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Mice with monoallelic inactivation of the CBP gene de-
velop highly penetrant, multilineage defects in hemato-
poietic differentiation and, with advancing age, an in-
creased incidence of hematologic malignancies. The lat-
ter are characterized, at least in some cases, by loss of
heterozygosity (LOH) at the CBP locus. No such pathol-
ogy was observed in wild-type or p300 heterozygous null
mice of the same age and genetic background. Thus, a
full complement of CBP, but not p300, is required for
normal hematopoietic differentiation. These results also
provide the first experimental evidence for the hypoth-
esis that CBP has tumor-suppressing activity.
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The CREB-binding protein (CBP) and the highly related
protein, p300, are transcriptional coactivators that facili-
tate gene expression through three different mecha-
nisms. First, CBP and p300 function as molecular scaf-
folds coupling a multitude of different transcription fac-
tors (Eckner 1996) to the core transcriptional machinery
(Nakajima et al. 1997). Second, CBP and p300 further
facilitate transcription through chromatin remodeling
by histone acetyltransferase (HAT) activity inherent to
CBP/p300 (Bannister and Kouzarides 1996; Ogryzko et
al. 1996) and/or to two associated proteins—the SRC-1
family (Yao et al. 1996) and pCAF (Yang et al. 1996).
Third, acetylation of associated proteins by CBP/p300
contributes to the activation of at least two CBP/p300-
interacting transcription factors, p53 (Gu and Roeder
1997) and the hematopoietic differentiation factor,
GATA-1 (Blobel et al. 1998).

CBP/p300 are integrators of key events in disparate

signal transduction pathways (Shikama et al. 1997), and
both are required for normal development, as mouse em-
bryos nullizygous for either gene die by embryonic day
10.5 (E10.5) (Yao et al. 1998; Oike et al. 1999b). The
importance of CBP during development is further under-
scored by the fact that, in humans, monoallelic mutation
of the CBP locus is the genetic basis for Rubinstein-
Taybi syndrome (RTS) (Petrij et al. 1995), a disease char-
acterized by craniofacial, skeletal, and cardiac defects, as
well as growth and mental retardation (Giles et al. 1998).
Mice carrying a single inactivated CBP allele recapitu-
late many of the phenotypic characteristics of RTS pa-
tients (Tanaka et al. 1997; Oike et al. 1999a).

CBP and p300 are targeted by the viral oncoproteins
adenovirus E1A and SV40 large T antigen (Whyte et al.
1989; Eckner et al. 1994). Interaction of these proteins
with p300/CBP is essential for the full expression of
their transforming function, although a molecular un-
derstanding of how these interactions contribute to neo-
plastic transformation has been unclear. By analogy with
the nuclear pocket proteins (pRB, p103, and p130) which
are inactivated by binding of E1A and large T antigen,
there has been speculation that CBP/p300 function as
tumor suppressors (Giles et al. 1998). The fact that RTS
patients have an increased risk of cancer (Miller and Ru-
binstein 1995) and the finding of biallelic mutations of
p300 in certain gastrointestinal tumors (Muraoka et al.
1996) are consistent with the speculation. To date, how-
ever, there has been no reported experimental evidence
for this hypothesis.

Results

CBP is required during murine embryogenesis

The murine CBP gene was targeted by homologous re-
combination with a vector in which exons encoding the
CH1 domain (amino acids 340–443) were deleted and
replaced by a neomycin resistance cassette (Fig. 1A). Cor-
rect targeting was verified by Southern blot analysis with
probes flanking the targeted sequences (Fig. 1B). To con-
firm that the CBP allele had been inactivated, we ana-
lyzed protein levels in E9.0 embryos resulting from mat-
ing between CBP heterozygous parents. Consistent with
the results of the DNA analysis, the CBP protein level
was reduced in heterozygous mutant embryos and ab-
sent from homozygous mutant embryos when compared
with wild-type (WT) embryos from the same litter (Fig.
1C). Western blot analysis with monospecific antibodies
to the amino terminus of CBP (Fig. 1C) or to an internal
epitope (data not shown) demonstrated no truncated pro-
tein products in embryos carrying one or two mutant
alleles. Thus, we concluded that targeting of the CBP
gene had generated a null allele.

