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The mechanism of lineage specification in multipotent stem cells has not been fully understood. We recently
isolated progenitors with the eosinophil, basophil, or mast cell lineage potential, all of which originate from
granulocyte/monocyte progenitors (GMPs). By using these prospectively purified progenitors, we show here
that the expression timing of GATA-2 and CCAAT enhancer-binding protein « (C/EBP«) can differentially
control their lineage commitment. The expression of GATA-2 instructed C/EBPa-expressing GMPs to commit
exclusively into the eosinophil lineage, while it induced basophil and/or mast cell lineage commitment if
C/EBPa was suppressed at the GMP stage. Furthermore, simply by switching the order of C/EBP« and
GATA-2 transduction, even lymphoid-committed progenitors recaptured these developmental processes to be
reprogrammed into each of these lineages. We propose that the order of expression of key transcription factors
is critical for their interplay to selectively drive lineage specification programs, by which stem cells could

generate multiple lineage cells in a hierarchical manner.
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It has been proposed that antagonistic or cooperative ef-
fects of multiple transcription factors, called a “tran-
scription factor network” (Sieweke and Graf 1998; Orkin
2000), play a pivotal role in establishment of lineage di-
versities from stem cells. In this context, multiple tran-
scription factors can antagonize to specify cell fates. For
example, in hematopoiesis, GATA-1 and GATA-2, major
transcription factors for megakaryocyte/erythrocyte
(MegE) development inhibit the expression and transac-
tivation functions of PU.1, a transcription factor indis-
pensable for myeloid or lymphoid development (Zhang
et al. 1999; Nerlov et al. 2000), and vice versa (Nerlov
and Graf 1998; Rekhtman et al. 1999; Zhang et al. 1999,
2000; Walsh et al. 2002), suggesting that these antago-
nistic effects may be critical at least for the MegE versus
the granulocyte/monocyte (GM) lineage commitment. It
has also been proposed that CCAAT enhancer-binding
protein o (C/EBPa) and PU.1 mutually antagonize their
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expression and/or functions to decide the neutrophil ver-
sus the monocyte fates (Reddy et al. 2002; Dahl et al.
2003). Thus, mutually exclusive competition among
more than two transcription factor functions could be a
major mechanism for a single lineage program to be ac-
tivated at a bipotent progenitor stage. However, for a
variety of hematopoietic lineages to be generated from
single multipotent hematopoietic stem cells (HSCs),
there should be some other form of interplay among ma-
jor transcription factors.

Eosinophils, basophils, and mast cells are multifunc-
tional hematopoietic effectors that cooperate to mount a
variety of allergic and innate immune responses (Roth-
enberg 1998; Galli 2000; Wedemeyer et al. 2000). Eosino-
phils and basophils normally constitute only 1%-2% of
circulating white blood cells, and mast cells are scattered
mainly in the skin and the mucosa. Recently, we have
identified the bipotent basophil/mast cell progenitor
(BMCP) in the adult mouse spleen, providing formal evi-
dence that basophils and mast cells share their origin
(Arinobu et al. 2005). We have also identified the eosino-
phil lineage-committed progenitor (EoP) in the bone
marrow (Iwasaki et al. 2005). BMCPs and EoPs were
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found as distinct populations downstream from GM pro-
genitors (GMPs), suggesting that developmental path-
ways for the eosinophil and the basophil/mast cell lin-
eages might be separable. On the other hand, eosinophils
and basophils possess morphological similarities such as
a polymorphic nucleus like neutrophils, and cells pos-
sessing both basophilic and eosinophilic granules have
been found in some leukemia patients (Weil and Hris-
inko 1987; Boyce et al. 1995), suggesting that certain
developmental programs could be commonly used in the
eosinophil and the basophil lineages. In fact, all three
cell types express GATA-1 and GATA-2, major tran-
scription factors also for MegE development (Martin et
al. 1990; Zon et al. 1993). GATA-1-deficient mice dis-
played the impaired maturation of mast cells (Harigae et
al. 1998) and eosinophils (Hirasawa et al. 2002) as well as
Megk cells (Fujiwara et al. 1996) that could be rescued by
GATA-2 to a certain degree (Tsai et al. 1998; Takahashi
et al. 2000; Hirasawa et al. 2002). The decreased expres-
sion of GATA-1 caused the impaired mast cell matura-
tion as well as the frequent development of mast cells
with MegE components in single colonies (Migliaccio et
al. 2003), and GATA-2-deficient mice lacked mast cells
(Jippo et al. 1996; Tsai and Orkin 1997; Walsh et al.
2002). When enforced in CD34" cord blood progenitor
cells, both GATA-1 and GATA-2 stimulated the forma-
tion of eosinophil colonies at the expense of GM colo-
nies (Hirasawa et al. 2002), and enforced GATA-1 con-
verted GM cells into the MegE and the eosinophil lin-
eages (Kulessa et al. 1995; Heyworth et al. 2002; Iwasaki
et al. 2003).

In addition to these GATA factors, GM-related C/EBP
transcription factors are critical for eosinophil and baso-
phil development. C/EBPa-deficient mice lacked eosino-
phils as well as neutrophils, although their basophil de-
velopment was not tested (Zhang et al. 1997), and a
chicken cell line expressing GATA-1 could differentiate
into eosinophils by the enforced expression of C/EBPa or
C/EBPB (Nerlov et al. 1998). We have reported that
C/EBP« is necessary for the late basophil development
after the BMCP stage (Arinobu et al. 2005), and that en-
forced C/EBPa plays an instructive role in commitment
into the basophil lineage excluding the mast cell fate
(Arinobu et al. 2005). These forced expression experi-
ments show that GATA factors and C/EBPa can coop-
eratively instruct commitment for the eosinophil or the
basophil lineage (McNagny and Graf 2002).

The question is how GATA or C/EBP transcription
factors regulate the development of rare eosinophils, ba-
sophils, or mast cells differentially from that of neutro-
phils and monocytes. In the present paper, by analyzing
the development of eosinophils and basophils from pu-
rified GMPs, we found that although either cell type re-
quires both GATA-2 and C/EBP« for their development,
the order of expression of these transcription factors is
critical to selectively activate the program for each of
these lineages. We propose that hierarchical develop-
mental programs in hematopoiesis might be achieved at
least by the ordered expression pattern of lineage instruc-
tive transcription factors.

