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TACC3 is a centrosomal/mitotic spindle-associated
protein that is highly expressed in a cell cycle-depen-
dent manner in hematopoietic lineage cells. During
embryonic development, TACC3 is expressed in a
variety of tissues in addition to the hematopoietic
lineages. TACC3 de®ciency causes an embryonic
lethality at mid- to late gestation involving several
lineages of cells. Hematopoietic stem cells, while
capable of terminal differentiation, are unable to be
expanded in vitro or in vivo in reconstitution
approaches. Although gross alterations in centrosome
numbers and chromosomal segregation are not
observed, TACC3 de®ciency is associated with a high
rate of apoptosis and expression of the p53 target
gene, p21Waf1/Cip1. Hematopoietic stem cell functions,
as well as de®ciencies in other cell lineages, can be
rescued by combining the TACC3 de®ciency with p53
de®ciency. The results support the concept that
TACC3 is a critical component of the centrosome/
mitotic spindle apparatus and its absence triggers
p53-mediated apoptosis.
Keywords: apoptosis/centrosome/hematopoiesis/p53/
TACC3

Introduction

The centrosome is essential for the organization of the
bipolar mitotic spindle during cell division. The functions
of centrosome/spindle apparatus-associated proteins can
be envisioned to be structural, e.g. g-tubulin, forming ring
complexes that are associated with centrosomes (Moritz
and Agard, 2001) and mediate the assembly and mainten-
ance of the spindle apparatus; functional, e.g. motor
proteins like dynein or CENP-E (Compton, 2000) provid-

ing the reactions necessary for chromosomal positioning,
attachment and segregation; or regulatory, e.g. the signal-
ing proteins Mad2 and Bub1 as components of the spindle
assembly checkpoint, which senses unattached chromo-
somes and therefore the integrity of the mitotic process
(Shah and Cleveland, 2000). During the mitotic phase, a
large number of regulatory proteins become associated
with the centrosome/spindle apparatus including the tumor
suppressor gene products Rb (Thomas et al., 1996),
BRCA1 (Hsu and White, 1998) and p53 (Morris et al.,
2000). Also associated with the centrosome/spindle
apparatus during mitosis are members of a recently
identi®ed and evolutionarily conserved protein family,
referred to as the TACC (transforming acidic coiled-coil-
containing) family. These proteins are characterized by a
unique C-terminal coiled-coil domain of ~200 amino
acids, but lack signi®cant homology outside of this domain
(Gergely et al., 2000a).

The mammalian TACC family consists of three genes.
TACC1, the ®rst family member identi®ed, was discovered
as a gene ampli®ed in breast cancer (Still et al., 1999a). A
related gene (AZU-1/TACC2) was identi®ed by homology
and its expression was found to be reduced in breast cancer
(Chen et al., 2000). ECTACC, a splice variant of the
human TACC2 gene, shows increased expression in
endothelial cells upon erythropoietin (Epo) treatment and
is predominantly found in heart and skeletal muscle (Pu
et al., 2001). Lastly, the TACC3 gene was identi®ed in a
yeast two-hybrid screen for genes encoding ARNT-
interacting proteins (Sadek et al., 2000), by gene
homology to TACC1 (Still et al., 1999b), as an Epo-
induced gene in erythroid progenitors (McKeveney et al.,
2001) or, in our case, as a Stat5-interacting gene product in
yeast two-hybrid screens (our unpublished data).