Mating CBP heterozygotes failed to produce viable
CBP−/− offspring. At E9.5, embryos of all three genotypes
were fully represented, but, by E10.5, all CBP−/− embryos
were either dead or moribund (data not shown). As re-
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ported previously, CBP−/− embryos displayed se-
vere open neural tube defects similar to their
p300−/− counterparts (Yao et al. 1998). Thus,
nullizygosity at CBP led to embryonic lethality.
In keeping with this conclusion, lethality has
also been noted among embryos homozygous for
a mutant CBP allele encoding a truncated pro-
tein product (Oike et al. 1999b).

Phenotypic characteristics of CBP+/− mice

Our CBP+/− mice demonstrated many of the fea-
tures reported previously for such mice (Tanaka
et al. 1997; Oike et al. 1999a) including growth
retardation and craniofacial abnormalities (data
not shown) reminiscent of patients with RTS
(Giles et al. 1998). To further define the spec-
trum of phenotypic abnormalities resulting from
hemizygosity at the CBP locus, CBP+/− animals
were followed with advancing age, along with
their WT littermates and p300+/− mice (Yao et
al. 1998) of the same background strain (C57BL/
6 × 129).

Necropsy of cohorts of randomly selected
CBP+/−, p300+/−, and WT mice at 12–18 months
of age revealed dramatic splenomegaly in most
CBP+/− animals. On average, the spleens of
CBP+/− animals weighed 1130 mg (range 150–

5200 mg, n = 15), compared with 145 mg (range 60–270
mg, n = 8) for spleens from age-matched, WT littermates,
and 150 mg (range 102–244, n = 6) in age- and strain-
matched p300+/− animals. Splenomegaly, defined as a
grossly enlarged spleen, or spleen weighing >300 mg, was
present in 73% of CBP heterozygotes in the above-noted
cohort. In contrast, no WT or p300+/− animals had
splenomegaly. FACS analysis of spleen cells from mice
of each genotype revealed increased cells of myeloid
(MAC-1+/Gr-1+) and erythroid (TER119+) lineages in
CBP+/− mice with splenomegaly, which was histologi-
cally correlated with the finding of extramedullary he-
matopoiesis (data not shown). Because extramedullary
hematopoiesis is a reflection of abnormal hematopoiesis,
we further analyzed the hematopoietic system in these
animals.

Hematopoietic differentiation defects in CBP+/− mice

CBP+/− mice with splenomegaly, as defined above, were
compared with age-matched CBP+/− mice without
splenomegaly, to WT littermates, and to age and strain-
matched p300+/− mice. The average age of each cohort
was 17.1 ± 3.3 for CBP+/−, 18.9 ± 2.9 for WT, and
22.2 ± 6.8 months for p300+/− animals.

Overall bone marrow cellularity (Fig. 2A) and the
abundance of all hematopoietic cell types (Fig. 2C) were
significantly diminished in CBP+/− animals with spleno-
megaly (statistically significant differences denoted by
asterisk). In keeping with these findings, these animals
had deficiencies in pre-B cell and myeloid colony-form-
ing progenitor cells (Fig. 2D). Peripheral blood (PB) analy-

Figure 2. Defective hematopoiesis in CBP+/− mice. Analysis of hematopoi-
etic subpopulations in PB and bone marrow from WT (open bars), p300+/−

(hatched bars), CBP+/− mice without splenomegaly (shaded bars), and CBP+/−

mice with splenomegaly (solid bars). (A) Total mononuclear cell counts; (C)
phenotypic analysis; (D) analysis of the number of CFCs from bone marrow
cell suspensions. The actual numbers of myeloid (M) colonies are 10 times
the values presented in D. (B) Quantification of B and T lymphocytes, my-
eloid, and erythroid (E) cells in PB. Values shown represent the mean ± S.D.
of three or more separate experiments. Significant differences (P<0.05) are
indicated with an asterisk.

Figure 1. Generation of CBP knockout mice. (A) Schematic
representation of the CBP WT allele, targeting vector, and the
predicted mutant CBP allele resulting from homologous recom-
bination. (A) Asp718; (Bg) BglII; (M) MunI; (Nc) NcoI; (S) SalI. (B)
Southern blot analysis of genomic DNA derived from WT
(+/+),CBP+/− and CBP−/− embryos. The sizes (kb) of the expected
fragments corresponding to the WT and mutant (MUT) alleles
are indicated. (C) CBP amino-terminal-specific immunoblot
analysis of standardized quantities of cell extracts derived from
embryos of the indicated genotypes. Immunoblots for GAPDH
and p300 are shown for loading normalization.
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sis demonstrated a deficit in B cells, as well as a statis-
tically significant increase in myeloid cells (Fig. 2B).
CBP+/− mice without splenomegaly did not manifest the
full spectrum of abnormalities seen in CBP+/− mice with
splenomegaly, except for defects in the bone marrow B
cell compartment (Fig. 2C,D). In contrast, p300+/− ani-
mals demonstrated no measurable hematopoietic differ-
entiation abnormalities (Fig. 2A–D).