Order of transcription factor expression

Results

Expression profiles of transcription factors
and lineage-related genes in progenitor populations
restricted to each granulocytic lineage

We tested the development of eosinophils, basophils,
and mast cells from purified lineage-restricted progeni-
tors such as common myeloid progenitors (CMPs),
GMPs, megakaryocyte/erythrocyte progenitors (MEPs)
(Akashi et al. 2000), and common lymphoid progenitors
(CLPs) (Kondo et al. 1997), and found that these cell types
develop along the myeloid lineage differentiation pathway
(Arinobu et al. 2005; Twasaki et al. 2005). Based on these
data, we have also identified EoPs, BMCPs, basophil pro-
genitors (BaPs), and mast cell progenitors (MCPs) in normal
murine hematopoiesis (Arinobu et al. 2005; Iwasaki et al.
2005). The developmental scheme of these lineage-re-
stricted progenitor populations is shown in Figure 1A.

EoPs were isolated as CD34IL-5Ra FeyRI/II*c-Kit™ cells
in the bone marrow, and BMCPs were as CD34*B7" FcyRII/
II*c-Kit™ cells in the spleen (Arinobu et al. 2005; Iwasaki et
al. 2005). EoPs and BMCPs were progeny of GMPs (CD34*IL-
5RaB7 FeyRI/MI*c-Kit"), and BMCPs further generated mo-
nopotent BaPs (CD34*B7"°FceRIaMFcyRII/M*c-Kit™) and
MCPs (CD34*B7"FceRIa'°c-Kit*) (Arinobu et al. 2005;
Iwasaki et al. 2005). We purified these progenitors, and ana-
lyzed their expression profiles of lineage-related genes by
RT-PCR (Fig. 1B). IL-5Ra was strongly expressed only in
EoPs, whereas FceRIa was expressed in BMCPs, BaPs,
and MCPs but not in EoPs. Major basic protein (MBP)
was expressed in BMCPs, BaPs, and EoPs but not in
MCPs, whereas murine mast cell protease-5 (mMCP-5)
was expressed in BMCPs and MCPs but not BaPs or
EoPs. Eosinophil peroxidase (EoPO) was strongly ex-
pressed only in EoPs. GMPs had not expressed any of
these lineage-related genes. Thus, the gene expression
profile of each progenitor population appears to reflect
that of their own mature progeny.

GATA-1 and GATA-2 are expressed in mature eosino-
phils, basophils, and mast cells (Zon et al. 1993; Harigae
et al. 1998) as well as in MEPs (Akashi et al. 2000).
C/EBPa is required for neutrophil and eosinophil devel-
opment (Zhang et al. 1997), and PU.1 is essential for GM,
B cell, and mast cell development (Scott et al. 1994;
Walsh et al. 2002). As shown in Figure 1B, GATA-1 and
GATA-2 were not expressed in GMPs, but were up-regu-
lated in BMCPs, BaPs, MCPs, and EoPs. PU.1 was also
expressed in all of these purified progenitors. Interest-
ingly, C/EBPa was expressed in GMPs, BaPs, and EoPs,
but it was suppressed in BMCPs or MCPs. Figure 1C
shows the results of quantitative real-time PCR analyses
for GATA-1, GATA-2, and C/EBPa mRNA expression in
hematopoietic stem and progenitor populations. The ex-
pression level of GATA-1 was highest in MEPs, while
GMPs did not express significant level of GATA-1.
BMCPs, MCPs, BaPs, and EoPs expressed approximately
three- to sixfold lower levels of GATA-1 as compared
with that in MEPs (Fig. 1C, upper panel). In contrast,
GATA-2 expression in BMCPs, MCPs, BaPs, and EoPs
was significantly higher than that in MEPs (Fig. 1C,
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Figure 1. Expression profiles of transcription factors and lin-
eage-related genes in purified progenitor populations. (A) A de-
velopmental scheme of lineage-restricted progenitor popula-
tions used in this study. (HSC) Hematopoietic stem cell; (CLP)
common lymphoid progenitor; (CMP) common myeloid pro-
genitor; (MEP) megakaryocyte/erythrocyte progenitor; (GMP)
granulocyte/monocyte progenitor; (BMCP) basophil/mast cell
progenitor; (MCP) mast cell progenitor; (BaP) basophil progeni-
tor; (EoP) eosinophil progenitor. (B) Semiquantitative RT-PCR
analyses of transcription factors and lineage-related genes in
purified progenitor populations. (mMCP-5) Mouse mast cell
protease-5; (MBP) major basic protein (EoPO) eosinophil peroxi-
dase; (HPRT) hypoxanthine-guanine phosphoribosyl transfer-
ase. (*) MCPs were purified from GMP cultures on day 3. (C)
Real-time PCR assays of transcription factor expression in pu-
rified stem and progenitor cells. ACt values for each sample
were standardized by GAPDH Ct values. PCR assays were per-
formed using three sets of cDNA samples prepared indepen-
dently, resulting in the same pattern of relative expression.

middle panel), suggesting the important role of GATA-2
in the development of basophil/mast cell/eosinophil lin-
eages. C/EBPa expression was highest in BaPs followed
by GMPs and EoPs, while BMCPs and MCPs possessed
approximately eightfold decreased level of C/EBPa as
compared with that in GMPs (Fig. 1C, bottom panel). In
summary, BaPs and EoPs expressed GATA factors and
C/EBPa, whereas BMCPs and MCPs expressed GATA
factors but not C/EBPa.

The enforced expression of GATA-2 instructs GMPs
to exclusively select the eosinophil fate

We have previously reported that GATA-1 is important
for lineage instruction primarily for the MegE lineage
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commitment or conversion of HSCs, GMPs, and lym-
phoid-committed progenitors (Iwasaki et al. 2003). Con-
sistent with this data, GATA-1 expression was highest
in MEPs (Fig. 1C, upper panel). On the other hand, high
levels of GATA-2 expression were observed in BMCPs,
BaPs, MCPs, and EoPs, but not in MEPs (Fig. 1C, middle
panel). These results led us to speculate that GATA-2
might be primarily important for eosinophil, basophil,
and mast cell development.

