm erythroid lineage.

In vivo assays. Bone marrow recipients were lethally irradiated with 2 doses of
550 rad administered 3 h apart from a 60Co gamma source at a dose rate of 45
rad/min 2 to 4 h before transplantation. Bone marrow cells for transplant were
harvested by flushing femurs and tibias with phosphate-buffered saline–5% fetal
bovine serum using a 21-gauge needle. Viability of single-cell suspensions was
checked by trypan blue exclusion. The CFU-S assay was performed by injection
of 3 � 104 bone marrow cells per recipient, and spleen colonies were analyzed on day
12. For competitive repopulation assays, age- and sex-matched B6-Hbbd (Ptprca

[Ly5.1]) congenic mice were used as a source of competitor marrow cells and as
recipients. Mice used as a source of competitor cells were not exposed to poly(I:C).
Transplanted mice were fed antibiotic-treated water and maintained in hooded
cages for the first 4 weeks. A minimum of three recipients were used for each donor
cell population. The total donor cell dose was 2 � 106 cells. Hemoglobin electro-
phoresis was used to determine the donor erythroid contribution (40).

RESULTS

SCL is important but not essential for long-term adult
erythropoiesis. We have used a conditional knockout of SCL
to examine its function in adult hematopoiesis (8). Six days
after deletion of SCL, when no SCL transcript was detectable,
we observed a complete absence of BFU-E and a total lack of
erythroid contribution to CFU-S12 (8). These findings, to-
gether with previous reports, suggested that SCL was essential
for effective erythropoiesis. We predicted that deletion of SCL in
the adult mouse would lead to progressive anemia and death of
the animal within weeks or months. Remarkably, SCL-deleted
mice (SCL�/�) remained alive for �6 months after loss of SCL
expression, with only mild anemia and thrombocytopenia (Fig.
1A). White blood cell number was not affected by loss of SCL.

To determine whether the ongoing erythropoiesis in SCL-
deleted mice was due to expansion of nondeleted, SCL-ex-
pressing erythroid progenitors, we analyzed bone marrow and
spleen samples from SCL-deleted mice by Southern blotting at
least 4 weeks after poly(I:C)-induced deletion. This demon-
strated the presence of approximately 10% nondeleted cells
(SCL�/loxP) in the spleens of SCL-deleted mice (Fig. 1B).
However, a similar proportion of nondeleted cells (SCL�/loxP)
were observed in the spleens of control mice, suggesting that
the presence of nondeleted cells was not due to selective ex-
pansion. To formally exclude the possibility that nondeleted
cells in the spleen were contributing significantly to erythro-
poiesis in SCL-deleted mice, we analyzed fluorescence-acti-
vated cell sorter (FACS)-purified erythroblasts by Southern
blotting. The majority of TER119pos and Mac-1pos cells from
the spleen had an SCL-deleted genotype (SCL�/�), indicating
that most erythroblasts were truly SCL deleted (Fig. 1C).
FACS-purified CD71neg TER119pos normoblasts also had an
SCL-deleted genotype, showing that erythroid maturation was
not blocked at an early stage (data not shown), as previously
suggested (20). Finally, quantitative real-time PCR of whole
bone marrow (Fig. 1D) and spleen cells (data not shown) from
SCL-deleted mice demonstrated no detectable SCL mRNA.
The absence of SCL mRNA despite the presence of nonde-
leted cells (Fig. 1B) is most likely explained by failure of the
MxCre transgene to excise the SCL-targeted locus in cell types,
such as stromal cells or lymphocytes, which do not express
SCL. Together, these results demonstrated that SCL was not
required for ongoing adult erythropoiesis.