In addition to the mammalian genes, a Drosophila
TACC (dTACC) was identi®ed as a centrosomal protein
that interacts with microtubules and plays an essential role
in normal spindle function during embryogenesis (Gergely
et al., 2000a). A 10-fold reduction in dTACC expression
leads to mitotic defects and death during early embryo-
genesis and female sterility in adults. Localization of the
protein to the mitotic spindle requires the C-terminal
coiled-coil domain and this domain is suf®cient to target
heterologous proteins to the centrosomal complex
(Gergely et al., 2000a). Recent studies have indicated
that the localization may be mediated by interaction with
another centrosomal/spindle apparatus-associated and
evolutionarily conserved protein, Msps/XMAP215/ch-TOG
(Cullen and Ohkura, 2001; Lee et al., 2001). Since Msps/
XMAP215/ch-TOG associates with microtubuli and
localizes preferentially at the centrosome, these studies
provided a mechanism linking the dTACC±Msps complex
to the stability of centrosomal microtubuli in Drosophila
embryos. Lastly, in Xenopus, the TACC-related gene is
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termed Maskin based on its isolation in a complex
containing CPEB (cytoplasmic polyadenylation element
binding factor) and eIF-4E-associated protein during
oocyte maturation (Stebbins-Boaz et al., 1999). A role
for Maskin in translational regulation has been proposed
since this complex localizes certain mRNAs, such as
cyclin B1, to the mitotic apparatus/centrosome and thereby
allows the regulation of mRNA translation with cell cycle
progression by the integrity of the mitotic machinery
(Groisman et al., 2000).

The functions of the mammalian TACC proteins are
largely unknown. The identi®cation of TACC1 as a highly
ampli®ed gene in breast cancer tissues suggests a role in
malignant transformation (Still et al., 1999a). In contrast,
a TACC2 splice variant is expressed at low levels in
tumorigenic cell lines and its overexpression reduces the
malignant phenotype leading to the suggestion that
TACC2 might function as a tumor suppressor gene
(Chen et al., 2000). Finally, TACC3 has been proposed
to play a role in hypoxic responses based on its association
with ARNT, a gene essential for hypoxic responses (Sadek
et al., 2000). Irrespective, the characteristic localization of
all mammalian members at the centrosome/mitotic spindle
indicates a role of these proteins in chromosomal segre-
gation and cell division (Gergely et al., 2000b).

To explore the function of the mammalian TACC3 gene,
we have characterized the lineage speci®city of its
expression, explored the cell cycle dependence for its
expression in lymphocytes and examined its subcellular
localization. To further establish the physiological rele-
vance of the gene we have developed mutant strains of
mice lacking the gene. Together our studies demonstrate
that TACC3 is highly tissue speci®c in its normal pattern of
expression and within the lymphoid lineages it is speci®c-
ally expressed during the S/G2/M phases of the cell cycle
at which time it is associated predominantly with the
mitotic spindle and centrosomal regions. The absence of
TACC3 results in an embryonic lethality, demonstrating
the essential role of TACC3 protein for cell expansion
during embryonic development and in hematopoiesis. The
defects caused by TACC3 de®ciency are obviated on a
p53-de®cient background, supporting the concept that the
TACC3 protein is a critical sensor of the mitotic apparatus
that couples to a p53-dependent pathway to regulate cell
cycle progression.

Results

Lineage and cell cycle-dependent expression of
TACC3
As illustrated in Figure 1A, relatively few adult tissues
express TACC3 mRNA with the exception of lung and
high levels of expression in testis. However, TACC3 is
expressed at high levels in all hematopoietic sites includ-
ing bone marrow, fetal liver, thymus and spleen. This
pattern of expression is quite distinct from that of TACC2
(Figure 1A) or TACC1 (not shown), which are not
expressed in hematopoietic tissues. In particular, TACC2
is more widely expressed, with the highest levels of
transcripts being present in heart and muscle. Two mRNAs
of 4 and 10 kb are seen in most tissues although the ratios
vary. Muscle and heart predominantly express the 10 kb
transcript while the 4 kb transcript is more ubiquitously

expressed. These results are similar to the pattern of
expression of the TACC2 mRNA in human tissues (Pu
et al., 2001).