Since EoPs and BaPs expressed both GATA-2 and
C/EBPa while upstream GMPs expressed only C/EBPa
(Fig. 1B,C), we first introduced GATA-2 into GMPs via a
green fluorescence protein (GFP)-tagged retrovirus vec-
tor, and tested their differentiation activity. As shown in
Figure 2A, although the vast majority of GMPs generated
neutrophil/monocyte (NM) colonies in the presence of a
cytokine cocktail containing SIf, IL-3, IL-5, GM-CSEF,
Epo, and Tpo, GMPs transduced with GATA-2 (GATA-
2" GMPs) gave rise exclusively to pure eosinophil colo-
nies at the expense of NM colonies (Fig. 2A,B). The for-
mation of eosinophil colonies from GATA-2* GMPs was
not affected by removing IL-5, Epo, and Tpo from the
culture. Progeny of GATA-2* GMPs did not contain
FceRIa*c-Kit* mast cells or FceRIa*c-Kit™ basophils (Fig.
2C). Figure 2D shows the change in expression pattern of
eosinophil-related genes in GMPs immediately after the
completion of GATA-2 transduction. GATA-2" GMPs
expressed GATA-1, IL-5Ra, and EoPO, maintaining the
expression of PU.1 and C/EBPq, the patterns of which
were identical to those of purified EoPs (Fig. 1B). Taken
together, the ectopic expression of GATA-2 instructs
GMPs to become EoPs but not BaPs.

Normal BaPs expressed approximately fivefold higher
level of GATA-2 as compared with that in EoPs (Fig. 1C,
middle panel), raising possibility that the expression of
GATA-2 at a low level may be critical for eosinophil
lineage commitment at the GMP stage. As shown in
Figure 2E, the expression level of enforced GATA-2 in
GATA-2" GMPs was comparable to (1.5-fold higher
than) that in normal BaPs, while it was 10-fold higher
than that in normal EoPs. Because such a high level of
enforced GATA-2 still instructed GMPs to become EoPs
but not BaPs, these data collectively suggest that
GATA-2 is likely to specifically instruct eosinophil com-
mitment at least at the GMP stage.

The enforced expression of C/EBP« in GMPs blocked
basophil/mast cell development

GMPs also give rise to BMCPs, BaPs, and MCPs (Fig. 1A;
Arinobu et al. 2005). C/EBPa was highly expressed in
GMPs but significantly decreased in BMCPs or MCPs
(Fig. 1B,C), suggesting that the down-regulation of
C/EBPa is critical for the development of basophil and
mast cell lineages. Our previous data, however, showed
that C/EBP« is indispensable for basophil development
after the BMCP stage, and that the enforced expression of
C/EBPa can convert MCPs into basophils (Arinobu et al.
2005). To test whether C/EBPa needs to be suppressed
for GMPs to choose the basophil/mast cell fate, we con-
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Figure 2. Enforced GATA-2 instructs
GMPs to exclusively select the eosinophil
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stitutively expressed C/EBPa in GMPs via a human (h)
CD4-tagged retrovirus vector. Interestingly, GMPs with
transduced C/EBPa (C/EBPa*) could not generate baso-
phils or mast cells efficiently, while they gave rise
mainly to neutrophils and rare eosinophils (Fig. 3A).
Thus, C/EBPa needs to be suppressed at the GMP stage
for both basophil and mast cell development. These data
suggest that C/EBPa is expressed in a biphasic manner
for basophil development from GMPs through BMCPs,
such as the down-regulation of C/EBPa at the GMP stage
to proceed into BMCPs, and its reactivation at the BMCP
stage to give rise to mature basophils.

The expression level of C/EBPa in GMPs is inversely
correlated with the frequency of mast cell lineage
readout

The fact that the sustained C/EBPa expression blocked
basophil/mast cell development from GMPs led us to
predict that the decreased C/EBPa expression would re-
ciprocally increase their development. Since we have
shown that C/EBPa is required for the late basophil de-
velopment after the BMCP stage (Arinobu et al. 2005),
the suppression of C/EBPa should inhibit the develop-
ment of mature basophils. Therefore, this experiment
was focused mainly on mast cell development. First, we
disrupted C/EBPa in GMPs by using a conditional

knockout system (Zhang et al. 2004). We purified GMPs
from mice in which the C/EBPa gene is flanked by the
loxP sequences (floxed, F), and C/EBPa’’f GMPs were
transduced with the Cre recombinase via a GFP-tagged
retrovirus vector. C/EBPaf’f GMPs with the Cre trans-
duction displayed almost complete excision of floxed
C/EBPa alleles determined by PCR assays (data not
shown), and therefore we refer to Cre-transduced
C/EBPa!"F cells as C/EBPa*’®. C/EBPa*’® GMPs gave
rise to neutrophils and monocytes (data not shown) as
reported (Zhang et al. 2004) but not to basophils (Fig. 3B,
right panel), which is consistent with our previous ob-
servation that C/EBPu is essential for BMCPs to develop
mature basophils (Arinobu et al. 2005).

In contrast, the frequency of mast cell lineage readout
from C/EBPa®® GMPs increased by fourfold compared
with that in C/EBPa¥ GMPs transduced with a control
(empty) retrovirus vector (Fig. 3B, left panel). We further
found that the frequency of mast cell lineage readout
from GMPs was gradually enhanced by the graded reduc-
tion of C/EBPa expression. To suppress C/EBPa expres-
sion at the GMP stage, we employed an RNA interfer-
ence (RNAi) technique using a short hairpin RNA
(shRNA) expression retrovirus vector. Transduction of
three separate C/EBPa shRNAs into GMPs resulted in a
graded reduction of C/EBPa mRNA by ~30%, ~50%, or
~70% of the normal level (Fig. 3C, left panel), and the
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Figure 3. The effect of enforcement or reduction of C/EBPa expression on the basophil/mast cell development from myeloid pro-
genitors. (A) FACS analyses of day 3 progeny of GMPs with or without C/EBPa transduction. Purified GMPs were transduced with a
hCD4-tagged retrovirus carrying a murine C/EBPa ¢cDNA or an empty retrovirus as control. hCD4-positive GMPs were isolated 36 h
after the retroviral infection and cultured for an additional 72 h in the presence of Slf, IL-3, and IL-6. (Right) By maintaining C/EBPa
expression, GMPs became incapable of producing FceRIa'°c-Kit™ MCPs or FceRIaMc-Kit~ BaPs. FACS plots are representative of three
independent experiments. (B) Limiting dilution analysis of mast cell or basophil development from C/EBPa*’* GMPs. GMPs were
purified from C/EBPa’/" mice (Zhang et al. 2004) and transduced with a GFP-tagged retrovirus carrying a Cre cDNA or an empty
retrovirus as control. GFP-positive GMPs were isolated 36 h after the retroviral infection and subjected to limiting dilution assays in
the presence of Slf, IL-3, and IL-6. A complete excision of floxed C/EBPa alleles after Cre transduction was determined by PCR assay
as previously reported (Zhang et al. 2004) (not shown). The development of basophils and/or mast cells in each cultures was determined
by May-Giemsa and Toluidine Blue staining. The frequency of mast cell read-out from C/EBPa*/* GMPs was fourfold higher than that
from control C/EBPa’" GMPs (left), whereas mature basophil development was blocked completely by the C/EBPa disruption (right).
(C) Reduction of C/EBPa by an RNAi technique using shRNA expression vector by retrovirus transduction. GMPs transduced with
three different sShRNAs targeting C/EBPa (see Materials and Methods) were measured for their expression of C/EBPa by a real-time
PCR analysis standardized by a GAPDH expression level (left), and also analyzed for their frequency of mast cell readout by a limiting
dilution assay (right). The expression level of C/EBPa in GMPs was inversely correlated with the frequency of mast cell lineage
readout.