To determine whether the hematopoietic abnormali-
ties in CBP+/− mice were age dependent, analysis of
young (<3 months of age) CBP+/− mice and their WT
littermates was undertaken. The average age of the WT
animals was 10.3 ± 1.4 weeks, compared with 8.7 ± 0.3
for the CBP+/− animals. There was no splenomegaly in
any of the mice. Overall bone marrow cellularity was
similar between young CBP+/− animals and their WT
littermates (Table 1). However, there was a subtle, but
significant deficit in B and T cells in the bone marrow of
the former, although this did not extend to a deficit in
colony-forming pre-B cells (Table 1).

Taken together, these results demonstrate that a full
complement of CBP is required for normal hematopoi-
etic differentiation. Abnormalities in B and T cell differ-
entiation were apparent by 3 months of age in the het-
erozygotes, with more pervasive multilineage defects
and bone marrow hypocellularity developing later in life.
Splenomegaly in these animals likely resulted from com-
pensatory extramedullary hematopoiesis secondary to
bone marrow failure. No such abnormalities were ob-
served in matched p300+/− mice.

Hematologic malignancies in CBP+/− mice

The pervasive defects in hematopoietic differentiation
noted in the CBP heterozygotes and the increased risk of
cancers in RTS patients (Miller and Rubinstein 1995)
prompted us to search for tumor formation in these ani-
mals. Although no tumors were found in CBP heterozy-
gotes <1 year of age (n > 10), hematologic neoplasia were
noted in older animals. Among a random cohort of 18
CBP+/− mice between 10–21 months of age, 4 animals
presented with gross tumors at necropsy (Table 2). His-

tiocytic sarcomas (HSs), a tumor of hematopoietic origin
(Frith et al. 1993), were noted in two animals (Fig. 3D),
and leukemias in two others (Table 2), myelogenous in
one case and lymphocytic in the other (Fig. 3F). No he-
matologic tumors were found in a random cohort of age-
matched, WT littermates (n = 20) or in p300 heterozy-
gous mutants of the same age and strain (n = 15).

In humans, myelodysplastic syndrome (MDS) is a dis-
ease characterized by pervasive defects in hematopoiesis
and a high incidence of progression to leukemia. Given
the highly penetrant deficiencies in hematopoietic dif-
ferentiation and the presence of hematologic malignan-
cies in some CBP+/− mice, a search was performed for
covert tumorigenic cells in the CBP+/− mice from the
above-noted cohort that were free of obvious tumor at
the time of necropsy. Bone marrow and spleen cells from
such CBP+/− mice were transplanted into sublethally ir-
radiated WT recipients, and the latter were observed for
tumor formation. Transplants from 10 CBP+/− mice
without overt tumor masses resulted in the appearance
of gross malignancies in recipient animals in three cases
(Table 2). From a CBP heterozygote with plasma cell-
infiltrated lymph nodes (Table 2, mouse 5; Fig. 3A), ag-
gressive and diffusely invasive plasmacytomas arose in
multiple transplant recipients (Fig. 3B,C). Renal amyloid
deposition, monoclonal gammopathy, and plasma cell
aneuploidy, all characteristics of multiple myeloma-like
disease, were also found in these recipients (data not
shown). Bone marrow transplants from two other CBP+/−

mice without overt pathology (Table 2, mice 4 and 10)
also resulted in tumors in the recipients, each identified
as invasive HS (Fig. 3E). In addition, bone marrow from
the above-noted CBP+/− mouse with primary lympho-
cytic leukemia (Table 2, mouse 14) gave rise to the same
disease in multiple recipients. As expected, bone marrow

Table 1. Hematopoietic subpopulations in the bone
marrow of young CBP+/− compared to WT mice

WT
(n = 4)

CBP+/−

(n = 7)

Number of cells (×106)
Total 18.7 (3.5) 15.4 (3.6)
B (B220+) 4.6 (0.3) 3.3 (1.3)a

T (Ly-1+) 0.4 (0.04) 0.2 (0.05)a

M (Gr-1/Mac-1+) 8.0 (2.8) 7.5 (1.8)
E (Ter119+) 4.4 (3.2) 2.6 (1.3)

Number of CFU per femur
B 17342 (10075) 13792 (9873)
M 80208 (28900) 69960 (19976)
E 7571 (2793) 6143 (3047)

Data shown represent averages with S.D. in parentheses.
aSignificant difference (P < 0.05).