In T lymphocytes, TACC3 expression is cell cycle
regulated (Figure 1B). In these experiments, T cells were
expanded in vitro with anti-CD3 and interleukin-2 (IL-2)
starved of cytokines overnight and restimulated with IL-2.
As illustrated, starved T cells (st) have little TACC3 gene
transcripts but expression is induced following stimulation
with IL-2. The highest levels of expression occurred at
18 h following stimulation at which time 60% of the cells
were through the S-phase. Comparable results were
obtained with naõÈve T cells or B cells stimulated with
anti-CD3 and IL-2 or anti-IgM and IL-4, respectively (data
not shown). Therefore, TACC3 is a cell cycle-regulated,
non-immediate early gene in the response of lymphocytes
to cytokines.

During embryonic development, TACC3 gene tran-
scripts are detected starting at E7, strongly upregulated at
E11, and expression is maintained throughout the remain-
der of embryogenesis (Figure 1A). At E18.5, expression
was detected by in situ hybridization in a variety of
developing organs/tissues including the neuroepithelium
of the forebrain, epithelial cells of the gut as well as
epithelial cells of other organs (data not shown). The
highest levels of TACC3 expression were found in the fetal
liver throughout the last half of embryogenesis and in the
developing fetal thymus (data not shown). In contrast, only
low levels of the two TACC2 transcripts are observed
during embryonic development. The results support the
conclusion that TACC3 is highly expressed within the
hematopoietic lineages as well as in developing epithelial
layers of various organs.

Localization of TACC3 to the centrosome/mitotic
apparatus
To establish the subcellular localization of the murine
TACC3 protein, exponentially growing mouse embryonic
®broblasts were stained with puri®ed anti-mouse TACC3
antibodies. As illustrated in Figure 2, in mitotic cells,
TACC3 protein was associated predominantly with the
centrosomal region and mitotic spindle and colocalized
with a-tubulin on spindle microtubules and g-tubulin in
the centrosomal region (data not shown). In interphase
cells, TACC3 localizes to the cytoplasm and perinuclear
region (data not shown). These results are comparable to
recent studies examining the subcellular localization of the
human TACC3 protein (Gergely et al., 2000b).

TACC3 de®ciency causes growth retardation and
embryonic lethality
The physiological functions of TACC3 were assessed by
deriving TACC3-de®cient mice. The targeting vector
(Figure 3A) was designed to disrupt the third exon and
would be predicted to alter splicing in such a manner as to
generate a null mutation. Heterozygous TACC3-de®cient
mice were phenotypically normal and were bred to obtain
homozygously null mice. As detailed below, homozygous
TACC3 de®ciency was associated with embryonic leth-
ality at mid- to late gestation. Analysis of RNA and protein
from fetal livers, or total embryo extracts, of homozygous
mutant mice is illustrated in Figure 3C and D. No
transcripts were detected that hybridized with a TACC3

R.P.Piekorz et al.

654



cDNA probe, indicating that the genomic modi®cations
resulted in a null mutation. Consistent with the RNA data,
immunoprecipitation and western blotting with an anti-
serum against an N-terminal peptide that would be
retained in an alternatively spliced RNA capable of
encoding an internally deleted TACC3 protein, failed to
detect any immunoreactive protein. Together the results
demonstrate that the mutated locus creates a TACC3
protein null mutant strain.

The distributions of genotypes of embryos from
breedings of heterozygous mutant mice at various stages
of embryonic development are tabulated in Table I. At
mid-gestation (E9.5±11.5) the frequency of homozygously
null embryos is close to the expected distribution.
However, the frequency subsequently decreases to ~40%
of that expected from normal Mendelian distribution. This
frequency is maintained until late in embryogenesis when
a second period of embryonic lethality occurs such that at
birth the frequency of homozygous null mutants is only

5% of that expected and none have been born alive among
>55 litters that were closely monitored. Morphologically,
TACC3-de®cient embryos were readily detected by a
striking growth retardation (Figure 4) throughout the
second half of embryogenesis. Approximately two-thirds
of the homozygous null embryos displayed a severe
facial cleft. Histological sections from homozygous null
embryos revealed normal organ structure, although most
organs were smaller and underdeveloped relative to the
controls (data not shown).