frequency of mast cell readout was enhanced according 4A, C/EBPa'~ FL-CMPs formed approximately fourfold
to the level of C/EBPa mRNA suppression induced by more number of pure mast cell colonies as compared
each shRNA (Fig. 3C, right panel). Thus, the mast cell with wild-type FL-CMPs. More interestingly, upon
lineage-commitment from GMPs was inversely corre- GATA-2 transduction via a GFP-tagged retrovirus vec-
lated with the expression level of C/EBPa. These data tor, the vast majority of GATA-2/GFP* C/EBPa'~ FL-
collectively suggest that C/EBPa needs to be down-regu- CMPs formed pure mast cell colonies (Fig. 4A,B). Thus,
lated for GMPs to become BMCPs, but it is required for when C/EBPa is absent, GATA-2 instructs lineage speci-
the later development of basophils but not mast cells fication into the mast cell but not the eosinophil lineage.

after the BMCP stage.

The enforced expression of C/EBPa and/or GATA-2

The enforced expression of GATA-2 instructs the mast can convert lymphoid-committed progenitors

cell fate in C/EBPo~/~ myeloid progenitors into either GMPs, EoPs, BMCPs, or BaPs simply

The enforcement of GATA-2 expression in C/EBPa-ex- by switching the order of their expression

pressing GMPs resulted in their exclusive differentiation Data described above collectively suggest that the order
into eosinophils (Fig. 2). Since the differentiation of of expression of C/EBPa and GATA-2 should be critical
GMPs into BMCPs and mast cells was inversely corre- for lineage specification in eosinophil versus basophil/
lated with the expression level of C/EBPa, we tested the mast cell development. CLPs, which give rise to all lym-
effect of GATA-2 expression on the lineage fate decision phoid but not myeloid components (Kondo et al. 1997;
of C/EBPa-deficient myeloid progenitors. To this end, Traver et al. 2000), still possess plasticity that can be
we used embryonic day 14 C/EBPa '~ fetal liver (FL) pro- triggered by lineage instructive signals including ectopic
genitor cells. We have reported that C/EBPa’~ FL does cytokines and transcription factors (Kondo et al. 2000;
not have GMPs, but have Lin~Sca-1"¢-Kit*CD34*FcyRII/ Iwasaki et al. 2003; Iwasaki-Arai et al. 2003; Baba et al.
IIT'° myeloid progenitors whose phenotype corresponds 2005). Thus, the introduction of ectopic myeloid-related
to normal CMPs (Zhang et al. 2004). As shown in Figure genes into CLPs should be a good tool to analyze myeloid
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Figure 4. Enforced expression of GATA-2 in C/EBPa™/~ my-
eloid progenitors CMPs purified from E14 C/EBPa~'~ FL were
transduced with a GFP-tagged retrovirus carrying a murine
GATA-2 cDNA or an empty retrovirus as control. GFP-positive
CMPs were isolated 36 h after the retroviral infection and cul-
tured for 7 d on methylcellulose (A) or in suspension (B) in the
presence of Slf, IL-3, and IL-6. Types of colonies were deter-
mined by May-Giemsa and Toluidine Blue staining. The en-
forced expression of GATA-2 instructed C/EBPa~/~ FL-CMPs to
select the mast cell fate. Representative data of three indepen-
dent experiments are shown.

lineage instructive signals without being affected by pre-
existing myeloid programs. CLPs do not express my-
eloid-related genes including C/EBPa and GATA-2 (Aka-
shi et al. 2000). We thus transduced CLPs with these
transcription factors in a different order to test its impact
on myeloid lineage specification.

We infected CLPs with the hCD4-tagged C/EBPa and
the GFP-tagged GATA-2 retroviruses in a reciprocal or-
der. Figure 5A shows the expression pattern of hCD4 and
GFP after the sequential transduction. The expression
levels of hCD4 and GFP were almost identical in all
experiments. In the first experiment, C/EBPa was trans-
duced into CLPs, and 24 h after the C/EBPa transduc-
tion, GATA-2 was additionally transduced. Purified
hCD4* and/or GFP* cells were cultured in vitro in the
presence of Slf, IL-3, IL-5, IL-6, IL-7, IL-9, and Epo. Con-
trol (empty) hCD4* and GFP* CLPs (Fig. 5A, upper panel,
Control) always gave rise to CD19"B220" preB cells in
vitro reflecting their natural lineage potential (Fig. 5B,C;
Kondo et al. 1997). Interestingly, C/EBPa*GATA-2"
CLPs (Fig. 5A, middle panel, R1) gave rise only to GM
colonies at the expense of preB colonies, indicating that
enforced C/EBPa is sufficient for CLPs to be repro-
grammed into the GM lineage. Consistent with the data
that GATA-2* GMPs became EoPs (Fig. 2),
C/EBPa*GATA-2* CLPs (Fig. 5A, middle panel, R2) ex-
clusively formed pure eosinophil colonies (Fig. 5B,C). In
the second experiment, we switched the order of C/EBPa
and GATA-2 transduction; GATA-2 was first transduced
into CLPs, and 24 h after the GATA-2 transduction,
C/EBPa was additionally transduced. Strikingly, GATA-
2*C/EBPa” CLPs (Fig. 5A, bottom panel, R3) gave rise
mainly to basophils and mast cells (Fig. 5B,C), indicating
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that GATA-2 converts CLPs into BMCPs. Additional
C/EBPa transduction (Fig. 5A, bottom panel, R4) in-
structed GATA-2" CLPs to only generate basophil colo-
nies (Fig. 5B,C).