Table 2. Hematologic malignancies in CBP+/− mice

Mouse
no.

Age
(months)

Spleno-
megaly

Primary
tumora

Trans-
plantedb

Tumor in
recipientsa

1 14 N HS N
2 18 Y none N
3 15 N none N
4 15 N none Y HS
5 15 Y none Y MM
6 20 Y HS N
7 20 Y none N
8 17 N none Y
9 11 Y none Y

10 17 Y none Y HS
11 15 Y none Y
12 18 Y none Y
13 21 N none Y
14 12 Y LL Y LL
15 10 N none Y
16 10 Y none Y
17 13 N none N
18 13 Y ML N

a(LL) Lymphocytic Leukemia; (ML) myclogenous leukemia;
(MM) multiple mycloma.
bTumor was transplanted.
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or spleen cell transplants from WT littermates (n = 5)
were nontumorigenic in any recipients.

Overall, at least 39% of the CBP+/− mutant mice be-
tween 10–21 months of age had overt tumors or harbored
covert tumorigenic cells detected after transplantation
(Table 2). In comparison, no hematologic tumors were
found in WT littermates (n = 20) or p300+/− (n = 15) ani-
mals, matched for age and strain. Although the numbers
of animals available for analysis were limited, the inci-
dence of hematologic tumors in the CBP+/− cohort was
significantly elevated in comparison with their wild-
type littermates (P = 0.003, Fisher exact test) or to
p300+/− animals (P = 0.007).

The tumors that appeared in recipient animals were
uniformly of donor (CBP+/−) origin, as indicated by the
presence of a neomycin resistance allele in their genomic
DNA, determined both by PCR (data not shown) and/or
by Southern blot analysis (see below).

Loss of heterozygosity at the CBP locus

There has been speculation that CBP may have tumor
suppressor activity (Giles et al. 1998) on the basis of an
increased incidence of cancer in RTS patients (Miller and
Rubinstein 1995), although loss of heterozygosity (LOH)
at the CBP locus has not been demonstrated in these
cases. In tumors arising in our CBP+/− animals, we de-
termined the status of the remaining WT CBP allele by
Southern blot analysis. Genomic DNA derived from a
mediastinal mass in a CBP+/− mouse with primary my-
elogenous leukemia (Table 2, mouse 18) revealed specific
loss of the WT CBP allele, with retention of the mutant
null allele (Fig. 4A). Southern blot analysis of the DNA
from a HS (Fig. 4B) and from multiple plasmacytomas
(Fig. 4C) arising in bone marrow-transplanted recipients

also revealed specific loss of the WT CBP allele in tu-
mors arising after transplantation from two separate do-
nor animals (Table 2, mice 5 and 10). Southern blot
analysis of the p300 locus revealed no diminution in sig-
nal in the tumor cells in comparison with normal tissue
DNA (data not shown). Further supporting the existence
of LOH in the plasmacytomas that were tested, immu-
noblotting of extracts of tumor tissue with CBP- and
p300-specific monoclonal antibodies revealed loss of
CBP protein expression, with preservation of a strong
p300 protein signal (Fig. 4D).

Discussion

CBP/p300 have been shown to interact with a number of
transcription factors important at various steps of hema-
topoietic differentiation. It has been shown previously
that embryos homozygous for a truncated CBP allele
have defects in primitive hematopoiesis and vasculoan-
giogenesis (Oike et al. 1999b). In this work we demon-
strate that inactivation of even a single CBP allele results
in pervasive defects in definitive hematopoietic differen-
tiation. In contrast, no such abnormalities were found in
p300+/− mice. Thus, our results demonstrate that there is
a critical requirement for a full complement of CBP, but
not p300, for normal execution of this complex process.