Hematopoietic de®ciencies of TACC3 null embryos
The high levels of expression of TACC3 in fetal liver
prompted us to examine TACC3-de®cient hematopoietic
cells in detail. As illustrated in Table II, there was a
profound de®ciency in hematopoietic stem cell colony
forming activity although the total number of fetal liver
cells was only one-half to one-quarter of that of controls.
In general, the frequency of colony forming cells in

Fig. 1. Lineage-dependent expression of the TACC3 gene. (A) The distribution of TACC3 and TACC2 transcripts in tissues from adult mice (lanes
1±12) and during embryogenesis (days 7±17 of development; lanes 13±16) was determined by northern blot analysis [lanes 1±8 and 13±16, poly(A)+

mRNA; 9±12, total RNA]. (B) Preactivated T cells growing in IL-2 (gc) were starved overnight (st.) and restimulated with IL-2 for the indicated
periods of time. TACC3 mRNA levels were analyzed by northern blotting. The percentage of cells in S phase of the cell cycle is indicated (nd, not
determined). Hybridization for GAPDH [lanes 1±8 and 13±16 in (A)] or staining of 28S rRNA with ethidium bromide [lanes 9±12 in A, lanes in (B)]
was used to control RNA loading.
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TACC3-de®cient fetal livers was 1±5% of that of controls
including cells responding to stem cell factor (SCF), IL-3
or mixtures of these cytokines with IL-6 and Epo. Among
the various lineages, the least affected progenitors were
those committed to the erythroid lineage (CFU-E) and
responsive to Epo as a single cytokine. However, the more
primitive progenitors of the erythroid lineage (BFU-E)
were greatly reduced with TACC3 de®ciency. In addition
to a numerical reduction, the sizes of the individual
colonies, in all conditions, were signi®cantly smaller than
controls (data not shown). In the lymphoid lineage,
TACC3 de®ciency resulted in a striking reduction in
thymus size and in the number of fetal thymocytes,
although the residual cells expressed both CD4 and CD8
(Figure 5A and B). Together the data indicate that
hematopoietic stem cell differentiation is unaffected
although the ability to proliferate and to expand is
dramatically reduced.

To further assess hematopoietic stem cell function,
reconstitution experiments were used. Fetal liver cells
from TACC3-de®cient embryos were unable to reconsti-
tute the myeloid lineages in lethally irradiated wild-type
mice at either 2.5 3 106 or 2.5 3 107 transferred fetal
liver cells/recipient (data not shown). The latter cell dose
is ~20-fold higher than that required for 80% reconstitu-

tion of lethally irradiated mice with wild-type cells. Fetal
liver cells from TACC3-de®cient embryos were also
unable to reconstitute the lymphoid lineage in sublethally
irradiated mice that had greatly reduced lymphoid lineage
cells due to Jak3 de®ciency (data not shown). The results
indicate that TACC3 de®ciency resulted in a cell intrinsic
defect in hematopoietic stem cell function.

The possibilities existed that the decreased proliferative
capacity of TACC3-de®cient cells was associated with a
decreased rate of proliferation and/or an increased rate of
apoptosis. To begin to distinguish between these possi-
bilities, the frequency of apoptotic cells was examined at
various stages of development. As illustrated in Figure 6, a
dramatic increase in TdT-mediated dUTP nick end
labeling (TUNEL)-positive cells was evident in the
forebrain, gut and fetal liver as well as in other tissues
(data not shown). To determine whether the increased
apoptosis might be associated with the activation of p53,
the expression of p21waf1/cip1 was examined in fetal liver
cells. Consistent with a potential role for p53 in the
increased apoptosis, high levels of p21waf1/cip1 protein were
present in extracts of fetal livers from TACC3-de®cient
embryos (E16±E18.5) but not in extracts from wild-type
fetal livers (Figure 6G).