The expression patterns of lineage-affiliated genes
were evaluated by RT-PCR immediately after the
completion of the second transduction. Consistent with
their functional activities, C/EBPa*GATA-2- (R1),
C/EBPa"GATA-2* (R2), GATA-2*C/EBPa- (R3], and
GATA-2"C/EBPa* (R4) CLPs displayed the expression
profile of genes almost identical to freshly isolated
GMPs, EoPs, BMCPs, and BaPs, respectively (Figs. 1B,
6A). In contrast, CLPs doubly infected with empty hCD4
and GFP viruses expressed a series of lymphoid but not
myeloid genes (Fig. 6A). Lymphoid-affiliated genes in-
cluding EBF, Pax-5, and Notch-1 were down-regulated in
all fractions of CLPs transduced with C/EBPa and/or
GATA-2 (Fig. 6A). These data strongly suggest that al-
though EoPs and BaPs coexpress C/EBPa and GATA-2,
the order of their expression is critical for their lineage
decision.

We evaluated the expression level of enforced C/EBPa
and GATA-2 in this experiment. The quantification of
C/EBPa and GATA-2 mRNA after the completion of the
first transduction of each transcription factor revealed
that their expression levels were only slightly higher
than those used in normal hematopoiesis (Fig. 6B).
C/EBPa* CLPs expressed almost 1.1- and 1.8-fold higher
level of C/EBPa as compared with that in normal BaPs
and GMPs, respectively, while the GATA-2 expression
remained undetectable. GATA-2* CLPs expressed
GATA-2 at a level of ~1.4-fold higher than normal BaPs,
while the C/EBPa level was as low as that of control
CLPs. Since the expression level of the hCD4 or the GFP
reporter was not altered by double transduction proce-
dures (Fig. 5A), expression levels of transduced C/EBPa
and GATA-2 should be stable in this set of experiments.
These data collectively suggest that the order of expres-
sion of transcription factors is critical for CLPs to select
eosinophil versus basophil lineage fate decision.

We further measured EBF, Pax-5, and GATA-3 mRNA
in CLPs after the first transduction of either C/EBPa or
GATA-2. The quantitative real-time PCR experiments
showed that all of these lymphoid-affiliated transcrip-
tion factors were profoundly suppressed by the enforced
expression of either C/EBPa or GATA-2 (Fig. 6C). These
data suggest that C/EBPa or GATA-2 alone can repro-
gram CLPs into the myeloid lineage, at least by suppress-
ing the lymphoid developmental program in CLPs.

Discussion

HSCs can give rise to multiple lineage cells, but the un-
derlying mechanisms for this lineage specification pro-
cess have not been fully understood. By using prospec-
tively purified progenitor populations, we show that the
order of expression of key transcription factors can dif-
ferentially regulate fate decisions of multiple hematopoi-
etic lineages including neutrophils/monocytes, eosino-
phils, basophils, and mast cells.
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Figure 5. The ordered expression of C/EBPa and/or GATA-2 can convert CLPs to either GMPs, EoPs, BMCPs, or BaPs. (A) Expression

profile of hCD4 and GFP reporters after the two-step transduction.

Note that the expression level of GFP and hCD4 was consistent

irrespective of the order of transduction. (B) Methylcellulose assays for linecage outcomes of CLPs transduced with C/EBPa and/or
GATA-2. R1-R4 represent sorting regions defined in A. Cytokines added were Slf, IL-3, IL-5, IL-6, IL-7, GM-CSF, Epo, and Tpo. Types
of colonies were determined at day 7 by May-Giemsa and Toluidine Blue staining. (C) Phenotypic and morphological analyses of
progeny of CLPs transduced with C/EBP«a and/or GATA-2 in a different order. CLPs were purified according to sorting regions (R1-R4)
defined in A and cultured in suspension for 7 d in the presence of Slf, IL-3, IL-5, IL-6, IL-7, GM-CSF, Epo, and Tpo. FACS analyses and
morphologies (May-Giemsa staining, x1000) of day 7 progeny are shown. Representative data of three independent experiments are

shown.

It is important to note that the enforced expression of
GATA-2 instructed GMPs to differentiate into EoPs,
while it converted CLPs into BMCPs. This interesting
data suggests that GATA-2 can induce two different fate
outcomes in the presence or absence of ongoing GM de-
velopmental program activated in GMPs. This then
raises the question as to what signal within the GM pro-
gram is critical for GATA-2 to instruct eosinophil versus
basophil/mast cell lineage commitment. C/EBPa is one
of key transcription factors for GM development (Tenen
et al. 1997; Nerlov 2004), since C/EBPa*/* animals do
not possess GMPs (Zhang et al. 2004). CLPs are lym-
phoid lineage-restricted progenitors, but they still pos-
sess multipotentiality when triggered by the enforced
lineage-instructive signals (Kondo et al. 2000; ITwasaki et
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al. 2003; Iwasaki-Arai et al. 2003). We found that virtu-
ally all CLPs were converted into GMPs by the enforced
expression of C/EBPq, and that the sequential expression
of GATA-2 instructed them to differentiate further into
the eosinophil lineage (Fig. 7A). Consistent with a recent
report (Xie et al. 2004), these data indicate that C/EBPa
plays a lineage-instructive role in GM commitment, and
that the expression of C/EBP« is sufficient for GATA-2
to activate the eosinophil differentiation program.
Conversely, the sustained expression of retrovirally
transduced C/EBPa in GMPs blocked the basophil/mast
cell lineage (Fig. 3A) but not the eosinophil lineage read-
out. The graded suppression of C/EBPa expression in
GMPs progressively increased the frequency of mast cell
readout (Fig. 3C), but more interestingly, C/EBPa*®
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GMPs became incapable of differentiation into basophils
(Fig. 3B). Given that down-regulation of C/EBP« is nec-
essary for GMPs to develop into BMCPs, C/EBP« reacti-
vation should be required for further basophil develop-
ment after the BMCP stage. We have reported that when
C/EBPa was transduced into MCPs, C/EBPa*™ MCPs con-
verted into BaPs, giving rise to mature basophils
(Arinobu et al. 2005). Therefore, BMCPs can develop into
MCPs only if C/EBPa remains suppressed, while C/EBPa
should be reactivated for BMCPs to develop into BaPs.
For GMPs to proceed into the basophil/mast cell path-
way (including the BMCP, BaP, and MCP stages), down-
regulation of C/EBPa might be the initial event (Fig. 7B),
although this itself does not affect NM potential of
GMPs as C/EBPa*’* GMPs could generate normal num-
bers of neutrophils and macrophages (Zhang et al. 2004).