Although SCL was not essential for adult erythropoiesis,
SCL was required for normal erythropoiesis: SCL-deleted
mice were anemic with enlarged spleens (175 � 60 mg com-
pared with 109 � 29 mg in controls; 24 mice) containing sixfold
more erythroblasts (Fig. 1E). While red blood cell number and
hemoglobin were reduced, red blood cell size and hemoglobin
content were normal, suggesting that iron metabolism and
globin production were not impaired (Table 1). There was also
no evidence of a significant hemolytic component to the ane-
mia: the reticulocyte percentage and serum bilirubin and lac-
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tate dehydrogenase levels were not significantly elevated in
SCL-deleted animals (Table 1). Furthermore, red blood cell
survival assayed by in vivo biotinylation was not significantly
reduced in SCL-deleted mice (Table 1). From these analyses,
defects in iron metabolism, globin production, or the red blood
cell membrane are unlikely to be a significant contributors to
the anemia observed with SCL-deleted mice.

SCL is not required for a normal erythroid stress response.
Our analyses of SCL-deleted mice demonstrated that SCL was
not essential for steady-state red blood cell or platelet produc-
tion. However, it was possible that SCL was required for emer-
gency erythropoiesis. Therefore, we tested the response of
SCL-deleted mice to two different types of erythropoietic
stress: pharmacologic levels of erythropoietin and acute hemo-
lysis. Surprisingly, SCL-deleted mice responded normally to
administration of erythropoietin (darbepoetin alfa), with an
elevation in hematocrit to the normal range (Fig. 2A). The

kinetics of the response, assessed by reticulocyte count, was
also similar to that of controls (Fig. 2B). Southern blotting of
bone marrow and spleen from SCL-deleted mice demon-
strated that the expansion of the erythron was due solely to
increased numbers of SCL-deleted erythroid cells (Fig. 2C).
Response to phenylhydrazine-induced hemolysis, a stress re-
quiring rapid proliferation of late erythroid progenitors medi-
ated by the glucocorticoid receptor (39), was also preserved
(Fig. 2D). These results indicate that SCL was dispensable not
only for steady-state erythropoiesis but was not required for a
functional erythroid stress response.

SCL is not essential for maturation of proerythroblasts. The
ability to form erythroid cells in the absence of SCL allowed us
to examine its function in erythroid maturation. Erythroid mat-
uration was examined by flow cytometry using the cell surface
markers CD71 and TER119, which have been used to charac-
terize four distinct stages of erythroid differentiation (32). Us-

FIG. 1. SCL is not required for adult erythropoiesis. (A) Peripheral blood counts of control (�/�) and SCL-deleted (�/�) mice following
administration of poly(I:C). A minimum of six mice for each time point were used to calculate the means and standard deviations. (B) Spleens
from mice 4 weeks after administration of poly(I:C) were analyzed by Southern blotting for the presence of wild-type (�), null (�), loxP-flanked
(loxP), and loxP-deleted (�) SCL alleles. (C) Southern blot of purified Mac-1� (M) and TER119� (E) cells from SCL-deleted mice. (D) Expression
of SCL mRNA measured by real-time PCR in bone marrow cells from control (�/�) and SCL-deleted (�/�) mice harvested 4 weeks after
administration of poly(I:C) compared with bone marrow cells from wild-type mice. The means and standard deviations were calculated for three
mice of each genotype. ND, not detected. (E) Comparison of cellular content of spleens from control (�/�) and SCL-deleted (�/�) mice at least
4 weeks after poly(I:C). Cell types were counted for four mice of each genotype. ProE, proerythroblast; E, normoblast; My, granulocyte; Ly,
lymphocyte. *, P 	 0.05; **, P 	 0.01.

TABLE 1. Red blood cell parameters of SCL-deleted mice

Genotype

Parameter

RCC (106/�l) HGB (g/dl) HCT (%) MCV (fl) MCHC (g/dl) Reticulocytes (%) Bilirubin (�M) LDa Red blood cell
survivalb

�/� 10.1 � 0.4c 15.8 � 0.5 50.0 � 2.3 49.5 � 1.9 31.6 � 0.8 3.0 � 0.5 6.7 � 4.7 708 � 141 20
�/� 8.5 � 0.6 13.1 � 0.9 41.2 � 2.7 48.5 � 2.0 31.9 � 0.5 3.8 � 0.6 9.7 � 4.0 672 � 184 17
P valued 	0.01 	0.01 	0.01 NS NS NS NS NS NS

a LD, lactate dehydrogenase.
b Number of days for 50% loss of biotinylated red blood cells.
c Mean � standard deviation calculated from at least 15 mice of each genotype between 5 and 8 weeks after administration of poly(I:C).
d Statistical comparison by two-way unpaired Student’s t test.
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ing these markers, proerythroblasts are CD71pos TER119lo