p53 de®ciency rescues hematopoietic stem cell
function of TACC3-de®cient cells
The above results were consistent with the concept that the
absence of TACC3 was inducing a p53-mediated apop-
tosis. To explore this possibility, the TACC3 de®ciency
was crossed onto a p53 de®ciency. In order to exclude
background modi®er genes on the p53 background,
primarily progeny from a TACC3+/±; p53+/± F1 intercross
were examined, including mice that were genotypically
TACC3+/+; p53±/±. As illustrated in Figure 7A, p53
de®ciency had a signi®cant effect on the embryonic
lethality. For example, during late embryogenesis, the
ratio of the actual to the expected number of viable
embryos increased from 0.49 to 1.1 (E16±E17.5) and from
0.22 to 0.92 (E18±E19) when TACC3-de®cient embryos
were heterozygously de®cient for p53. Equally striking,
TACC3-de®cient embryos that were homozygously
de®cient for p53 were somewhat more susceptible to
embryonic lethality than p53 wild-type embryos (reduc-
tion to 0.17 for E16±E17.5). The results suggest that the
interaction of p53 with TACC3 is complex, with a
reduction of p53 being bene®cial while the complete
absence increases lethality. Perhaps the most striking
result, however, was the ability to obtain viable mice at a
low frequency that were genotypically either heterozygous
or homozygous for p53 de®ciency and were homo-
zygously TACC3 de®cient (Figure 7B and C). This
contrasts with the lack of any viable mice from over 55
litters examined to date of TACC3-de®cient and p53+/+

embryos from the F1 intercross.
Viable offspring from the above cross were further

characterized. Characteristically, all the mice had a kinky
tail (Figure 7B and C) and males and females were sterile.
Peripheral blood patterns, analyzed by FACS with lineage
speci®c markers, were found to be normal (data not
shown). Moreover, the ability of T cells to proliferate in
response to anti-CD3 and IL-2 was normal (data not
shown). Lastly, bone marrow colony forming activity was

Fig. 2. Centrosomal localization of TACC3 during mitosis.
Immuno¯uorescence detection of endogenous TACC3 protein (A, C
and E) and DNA (B, D and F) in mouse embryo ®broblasts during
different phases of mitosis (metaphase, A and B; anaphase, C and D;
and telophase, E and F).
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normal. Among the three TACC3 and p53 double de®cient
mice that were allowed to age, one developed a sarcoma,
one developed both a sarcoma and a thymoma while the
third animal developed a peripheral T-cell lymphoma, all
at ~5 months of age. The results indicate that TACC3
de®ciency does not increase or decrease the tumor-prone
phenotype associated with p53 de®ciency.

The above results demonstrated that a reduction in p53
could signi®cantly rescue the hematopoietic system and

thus raised the possibility that the inef®cient rescue of
viable offspring might be due to other limiting cell types
during embryogenesis. We therefore examined the ability
of fetal liver stem cells to rescue the hematopoietic system
and thereby allow the survival of lethally irradiated mice.
TACC3-de®cient/p53+/+ fetal liver cells were unable to
reconstitute hematopoiesis (0 survived/10 transplanted)
under conditions in which TACC3-expressing cells were
able to nearly completely rescue the irradiated mice (31/

Fig. 3. Targeted disruption of the TACC3 gene. (A) Structure and targeting strategy of the TACC3 locus. Empty boxes indicate exons 1±5 of the
TACC3 locus. The locations of the 3¢ external probe and PCR primers for genotyping are indicated. ATG denotes the ®rst coding exon. Restriction
enzyme sites are as follows: A, A¯II; E, EcoRI; H, HindIII. (B) Screening PCR of F1 mice and TACC3-targeted embryos for the presence of the
disrupted allele. (C) Analysis of TACC3 mRNA and protein expression (D) in TACC3-de®cient embryos. Total RNA was isolated from fetal liver
cells, whereas protein lysates were obtained from whole embryos and analyzed by IP/western blotting.