Interestingly, development of basophils and mast cells
via these pathways was recaptured again in CLPs that do
not express either C/EBPa or GATA-2 in normal hema-
topoiesis. We showed that transduction of GATA-2
alone converted CLPs into BMCPs, and the sequential
transduction of C/EBPa further converted them into
BaPs (Fig. 5). These data suggest that simply by switch-
ing the order of C/EBPa and GATA-2 expression, CLPs
can be reprogrammed into any of myeloid components
such as neutrophils, monocytes, eosinophils, basophils,
and mast cells. Thus, in normal hematopoiesis, EoP and
BMCP development might be instructed by GATA-2 up-
regulation depending on the presence and absence of
C/EBPa expression, respectively.

Since the graded expression of transcription factors
can affect lineage outcomes (Kulessa et al. 1995; DeKoter
and Singh 2000), it is important to consider the expres-
sion level of enforced C/EBPa and GATA-2 used in this
study. As shown in Figure 6B, the level of enforced
C/EBPa and GATA-2 might not be unphysiologically
high because the expression level of C/EBPa and
GATA-2 was only 1.1- and 1.4-fold higher than that in
normal BaPs (Fig. 6B). Furthermore, in all of these experi-
ments, the expression level of C/EBPa and GATA-2 was
stable, not being affected by double transduction proce-

dures (Fig. 5A). Thus, these data collectively suggest that
the order but not the level of transcription factor expres-
sion controls eosinophil versus basophil lineage commit-
ment. We, however, did not analyze the transcription
factor expression at a protein level in this study because
of a technical limitation as to quantification of proteins
in rare progenitor populations. To formally prove such
action of transcription factors, the change of their pro-
tein expression levels during each developmental stage
should be evaluated in future studies.

Transduction of either C/EBPa or GATA-2 in CLPs
immediately induced the significant reduction of lym-
phoid-affiliated transcription factors such as EBF, Pax-5,
and GATA-3 (Fig. 6C), suggesting that each of them
alone can convert CLPs to the myeloid lineage. C/EBP«a
and GATA-2 do not appear to antagonize each other’s
function; CLPs with enforced C/EBPa converted into
GMPs that developed normal numbers of GATA-2-ex-
pressing eosinophils, while CLPs with enforced GATA-2
became BMCPs that generated normal numbers of
C/EBPa-expressing basophils (Fig. 5). Furthermore, we
showed that enforced C/EBPa did not affect the expres-
sion level of GATA-2 in CLPs, and vice versa (Fig. 6B).
Therefore, although both EoPs and BaPs coexpress
C/EBPa and GATA-2, they might develop via indepen-
dent developmental pathways guided by the order of
C/EBPa and GATA-2 expression.

Previous studies have shown that GATA-1 and
GATA-2 are mutually redundant to some extent (Taka-
hashi et al. 2000). By enforcing the expression of
GATA-1 and GATA-2 at identical stages of hematopoi-
etic development, we found clear functional differences
between GATA-1 and GATA-2. We have reported that
the enforced expression of GATA-1 using the identical
retroviral transduction system can induce MegE com-
mitment excluding other fate outcomes in HSCs, and
supports their differentiation into mature MegE cells in
the absence of Epo (Iwasaki et al. 2003). In the present
study, enforced GATA-2 in HSCs did not increase the
frequency of their MegE lineage readout, nor did it per-
mit MegE differentiation in the absence of Epo (data not
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Reprogramming from the lymphoid pathway
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Figure 7. Schematic presentation of roles of transcription fac-
tors in lineage specification to eosinophils, basophils, and mast
cells during reprogramming of CLPs and in normal hematopoi-
esis. (A) Lineage-instructive signals for each myeloid lineage on
the basis of reprogramming of CLPs. CLPs can be converted to
GMPs and BMCPs by the enforced expression of C/EBPa and
GATA-2, respectively. In this model, the order of C/EBPa and
GATA-2 expression is critical for CLPs to differentiate into
EoPs via GMPs, or into BaPs via BMCPs. (B) Hematopoietic
progenitor development downstream from GMPs in a physi-
ological setting. Up-regulation of GATA-2 instructs GMPs to
differentiate into eosinophil, basophil, and mast cell lineages.
Upon GATA-2 up-regulation, if GMPs maintain C/EBP« expres-
sion, they become EoPs, whereas if GMPs down-regulate
C/EBPq, they become BMCPs. For BaP development, C/EBPa
needs to be reactivated after the BMCP stage. The mechanism of
C/EBPa down-regulation in GMPs is not clear at this time, but
since C/EBPa is not required for generation of mature neutro-
phils and monocytes after the GMP stage (Zhang et al. 2004), a
fraction of GMPs may naturally down-regulate C/EBPa. (Red
lines) Up-regulation of GATA-2; (blue lines) up-regulation of
C/EBPq; (arrows) reprogramming of progenitors by enforced ex-
pression of transcription factors.

shown). The enforced expression of GATA-1 mainly in-
duced conversion into the MegE lineage in CLPs and
GMPs (Iwasaki et al. 2003). In contrast, enforced
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GATA-2 specified GMPs into EoPs, while it converted
CLPs into BMCPs (Figs. 2, 5). The marked contrast be-
tween GATA-1 and GATA-2 functions in our system
suggests that it is critical to use a homogenous cell popu-
lation at a defined developmental stage to correctly
evaluate transcription factor functions. These are inter-
esting phenomena because in all of these cases, enforced
GATA-1 or GATA-2 up-regulated the expression of the
other after transduction (Figs. 2D, 6A; Iwasaki et al.
2003). Since GATA-1 and GATA-2 have some redundant
properties (Takahashi et al. 2000), it is important to test
the absolute requirement of GATA-1 or GATA-2 at the
GMP stage for eosinophil or basophil development by
utilizing conditional knockout systems, for example. It
is also possible that another MegE/eosinophil-related
transcription factor, Friend of GATA-1 (FOG-1) (Tsang et
al. 1997, 1998), may be involved in GATA-1- or GATA-
2-dependent lineage specification. FOG-1 is required for
normal MegE development, but in turn, exerts inhibitory
effects on eosinophil development from a multipotent
cell line (Querfurth et al. 2000). FOG-1 is not expressed
in EoPs, BMCPs, BaPs, and MCPs (data not shown).
FOG-1 was transactivated in GATA-1-transduced GMPs
and CLPs (Iwasaki et al. 2003) but not in GATA-2-trans-
duced GMPs (Fig. 2D). Thus, it is tempting to speculate
that FOG-1 can be transactivated only when the
GATA-1 expression precedes GATA-2, or when GATA-1
is predominant (by a retroviral transduction in our ex-
periments) as compared with GATA-2. These possible
interplays of GATA factors and FOG-1, dependent upon
their timing or levels of expression, should also be evalu-
ated in future studies.