(region I), and maturation proceeds through to late erythro-
blasts that are CD71neg TER119pos (region IV). Loss of SCL
consistently resulted in a two- to fourfold reduction in TER119
expression on TER119pos erythroid cells (regions II to IV)
(Fig. 3A). In addition, there was the appearance of erythroid
cells with the phenotype CD71pos TER119neg (designated re-
gion 0). This population was never observed with nondeleted
controls. The means and standard deviation (SD) of the pro-
portion of erythroid cells in each region demonstrated a shift
toward more immature erythroid cells in SCL-deleted mice
(Fig. 3A), which was consistent with the presence of proeryth-
roblasts within the spleen (Fig. 1B). Cytospin preparations of
sorted CD71pos TER119neg cells from SCL-deleted mice (re-
gion 0) demonstrated a proerythroblast morphology similar to
cells located in region II of controls and SCL-deleted mice
(Fig. 3B). SCL was not required for survival of erythroblasts
because there were comparable numbers of apoptotic cells in
control proerythroblasts (region II) and SCL-deleted proeryth-
roblasts (regions 0 and II) (Fig. 3C). To further characterize
the CD71pos TER119neg SCL-deleted cells, we examined gene
expression by real-time PCR. Region 0 cells were compared
with region II cells from SCL-deleted and control mice.
GATA-1 levels were similar in all three cell populations; how-
ever, expression of two more mature erythroid genes, 
 major
globin and glycophorin A, in purified cells from region 0 were
approximately 10% of that observed with CD71pos TER119pos

FIG. 2. SCL is not required for an erythroid stress response.
(A) Control mice (�/�) and SCL-deleted mice (�/�) were injected
with saline (�) or a single dose of darbepoetin alfa (�), and hemat-
ocrit (HCT) was measured on day 8. The means and SD of samples
from six mice for each group are shown. (B) Mice injected with dar-
bepoetin alfa were bled each day to assess the reticulocyte response.
(C) Southern blot of bone marrow (B) and spleen (S) from darbepo-
etin alfa-treated mice probed for wild type (�), null (�), loxP-flanked
(loxP), and loxP-deleted (�) SCL alleles. (D) Hematocrit levels in mice
(n � 3) injected with phenylhydrazine on days 0 and 1.

FIG. 3. SCL is not required for maturation of proerythroblasts.
(A) Expression of CD71 and TER119 on bone marrow cells from
control (�/�) and SCL-deleted (�/�) mice. The regions correspond-
ing to erythroid maturation (regions I to IV) according to Socolovsky
et al. (32) are shown. Note the approximate fourfold decrease in
intensity of staining with TER119 compared with control cells and the
appearance of a CD71pos TER119neg population (region 0). The pro-
portion of red blood cells in each region is shown in parentheses and
was calculated from six mice of each genotype. (B) Cytospins of sorted
CD71pos TER119neg cells (region 0) and CD71pos TER119pos (region
II) were stained with May-Grunwald-Giemsa. (C) Annexin V staining
of control erythroid cells (�/�) and SCL-deleted erythroid cells (�/�)
from region 0 (SCL-deleted only) and region II. The proportion of
annexin-positive cells is shown. (D) Gene expression of purified cells
from regions 0 and II of SCL-deleted bone marrow compared with
control erythroid cells from region II. (E) Peripheral blood stained
with TER119 demonstrating the presence of TER119neg erythrocytes
in SCL-deleted mice.
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cells from control or SCL-deleted mice, suggesting that these
cells were more primitive (Fig. 3D).