Results presented here and reported previously dem-
onstrate that monoallelic loss of CBP constitutes a state
of haplo-insufficiency for a number of developmental
processes in mice (Tanaka et al. 1997; Oike et al. 1999a),
as is the case in humans with RTS (Petrij et al. 1995). We
have now demonstrated that mice with monoallelic mu-
tation of CBP also display an increased cancer risk, simi-
lar to the increased cancer risk observed in patients with
RTS (Miller and Rubinstein 1995). CBP/p300 are obligate
cellular targets of the E1A and large T antigen oncopro-
teins, and E1A must bind both the nuclear pocket pro-
teins (pRB, p107, and p130) and CBP/p300 for the subse-
quent transformation of primary cultured cells (Svens-
son et al. 1991). Whereas pRB is a classical tumor
suppressor, the function of which is inactivated by the
binding of E1A, the case for CBP/p300 having tumor-
suppressing function has, heretofore, been speculative.
The high incidence of tumors in aging CBP hemizygous
mice and the existence of LOH at the CBP locus in tu-
mors provide the first experimental evidence that CBP
possesses tumor-suppressing activity. In this regard, it
should be noted that the available data do not rule out
the additional possibility that the CBP+/− state repre-
sents a state of haploinsufficiency for CBP-mediated tu-
mor suppression, akin to the situation with p27kip1 (Fero
et al. 1998).

Given the multitude of transcriptional events in
which CBP participates, the exact mechanism whereby
loss of CBP contributes to hematologic tumorigenesis
remains unclear. The relatively penetrant and pervasive
antecedent hematopoietic differentiation defects in
CBP+/− mice raises the possibility that defective differ-
entiation may result in an increased pool of primitive
hematopoietic cells at risk for the accumulation of addi-

Figure 3. Histology of primary and transplanted tumors . (A)
Primary plasma-cell infiltrated lymph node from a CBP+/−

mouse (Table 2, mouse 5). Transplantation of bone marrow
from this animal into WT recipient mice resulted in diffuse
plasmocytomas (arrows) in recipients (B, C). (D) Primary HS in
a CBP+/− mouse. (E) HS (arrow) infiltrating hepatic vasculature,
arising in a WT recipient transplanted with bone marrow from
a CBP+/− donor without overt tumor. (F) Infiltration of a lymph
node with primary lymphocytic leukemia in a CBP+/− mouse.
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tional genetic changes contributing to neoplastic trans-
formation. CBP and/or p300 play a role in the mainte-
nance of genomic integrity (Caporossi and Bacchetti
1990; Drews et al. 1998), and loss of CBP function could,
in theory, contribute to genomic instability.

Recent data have also demonstrated that disruption of
normal balance between the coactivator and corepressor
function of certain transcription factors may be impor-
tant in leukemogenesis, at least in the case of certain
acute myelogenous leukemias (for review, see Redner et
al. 1999). In these cases, translocations targeting RARa
or AML1 results in fusion proteins with preferential af-
finity for corepressor complexes instead of CBP/p300 co-
activator complexes. This molecular transformation pre-
sumably leads to an alteration in gene expression pat-
terns in hematopoietic precursor cells, which is linked to
the ensuing leukemogenesis. Conceivably, loss of a
single copy of CBP may result in aberrant function of
certain hematopoietic transcription factors due to an im-
balance in coactivator/corepressor complex interactions,
especially for transcription factors preferentially associ-
ated with CBP and not p300. Loss of both copies of CBP
may result in further coactivator/corepressor imbalance,
and may be functionally similar to diminished affinity
for coactivator complexes due to translocation in critical
hematopoietic transcription factors.

Another mechanism whereby loss of CBP may con-
tribute to tumorigenesis is suggested by recent work
demonstrating that, in Drosophila, dCBP acetylates
dTCF and is a negative regulator of the Wnt-signaling
pathway (Waltzer and Bienz 1998). In mammalian cells,
it has been suggested that c-myc is a downstream target
of this pathway (He et al. 1998). Thus, one might specu-
late that loss of CBP results in deregulated TCF activity
and, hence, deregulated expression of c-myc, a powerful
oncogene active in human (Facchini and Penn 1998) and
murine tumor development (Potter 1997). Validation of
these possibilities requires further investigation.

Finally, the results presented here provide an alterna-
tive hypothesis as to how certain recurrent transloca-
tions involving the CBP locus may contribute to the de-
velopment of certain human leukemias and MDS. These

translocations, whereby MOZ or
MLL are translocated to the CBP lo-
cus (Giles et al. 1998), result in the
synthesis of fusion proteins contain-
ing significant segments of the CBP
protein (Borrow et al. 1996; Sobulo et
al. 1997). These translocation events
have been postulated previously to re-
sult in a gain of function for the fu-
sion partners. In light of our results,
one might speculate that such trans-
locations may render the CBP locus
haplo-insufficient for its hematopoi-
etic differentiation and/or tumor sup-
pressor functions, thereby resulting
in defective hematopoiesis and leuke-
mogenesis.