Table I. Genotypic distribution of embryos and mice from TACC3 heterozygous intercrosses

Stage No. of litters Total No. TACC3(+/+) TACC3(+/±) TACC3(±/±) (±/±) %

9.5±10.5 7 68 24 28 16 23.5
10.5±11.5 6 45 8 28 9 20
12±12.5 10 74 25 41 8 10.8
13±13.5 24 165 53 93 19 11.5
14±15.5 42 302 104 170 28 9.3
16±17.5 31 189 53 113 23 12.2
18±19 31 215 73 130 12 5.6
Newborns 55 297 88 209 (4)a (1.3)

Embryos were collected between days 9.5 and 19.0 of pregnancy from TACC3(+/±) intercrosses. The frequency of mutant embryos is indicated in the
table as a percentage of the total number of embryos analyzed.
aNewborns found on day 1 were dead.
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33). However, fetal liver cells that were TACC3 de®cient
and heterozygous or homozygous for p53 de®ciency were
able to rescue hematopoiesis in approximately one-third to
one-half of the recipient mice (7/23 and 2/4, respectively)

(data not shown). The results are consistent with the
concept that p53 de®ciency can completely correct the
TACC3 de®ciency.

Lastly, we examined the ability to rescue the lymphoid
lineages by transplanting fetal liver cells into sublethally
irradiated Jak3-de®cient mice. In these experiments, the

Fig. 4. Embryonic lethality and growth retardation due to TACC3
de®ciency. Embryos were dissected at days 12.5 (A and B),
13.5 (C and D) and 17 (E and F) p.c. from the embryo sacs and were
photographed. The left panels show the morphology of wild-type
embryos (A, C and E), while litter-mate mutant embryos on the right
panels are characterized by a reduced size (B, D and F). The knockout
embryo at E13.5 (D) displays a facial cleft.

Table II. Colony-forming ability of hematopoietic progenitors from fetal livers of wild-type and TACC3-de®cient embryos

Colony type Cytokine(s) Genotype TACC3(±/±) versus
TACC3(+/+) (%)

TACC3(+/+) TACC3(+/±) TACC3(±/±)

CFU-Mix SCF 88 6 34.5 (n = 4) 94 6 48 (n = 2) 1.4 6 1.4 (n = 4) 1.6
CFU-Mix (BFU-E) IL-3, IL-6, SCF, EPO 9 6 5 (n = 5) 5 6 3 (n = 6) 0.3 6 0.3 (n = 6) 3.3
CFU-Mix (others) IL-3, IL-6, SCF, EPO 39 6 12 (n = 5) 36 6 7 (n = 6) 2.2 6 1.8 (n = 6) 5.6
BFU-E IL-3, EPO 48 6 21 (n = 5) 32 6 13 (n = 6) 0.3 6 0.3 (n = 6) <1
CFU-E EPO 888 6 251 (n = 3) 900 6 43 (n = 2) 168 6 41 (n = 2) 18.9
CFU-Mix IL-3 261 6 99 (n = 3) 241 6 113 (n = 4) 14 6 8 (n = 4) 5.3
CFU-GM GM-CSF 83 6 29 (n = 3) 49 6 9 (n = 4) 3 6 3 (n = 4) 3.6
CFU-M M-CSF 240 6 90 (n = 3) 224 6 78 (n = 2) 10.3 6 9.5 (n = 2) 4.5
CFU-Meg TPO 54 6 6.7 (n = 2) n.d. 0.0 6 0.0 (n = 2) 0.0
CFU-Eo IL-5 44 6 17 (n = 3) 28 6 2.8 (n = 2) 0.3 6 0.3 (n = 2) <1

Data represent the mean 6 SD of numbers of colonies/105 fetal liver cells. n.d., not determined.