However, as demonstrated in Fig. 1C, SCL was not essential
for maturation of proerythroblasts into TER119pos erythro-
blasts. Examination of TER119 expression on mature circulat-
ing red blood cells also revealed features consistent with an
SCL-deleted phenotype. The majority of circulating red blood
cells of SCL-deleted mice had reduced expression of TER119
compared with control red blood cells (Fig. 3E). In addition,
there was a minor population (10 to 20%) of red blood cells
with undetectable expression of TER119. These results pro-
vide an alternate explanation for the presence of CD71pos

TER119neg cells found in SCL-deleted mice (Fig. 3A) and
mice transplanted with SCL-deletable bone marrow cells (20):
SCL may be important for the appropriate expression of
TER119 rather than for maturation of proerythroblasts as pre-
viously suggested (20).

Abnormal in vitro growth of SCL-deleted erythroid progen-
itors. Despite ongoing erythropoiesis in SCL-deleted mice that
was sufficient to maintain a near normal hematocrit and re-
spond to erythroid stress, the in vitro progenitor growth from
SCL-deleted bone marrow and spleen was markedly abnormal.
While the numbers and size of CFU-Es were normal, cultures
stimulated with IL-3, SCF, and EPO did not generate detect-
able BFU-Es (Fig. 4A). Supramaximal concentrations of cyto-
kines, addition of dexamethasone, and culture on primary mar-
row stroma all failed to support erythroid colony growth from
SCL-deleted bone marrow and spleen cells (data not shown).
BFU-Es were also absent following erythroid stress. CFU-Es
following phenylhydrazine-induced hemolysis increased in
number compared with the steady state but were two- to four-
fold smaller than CFU-Es from control mice (Fig. 4B). While
it is impossible to enumerate BFU-Es other than by in vitro
growth assays, the immediate precursor of the BFU-E, the
common MEP, can be identified in the bone marrow by its
characteristic cell surface phenotype, Lin� Sca-1� IL-7R��

c-kit� Fc�Rlow CD34 (22). Examination of SCL-deleted bone
marrow cells by flow cytometry revealed a threefold increase in
the number of MEP cells (Fig. 4C). In contrast, the numbers of
common myeloid and granulocyte-macrophage progenitors
were unaltered. Sorted MEP cells from SCL-deleted mice cul-
tured in IL-3, SCF, and EPO did not generate BFU-Es or
CFU-Es (data not shown). Thus, cells with the characteristic
MEP phenotype were increased in the SCL-deleted mice but,
like BFU-E, did not generate erythroid cells in standard in
vitro growth conditions.

Erythropoiesis generated from SCL-deleted CFU-S. In light
of the inability to grow BFU-E, we focused on in vivo assays to
more clearly define the role of SCL in erythropoiesis. Previ-
ously, we demonstrated that 6 days after poly(I:C)-induced
deletion of SCL, CFU-S12 colonies were small, pale and con-
tained no significant erythropoiesis (8). However, when bone
marrow cells were assayed 28 days after deletion of SCL, the
size of CFU-S12 cells had significantly recovered compared
with 6 days after deletion (Fig. 5A). Recovery of erythropoiesis
was not complete, with the majority of SCL-deleted colonies 1
to 2 mm in diameter compared with �2 mm for control CFU-
S12. Overall, cell numbers within SCL-deleted CFU-S12 cells
were approximately fourfold lower than those for control
CFU-S12 when assayed at least 28 days after deletion of SCL

(data not shown). The number of CFU-S12 was also reduced
twofold, consistent with a defect in short-term repopulating
cells (5). Southern blotting confirmed that single CFU-S12
colonies were derived from SCL-deleted, rather than nonde-
leted, progenitors, thus confirming the ability of erythropoiesis
to continue in the absence of SCL (Fig. 5B). Flow cytometric
analysis of single colonies demonstrated a delay in maturation
of SCL-deleted erythroid cells, with the majority (62%) of
SCL-deleted erythroid cells in region 0 or region I compared
with 19% of control erythroid cells (Fig. 5C). However, the
reduced number of cells in region II was not explained by
increased cell death because annexin V� cells in regions I and
II were not increased in SCL-deleted CFU-S12 colonies (Fig.
5D). Taken together, the CFU-S12 assay demonstrated signif-
icant, although not complete, recovery of erythroid contribu-
tion to SCL-deleted CFU-S12 cells during the period between
6 days and 4 weeks after poly(I:C)-induced deletion. Further-
more, contrary to previous suggestions, SCL was not required
for survival or maturation of proerythroblasts.