Materials and methods

Generation of CBP knockout mice

A 129 mouse genomic l phage library (Stratagene) was screened
with a probe corresponding to the CH1 region of the murine
CBP cDNA (351-bp MfeI fragment). The three exons spanning
the CH1 region were mapped by Southern blotting and the pre-
cise exon-intron boundaries were determined by sequencing.
Two of the exons were deleted by MfeI and NcoI digestion and
replaced with a PGK-neomycin cassette. PGK-TK was also in-
serted for negative selection. T/C ES cells (a gift of Dr. P. Leder,
Harvard Medical School, Boston, MA) were electroporated with
the targeting plasmid, linearized with NotI. From 350 ES cell
colonies surviving selection with G418 and Gancyclovir, 2 con-
tained a correctly targeted allele. One of the ES cell clones gave
rise to chimeric mice with a C57BL/6 background. These mice
then transmitted the targeted allele via the germ line.

PCR and Southern and Western blot analyses

Genomic DNA or cell lysates were prepared from tail sections,
yolk sacs, or tumor samples by standard methods (Ausubel et al.
1988). Genomic DNA was analyzed either by Southern blot
analysis or by multiplex PCR (Ausubel et al. 1988) specific for
the NEO gene (reflecting the presence of the targeted allele) and
one of the targeted CBP exons (reflecting the presence of an
untargeted, wild-type CBP allele). Sequences of these primers
and PCR conditions are available upon request. For Southern
blot analysis, we utilized the 58 probe depicted in Figure 1 and
hybridized it to BglII-digested genomic DNA. Western blot
analysis was performed by standard techniques (Harlow and
Lane 1988), with mouse monoclonal antibodies specific for
GAPDH (Biodesign International), the amino terminus of CBP
(C-1, Santa Cruz Biotechnology), an internal epitope of CBP
(AC26), or p300 (RW128) (Yao et al. 1998).

Hematologic analysis

Hematologic analyses was performed as described previously
(Rebel et al. 1999). Briefly, PB cells were obtained by cardiac
puncture after mice were anaesthetized. Cells were then treated
with ammonium chloride to lyse the erythrocytes. Bone mar-
row cells were harvested by flushing the marrow from both
femurs and tibia. Phenotypic analysis by FACS was performed
by measuring cells reactive with lineage-specific antibodies

Figure 4. LOH at the CBP locus in tumors. Southern blot analysis of tumors isolated
from a mediastinal mass in an animal with myelogenous leukemia (A) (Table 2, mouse
18); HS arising in a WT recipient transplanted with bone marrow from a CBP+/− mouse
(B); and plasmacytomas arising in multiple recipients (T2, T5, T6) of bone marrow from
a CBP+/− mouse (C). Comparisons are made to WT, and CBP+/− controls. Expected WT
and targeted mutant (MUT) alleles are indicated by arrows. (D) p300 and CBP Western
blot analysis of protein extracts from plasmacytomas arising in multiple transplant
recipients (T2, T5, T6), compared with equivalent amounts of protein extract from
spleens of WT and CBP+/− controls.
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(PharmMingen) as follows: 6B2 (B cells), 53-7.3 (T cells), 8C5
and M1/70 (monomyelocytic cells), and Ter119 (erythroid
cells). Colony forming cells (CFCs) were assayed in methylcel-
lulose-containing medium supplemented with specified cyto-
kines (Stem Cell Technologies). For detection of pre-B CFCs,
5 × 104 cells per dish were plated, and, for myeloid and erythroid
CFCs, 1.5 × 104 cells were plated per dish. After 7 (for pre-B
CFC) and 12 days (for myeloid and erythroid CFC), colonies
were counted. Myeloid colonies represent all colonies that con-
tain granulocytes/macrophages (G/M), and include multi-lin-
eage GEMM colonies, whereas the erythroid colonies were
scored as colonies containing only erythroid and/or megakaryo-
cytic cells.

Splenocyte and bone marrow transplantation

Wild-type C57BL/6 recipient mice were irradiated sublethally
with a single dose of 425–500 cGy. Bone marrow from donor
mice was prepared as described above, and spleen cells were
prepared by maceration. A total of 5 × 106 bone marrow cells or
1 × 107 spleen cells were injected intravenously into the irradi-
ated, recipient mice.
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