Our data regarding GATA-1 and GATA-2 effects on
lineage instruction are not entirely consistent with pre-
vious papers using different systems. A previous report
showed that a Myb-Ets-transformed chicken myelo-
blasts converted into thromboblasts by the enforced ex-
pression of GATA-1, while they differentiated into eo-
sinophils when GATA-1 was expressed at a lower level
(Kulessa et al. 1995). In our study, enforced GATA-2 in
CLPs and GMPs was associated with GATA-1 up-regu-
lation: The expression level of GATA-1 in GATA-2*
CLPs was ~1.2- and twofold higher than that in normal
BaPs and EoPs, respectively, while approximately two-
fold less than that in normal MEPs on a quantitative
real-time PCR assay (data not shown). Although it is
difficult to judge whether such level of GATA-1 reflects
its physiological expression level at the EoP, BaP, or MEP
stages, the principal mechanism of GATA-2-induced eo-
sinophil lineage instruction in GMPs and CLPs could be
dependent upon a combinatory action of C/EBPa and a
medium level of secondary GATA-1. This possibility
should also be tested in a future study by the enforced
expression of graded levels of GATA-1 at the GMP or
CLP stage.

Another report showed that human CD34* cord blood
cells mainly generated eosinophil colonies by the en-
forced expression of either murine GATA-1 or GATA-2
(Hirasawa et al. 2002). This difference could be due to
heterogeneity of the CD34* cord blood population that
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contains HSCs as well as all myelo-erythroid progenitors
(Manz et al. 2002). It is also important to note that there
may be a significant difference in roles of GATA factors
in human and mouse hematopoiesis: We found that in
human hematopoiesis, mature eosinophils expressed
GATA-1 but not GATA-2, while basophils expressed
only GATA-2 (Y. Mori and H. Iwasaki, unpubl.). This
suggests that one should be careful to interpret data of
transcription factor expression and functions generated
in different species.

In conclusion, our data suggest that the order of acti-
vation or inactivation of C/EBPa and GATA-2 plays a
pivotal role in lineage specification into myeloid cells.
Presumably, induction of conformational changes of
chromatin by a preceding transcription factor alters ac-
cessibility to differentiation programs induced by a sub-
sequently activated one. This timing-based lineage in-
struction by multiple transcription factors should lead to
formation of hematopoietic hierarchy through step-wise
linecage choices, which could be one of the critical
mechanisms for lineage fate decisions in a variety of
stem cell systems.

Materials and methods
Mice

C57BL/6] mice were purchased from The Jackson Laboratory.
Generation of C/EBPa"* and C/EBPa’’F mice was previously
reported (Zhang et al. 1997, 2004). All mice were bred and main-
tained in the Research Animal Facility at Dana-Farber Cancer
Institute in accordance with the guidelines.

Antibodies, cell staining, and sorting

Sorting of HSCs and CLPs was accomplished by staining bone
marrow cells with biotinylated anti-IL-7Ra chain (A7R34)
monoclonal antibodies (eBioscience), FITC-conjugated anti-
Sca-1 (E13-161-7) (Pharmingen), APC-conjugated anti-c-Kit
(2B8) (Pharmingen), and PE-Cy5-conjugated rat antibodies spe-
cific for the following lineage markers: CD3 (CT-CD3), CD4
(RM4-5), CDS8 (5H10), B220 (6B2), Gr-1 (8C5), and CD19 (6D5)
(Caltag), followed by avidin-PE (Caltag). HSCs and CLPs were
sorted as IL-7Ra Lin-Sca-1Mc-Kit" and IL-7Ra*Lin~Sca-1'c-
Kit!® populations, respectively (Kondo et al. 1997). For myeloid
progenitor sorting, bone marrow and FL cells were stained with
purified rat anti-IL-7Ra chain monoclonal antibodies (A7R34)
(eBioscience) and the lineage cocktail described above. IL-
7RaLin~ cells were negatively selected by using sheep antirat
IgG-conjugated magnetic beads (Dynabeads M-450; Dynal A.S.),
and the remaining IL-7Ra*Lin" cells were visualized by staining
with PE-Cy5-conjugated goat anti-rat IgG antibodies (Caltag).
After blocking with purified rat IgG (Sigma), cells were stained
with PE-conjugated anti-FcyRII/IIT (2.4G2), FITC-conjugated
anti-CD34 (RAM34), APC-conjugated anti-c-Kit (2B8), and bio-
tinylated anti-Sca-1 (E13-161-7) monoclonal antibodies (Pharm-
ingen), followed by avidin-APC/Cy7 (Caltag). Myeloid progeni-
tors were sorted as IL-7Ra Lin~Sca-1-c-Kit*CD34*FcyRII/IIT™
(CMPs), IL-7Ra Lin~Sca-1-c-Kit*CD34*FcyRII/II™ (GMPs), and
IL-7Ra Lin~Sca-1"c-Kit"CD34 FcyRII/IIT® (MEPs) as described
previously (Akashi et al. 2000). To sort EoPs, pre-enriched IL-
7Ra Lin~ bone marrow cells were stained with biotinylated
anti-IL-5Ra chain (H7) (Yamaguchi et al. 1990), FITC-conju-
gated anti-CD34 (RAM34), APC-conjugated anti-c-Kit (2B8),
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and PE-Cy5-conjugated anti-Sca-1 (D7) (eBioscience) mono-
clonal antibodies, followed by avidin-PE. EoPs were purified as
IL-7Ra Lin~Sca-1-CD34*IL-5Ra*c-Kit!® cells with a low level of
side scatter profile as described (Iwasaki et al. 2005). For BMCP
sorting, Lin~ spleen cells were stained with FITC-conjugated
anti-T1/ST2, PE-conjugated anti-B7 integrin, APC-conjugated
anti-c-Kit (2B8), and biotinylated anti-FcyRII/III (2.4G2) (Pharm-
ingen), followed by avidin-APC/Cy7 (Caltag). BMCPs were
sorted as Lin~c-Kit*FcyRII/ITMB7" cells as described (Arinobu
et al. 2005). For BaP or MCP sorting, bone marrow or intestinal
cells were stained with FITC-conjugated anti-CD34 (RAM34),
PE-conjugated anti-FceRIa (MAR-1), APC-conjugated anti-c-Kit
(2B8), and/or APC/Cy7-conjugated anti-CD45.2. BaPs and
MCPs were purified as Lin-"CD34*FceRIaMc-Kit~ bone marrow
cells and CD45.2*Lin"CD34*B7"FceRIa!® intestinal cells, re-
spectively (Arinobu et al. 2005). All of these stem and progenitor
cells were double-sorted using a highly modified double laser
(488 nm/350 nm Enterprise II + 647 nm Spectrum) high-speed
FACS (Moflo-MLS, Cytomation). For all analyses and sorts,
dead cells were excluded by propidium iodide staining. For
single-cell and limiting dilution assays, cells were directly
sorted into 60-well Terasaki plates or 96-well plates by using an
automatic cell deposition unit (ACDU) system. Data were ana-
lyzed with FlowJo software (Treestar, Inc.).