FIG. 4. Absence of BFU-E in SCL-deleted mice. (A) Bone marrow
cells from control (�/�; solid bars) and SCL-deleted mice (�/�; open
bars) at least 28 days after poly(I:C) were grown in methylcellulose to
determine erythroid progenitor cell numbers (CFU-E and BFU-E).
The mean numbers and SD for three independent experiments are
shown. (B) CFU-E numbers from control and SCL-deleted mice 5 days
after administration of phenylhydrazine. (C) CD34 and Fc�R expres-
sion on Lin� Sca-1� IL-7R�� c-kit� bone marrow cells from control
(�/�) and SCL-deleted (�/�) mice. The regions used to calculate the
number of common myeloid progenitors (CMP), granulocyte-mac-
rophage progenitors (GMP), and MEPs relative to the total number of
bone marrow mononuclear cells are indicated in the dot plots, and the
mean percentage of BMMC and standard deviation were calculated
from results from eight mice in each genotype.
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Erythropoiesis generated from SCL-deleted hematopoietic
stem cells. To demonstrate that SCL-independent erythropoi-
esis was cell intrinsic, we transplanted SCL-deleted bone mar-
row cells into SCL wild-type recipients (Fig. 6A). Characteris-
tics and origin of erythroid reconstitution were analyzed by
flow cytometry, hemoglobin electrophoresis, and Southern
blotting. Transplant with SCL-deleted bone marrow cells in the
absence of competitor cells yielded erythroid reconstitution
similar to that seen with SCL-deleted mice: recipient mice
were mildly anemic (data not shown), and expression of CD71
and TER119 was similar to that seen with SCL-deleted mice
(Fig. 6B). Hemoglobin electrophoresis (Fig. 6C) and Southern
blotting (data not shown) confirmed the SCL-deleted origin of
mature red blood cells in mice transplanted in the absence of
competitor cells. However, when mice were transplanted with
a mixture of 95% SCL-deleted cells and 5% competitor cells,
erythroid maturation 16 weeks after transplant resembled wild-
type erythropoiesis (Fig. 6B) and hemoglobin (Hb) gel elec-
trophoresis confirmed an SCL-wild type origin of mature red
blood cells (Fig. 6C). The absence of SCL-deleted red blood
cells in mice transplanted with competitor cells could not be
explained by a stem cell defect (5), because SCL-deleted he-
matopoietic stem cells contributed 50 to 80% of myeloid and
lymphoid reconstitution (data not shown). Thus, SCL-indepen-

dent erythropoiesis was cell intrinsic but was only apparent in
the absence of SCL wild-type hematopoiesis.

We hypothesized that the failure to detect SCL-deleted red
blood cells in competitive transplants was due to a competitive
disadvantage of SCL-deleted erythroid progenitors. Indeed,
when recipient mice were analyzed 4 weeks after transplanta-
tion, SCL-deleted red blood cells were readily detected despite
the presence of SCL wild-type erythropoiesis (Fig. 6D). How-
ever, 8 weeks after transplantation, SCL-deleted red blood
cells were at the lower limits of detection by hemoglobin elec-
trophoresis. Thus, mature SCL-deleted erythroid cells can be
formed in the presence of SCL wild-type erythropoiesis but

FIG. 5. Erythropoiesis generated from SCL-deleted CFU-S12.
(A) Representative CFU-S12 generated from control (�/�) and SCL-
deleted (�/�) bone marrow cells 6 days or 28 days after poly(I:C)
treatment. (B) Individual CFU-S12 from control and SCL-deleted
mice were picked and analyzed by Southern blot for the presence of
wild-type (�), null (�), loxP-flanked (loxP), and loxP-deleted (�) SCL
alleles. (C) Individual CFU-S12 colonies from control and SCL-de-
leted bone marrow cells were analyzed by flow cytometry for the
expression of CD71 and TER119. Regions 0 to III are shown. (D) Ex-
pression of annexin V on cells in regions I and II. The mean percent-
age of positive cells is shown (three CFU-S12 colonies for each geno-
type).