Fig. 5. Delayed generation of thymocytes in TACC3-de®cient embryos.
(A) Histological appearance of thymi from wild-type and TACC3-
de®cient embryos (E18.5). (B) Fetal thymocytes from wild-type and
TACC3-de®cient embryos were analyzed for the percentage of CD4/
CD8 double positive and single positive cells at the stages of
development indicated.
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number of peripheral B cells after 4 weeks is a sensitive
marker for lymphoid reconstitution. Jak3-de®cient mice
have no detectable B cells in the peripheral blood (Nosaka
et al., 1995) and reconstitution with wild-type fetal liver
cells restores the peripheral B-cell count to values of
2.0±4.0 3 106/ml. As illustrated in Figure 8A, reconstitu-
tion of Jak3-de®cient mice with fetal liver cells from
embryos that contain one wild-type TACC3 allele, inde-
pendent of the p53 phenotype, readily reconstituted the
lymphoid system. In contrast, TACC3-de®cient fetal livers
were unable to reconstitute the lymphoid lineage. TACC3
de®ciency coupled with a heterozygous p53 de®ciency
resulted in a low, but signi®cant, level of reconstitution in
each individual animal. More strikingly, TACC3 de®-
ciency coupled with a homozygous p53 de®ciency resulted
in fetal liver cells with almost a wild-type capability of
lymphoid reconstitution in individual recipients. The
reconstituted B and T cells proliferated and expanded

comparably with wild-type cells in response to either
anti-CD40/IL-4 (Figure 8B) or anti-CD3/IL-2 (data not
shown), respectively.

Lack of mitotic failure and normal centrosome
numbers in TACC3-de®cient hematopoietic cells
The Drosophila TACC homolog, dTACC, plays a critical
role in mitotic spindle function during early embryo-
genesis (Gergely et al., 2000a). In particular, reduction of
the amounts of dTACC protein causes mitotic defects
giving rise to polyploidy/aneuploidy. To begin to inves-
tigate whether murine TACC3 de®ciency is associated
with chromosomal abnormalities, karyotype analysis was
performed on TACC3-de®cient fetal liver cells. Among the
~20 TACC3-de®cient mitotic fetal liver cells examined, all
had normal karyotypes (data not shown). Culturing fetal
liver cells from TACC3-de®cient embryos for 4 months in
IL-3/IL-6/SCF gave rise, in two independent cultures, to
cell populations that grew more slowly than controls but
which, like control cultures, contained c-kit/Sca1-positive
cells with a normal cell cycle distribution. In these cul-
tures, the cell populations contained an additional chromo-
some 12, with occasionally an additional Y chromosome,

Fig. 6. Increased apoptosis and expression of p21Waf1/Cip1 in fetal liver
cells from TACC3-de®cient embryos. Sagittal sections of E18.5 wild-
type (A, C and E) and knockout embryos (B, D and F) were analyzed
for the presence of apoptotic/TUNEL-positive (green) cells. Selected
organs and structures shown include the forebrain cortex (A and B),
gut (C and D) and fetal liver (E and F). (G) Protein levels of the cell
cycle inhibitor p21Waf1/Cip1 in fetal liver cell extracts from wild-type and
knockout embryos (E17.5).

Fig. 7. Impact of p53 on the lethality of TACC3-de®cient embryos.
(A) The ratios of actual versus expected Mendelian frequencies were
determined for TACC3-de®cient embryos and mice dependent on the
p53 background. Numbers of observed versus expected individuals
alive: days 12.5±15.5 of embryonic development, 47/117 for p53(+/+),
10/11 for p53(+/±) and 7/11 for p53(±/±); days 16±17.5 of embryonic
development, 23/47 for p53(+/+), 34/31 for p53(+/±) and 5/29 for p53(±/±);
days 18±19 of embryonic development, 12/54 for p53(+/+), 12/13 for
p53(+/±) and 0/12 for p53(±/±); mice, at least 4 weeks of age, 0/150 for
p53(+/+), 8/107 for p53(+/±) and 3/67 for p53(±/±). TACC3-de®cient mice
that survive on a p53 heterozygous (B) or p53-de®cient (C) background
are characterized by the occurrence of kinky or twisted tails.

Role of TACC3 in embryogenesis and hematopoiesis

659



but without evidence of any gross chromosomal abnor-
malities. In comparison, cells from cultures of wild-type
embryo fetal liver cells contained normal karyotypes.