Cell cultures

Cells were cultured in Iscove’s Modified Dulbecco’s Medium
(IMDM; Invitrogen) supplemented with 20% fetal calf serum
(FCS), 50 pM 2-mercaptoethanol, 100 U penicillin, and 100 pg/
mL streptomycin (Invitrogen). For clonogenic analyses, cells
were cultured in methylcellulose medium (Methocult H4100,
Stem Cell Technologies) supplemented with 30% FCS, 1% bo-
vine serum albumin, and 2 mM L-glutamine (Stem Cell Tech-
nologies). Cytokines such as murine SIf (20 ng/mL), IL-3 (20
ng/mL), IL-5 (50 ng/mL), IL-6 (20 ng/mL), IL-7 (20 ng/mL), IL-11
(10 ng/mL), GM-CSF (10 ng/mL), Epo (2 U/mL), and Tpo (10
ng/mL) (R&D Systems) were added at the initiation of cultures.
All cultures were incubated at 37°C in a humidified chamber
under 5% CO,. Cell components of each colonies or cultures
were determined morphologically and cytochemically by May-
Giemsa and Toluidine Blue staining.

Retroviral transduction of stem and progenitor cells

The MSCV-Flag-mGATA-2-ires-EGFP retrovirus vector was
provided by Dr. Atsushi Iwama. The MSCV-mC/EBPa-ires-
hCD4 retrovirus vector was kindly provided by Dr. Thomas
Graf. A Cre cDNA was subcloned into the EcoRI site of the
MSCV-ires-EGFP vector. The virus supernatant was obtained
from cultures of 293T cells cotransfected with the target retro-
virus vector, and gag-pol and VSV-G expression plasmids using
a standard CaPO, coprecipitation method. FACS-purified pro-
genitors were plated onto a recombinant fibronectin fragment-
coated culture dish (RetroNectin dish; Takara) with 1 mL of the
virus supernatant containing the respective cytokine cocktail
(for CMPs and GMPs, SIf [20 ng/mL| and IL-11 [10 ng/mL]; for
MCPs, SIf [20 ng/mL], IL-3 [20 ng/mL], and IL-6 [20 ng/mL]; for
CLPs, Slf [20 ng/mL] and IL-7 [20 ng/mL]), and cultured for
24-48 h. In the case of CLPs, prior to virus infection, FACS-
purified cells were stimulated for 18 h in the presence of SIf (20
ng/mL) and IL-7 (20 ng/mL). At the completion of transduction,
cells positive for GFP or hCD4 were purified by FACS, and were
subsequently subjected to further analyses.
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Conditional C/EBPa disruption in GMPs

GMPs were purified from C/EBPa’’F mice bone marrow and
infected with MSCV-Cre-ires-EGFP retroviruses as described
above. Following transduction, cells were isolated into EGFP~
and EGFP* populations and assessed for a recombination by
PCR using the following primers sets (5'-TGGCCTGGAGAC
GCAATGA-3" and 5-CGCAGAGATTGTGCGTCTTT-3' for
the C/EBPa! allele [269-base-pair {bp} product]; 5'-GCCTGG
TAAGCCTAGCAATCCT-3" and 5-TGGAAACTTGGGT
TGGGTGT-3' for the C/EBPa* allele [400-bp product]). Isolated
EGFP~ (C/EBPa’) and EGFP* (C/EBPa*’*) GMPs were sub-
jected to limiting dilution assays for their lineage readouts.

Design of retrovirus vectors for siRNA expression directed
against C/EBPa

To suppress the expression level of C/EBPa to various extents,
we prepared a series of retrovirus vectors that possess expres-
sion cassettes of ShRNA against C/EBPa (GenBank accession
no. BC058161). Target sequences were selected according to
rules proposed by Tuschl’s group (Elbashir et al. 2001), using
small interfering RNA (siRNA) Selection Program of Whitehead
Institute for Biomedical Research (Yuan et al. 2004). Oligo-
nucleotides were synthesized to form shRNA on transcription,
in order of sense, loop (lower case), and antisense sequences
(Brummelkamp et al. 2002) as follows: C118, 5'-TGGAGTCG
GCCGACTTCTAttcaagagaTAGAAGTCGGCCGACTCCA-3/;
C939, 5'-GCCAAGAAGTCGGTGGACAttcaagagaTGTCCAC
CGACTTCTTGGC-3’; C1015, 5'-GCCGAGATAAAGCCAA
ACAttcaagagaTGTTTGGCTTTATCTCGGC-3'. These oligo-
nucleotides were annealed with their complementary ones and
cloned subsequently into pSUPER vector (kindly provided by
Dr. R. Agami) carrying an shRNA expression cassette driven by
an H1 promoter with some modifications at the promoter site.
After confirming their sequences, these shRNA cassettes were
introduced into a 3'LTR region of the pQCXIN retrovirus vector
(Clontech), in which a neomycin-resistant gene was replaced
with an EGFP gene.

Analysis of gene expression from total RNA

Total RNA extracted from 2000 cells for each population was
subjected to semiquantitative RT-PCR or real-time PCR analy-
ses as described previously (Iwasaki et al. 2003; Arinobu et al.
2005). Primer and probe sequences and PCR protocols for each
specific gene are shown in Supplementary Table 1.
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