FIG. 6. Transplantation of SCL-deleted erythropoiesis. (A) Sche-
matic of transplant assay. Donor cells (SCL deleted; �/�) were dis-
tinguished from competitor and recipient cells (SCL wild type; �/�)
by single (
s) and diffuse (
d) hemoglobin alleles. (B) Expression of
CD71 and TER119 on bone marrow cells from recipient mice 16 weeks
after transplantation with SCL-deleted bone marrow cells alone
(100%) or with a mixture of 95% SCL-deleted and 5% competitor
bone marrow cells. (C) Hb electrophoresis of recipient mice 16 weeks
after transplant with 100% or 95% SCL-deleted bone marrow cells.
(D) Hb electrophoresis of recipient mice 4 and 8 weeks after trans-
plant with 95% SCL-deleted bone marrow cells.
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were not detected previously because recipient mice were not
analyzed sufficiently early after transplant (5, 20).

DISCUSSION

Deletion of SCL in the embryo leads to death of the animal
at embryonic day 8.5 (E8.5) due to complete absence of all
hematopoietic cells (28, 31). Furthermore SCL-null embryonic
stem (ES) cells are unable to form primitive or definitive eryth-
ropoiesis in vitro and do not contribute to hematopoiesis in
mouse chimeras (25, 27). The inability to form hematopoietic
cells is due to a block at a transitional stage of development
between mesoderm and hematopoietic cells (29). To circum-
vent the absence of hematopoietic progenitor formation in the
embryo, Sanchez et al. used a selective SCL transgene to res-
cue early hematopoietic progenitors in SCL�/� ES cells (30).
However, these transgenic mice still died with severe anemia,
suggesting that continued expression of SCL in erythropoiesis
was essential. Another method of circumventing the develop-
mental defect of SCL deletion is conditional deletion of SCL in
adult hematopoiesis (8, 20). Surprisingly, SCL was not essen-
tial for self-renewal or multipotent activity of hematopoietic
stem cells (20). However, SCL-null progenitors did not con-
tribute to the erythroid cell lineage in short- or long-term
reconstitution assays, and erythroid progenitors did not grow
in vitro (5, 8, 20). Thus, SCL has been considered to be an
essential transcription factor for all erythropoiesis. In this
study, we demonstrate that SCL was not essential for adult
erythropoiesis; surprisingly, the absence of SCL did not signif-
icantly impair the ability of mice to respond to darbepoetin alfa
or hemolytic stress (Fig. 1 and 2). Despite ongoing erythropoi-
esis, in vitro growth of the major erythroid progenitor BFU-E
was severely limited. We presume that the growth defect re-
flects inadequate or inappropriate culture conditions for SCL-
deleted erythroid progenitors that can be largely overcome in
vivo. Definitive evidence that SCL was intrinsically not essen-
tial for erythropoiesis came from the clonal CFU-S12 assay
where Southern blotting of individual CFU-S demonstrated an
SCL-deleted genotype (Fig. 5). Furthermore, transplantation
of SCL-deleted bone marrow cells demonstrated that the abil-
ity to form red blood cells in the absence of SCL was cell
intrinsic and was not previously recognized because SCL-de-
leted erythropoiesis was out-competed by wild-type erythro-
poiesis (Fig. 6). Thus, unlike studies of the developing embryo,
SCL was not essential for ongoing adult erythropoiesis.

Although the erythroid compartment functioned ade-
quately, SCL is still required for normal erythropoiesis because
mice are moderately anemic. Characteristics of the red blood
cell parameters, including markers of hemolysis, suggest that
increased red blood cell destruction is not a major contributor
to the anemia. In contrast, the small size of SCL-deleted CFU-
S12 cells in the absence of significant apoptosis and the com-
petitive disadvantage of SCL-deleted erythropoiesis support
the conclusion that the anemia is predominantly due to a
defect in erythroid proliferation. The absence of BFU-E sug-
gests that SCL acts at the level of immature erythroid progen-
itors, which can be overcome iby some as-yet-undefined mech-
anism in vivo. We do not believe that the BFU-Es are bypassed
directly to the CFU-Es in vivo because FACS-isolated MEP
cells did not form CFU-Es (data not shown). The relative

preservation of the CFU-E is consistent with the ability of
SCL-deleted mice to respond to erythroid stress, which is me-
diated predominantly by expansion of CFU-Es (19). Expres-
sion of an SCL DNA-binding mutant in CD34� cells suggested
that SCL DNA binding was important for proliferation of early
erythroid progenitors (BFU-E) but not the more mature
CFU-E (26). Consistent with defects in DNA binding, SCL-
deleted red blood cells have reduced expression of TER119.
Although the antigen recognized by TER119 antisera has not
been cloned, evidence suggests that it is glycophorin A (2, 10),
a recently proposed DNA-binding target gene of SCL (14).

Redundancy in mouse knockouts is usually explained by the
presence of a functionally related gene. For example, normal
platelet production in GATA-1 knockout cells has been attrib-
uted to coexpression of GATA-2 in megakaryocytes (23). In
the case of SCL, it seems likely that another bHLH factor may
be replacing many of the functions of SCL in hematopoiesis.
The most likely candidate is Lyl-1 because the bHLH domain
of Lyl-1 rescued the hematopoiesis of SCL�/� ES cells (24).
Lyl-1 is expressed in cell types similar to SCL and has dimer-
ization properties similar to those of SCL (17, 35) In addition,
the predicted DNA-binding preference for Lyl-1–E2a het-
erodimers was almost identical to that of SCL-E2a het-
erodimers (21).

It has been proposed that SCL belongs to a class of tran-
scription factors required for the formation of hematopoietic
stem cells, but once formed, SCL is no longer required for
hematopoietic stem cell activity (20). Similarly, it is possible
that SCL is also not required for erythropoiesis once erythroid
progenitors are formed. More likely, alternate factors such as
Lyl-1 could replace the function of SCL in erythropoiesis. If
correct, then expression of Lyl-1 or another bHLH may also
explain the lack of a major stem cell defect in the SCL-deleted
mice.

There are several possible explanations for the critical role
of SCL in the developing embryo yet the relative redundancy in
the adult. First, it is likely that SCL has unique target genes
critical for hematopoietic specification. Second, the factors
involved in the establishment of the SCL-independent ery-
throid program in the adult may not be expressed in the re-
quired spatiotemporal fashion in the developing embryo. The
expression pattern of Lyl-1 in development has not been ex-
amined in detail but may differ significantly from SCL. Third,
SCL-independent erythropoiesis can occur in the embryo but
is insufficient to allow survival of the embryo. The concept that
adult hematopoiesis is more resilient than embryonic develop-
ment to loss of gene function is supported by the phenotype of
GATA-1 knockdown mutations (16). The majority of GATA-
1lo mice die during embryogenesis, but in the small proportion
of mice that survive to adulthood, their hematocrit levels and
ability to response to erythroid stress return to normal in the
first few weeks of life (34). The recovery of erythropoiesis in
adult GATA-1lo mice has been attributed to selection of clones
the expressing GATA-1 at the highest levels; however, this
cannot explain the recovery of erythropoiesis in SCL-condi-
tional knockout mice. Our demonstration that SCL was not
essential for erythropoiesis provides a rationale for generating
conditional knockouts of other transcription factors, such as
GATA-1, also believed to be essential for adult erythropoiesis.

In summary, contrary to previous claims, our analyses of
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SCL conditional knockout mice demonstrate that erythropoi-
esis can occur in the absence of SCL. This unexpected finding
suggests that alternate factors or pathways can replace the
essential erythropoietic functions of SCL in the adult but not
the embryo. Identification of the mechanism of SCL-indepen-
dent erythropoiesis in the adult will provide valuable insights
into the transcriptional regulation of erythropoiesis.
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