To further assess karyotype stability, T-cell populations
were expanded in vitro for 8 days in anti-CD3 and IL-2
from: (i) wild-type mice; (ii) p53-de®cient mice; or (iii)
TACC3-de®cient mice with a homozygous or hetero-
zygous p53 de®ciency. Following expansion, the cells
were treated with colchicine for 6 h prior to preparing
cytospin preparations for analysis. Cultures of T cells from
individual wild-type mice showed a normal karyotype in
four of the seven cultures. In the other three cases, 13/15
cells examined in each case had a normal karyotype. In
one case the additional cells were hyperdiploid, in another
the cells contained an X rearrangement or a loss of
chromosome 18 with a gain of 13 or, in the last case, either
a gain of Y or a gain of chromosome 8 and a loss of 18.
Comparable ratios and types of chromosomal changes
were observed in cultures of T cells from p53-de®cient
mice. In cultures of T cells from two TACC3-de®cient,
p53-de®cient mice, one culture contained 5/17 cells with a
normal karyotype while the second contained 9/15 cells
with a normal karyotype. In one culture, four cells

contained an additional chromosome 17, one cell con-
tained an additional chromosome 6 and one cell was
hyperdiploid. In the other culture, seven cells were
hyperdiploid, four cells contained a gain of chromosome
17 with a loss of the Y chromosome and one cell contained
a loss of the Y chromosome with a gain of chromosome 8.
In cultures of T cells from four TACC3-de®cient mice that
were heterozygous for a de®ciency of p53, the frequency
of normal karotypes was 12/15, 9/15, 14/16 and 13/15. The
abnormal karotypes were all single chromosome gains
involving eight different chromosomes. We conclude from
these observations that the absence of TACC3 does not
result in gross chromosomal alterations.

We also examined the possibility that TACC3 de®-
ciency might be associated with altered centrosome
maintenance. However, the centrosome numbers, quantit-
ated by g-tubulin staining, of ~1100 TACC3-de®cient fetal
liver cells, enriched for progenitor cells by FACS sorting
of c-kit-positive cells, were comparable to normal.
Similarly, among the ~560 bone marrow-derived macro-
phages from TACC3-de®cient/p53 heterozygous mice
examined, the centrosomal content was comparable to
control cells.

Discussion

As demonstrated here, murine TACC3 protein is localized
to the centrosome/spindle apparatus during the mitotic
phase of the cell cycle and is cytoplasmic/perinuclear in
interphase cells. These results are consistent with recent
results with the human TACC3 protein (Gergely et al.,
2000b). In this regard TACC3 is similar to the other TACC
family members, all of which have been shown to
associate with the centrosome/spindle apparatus in mitotic
cells, although differences exist in their precise localiza-
tion on and around the spindle poles. Similarly, studies
with the Drosophila protein (dTACC) (Gergely et al.,
2000a) have demonstrated that it is a centrosomal protein
that is essential for spindle function in early embryos.
Mechanistically, the localization of the TACC proteins to
the centrosome/spindle apparatus is directed by the highly
conserved coiled-coiled domain in the carboxyl region of
the proteins (Gergely et al., 2000a). The proteins with
which the TACC domain interacts have yet to be de®ned
although direct interaction with microtubules does not
appear to occur (Gergely et al., 2000a). However, recent
studies in Drosophila show that dTACC interacts with the
microtubulus-associated protein Msps/XMAP215 and tar-
gets it to the centrosome to regulate the stability of
centrosomal microtubuli in meiotic cells and during early
embryogenesis (Cullen and Ohkura, 2001; Lee et al.,
2001). A similar interaction exists between human TACC3
and ch-TOG, the evolutionarily conserved mammalian
homolog of Msps, in mitotic cells (Lee et al., 2001).

To further de®ne the function of TACC3 we created
a strain of mice containing a null allele. The results
demonstrate that TACC3 has essential, non-redundant
functions in speci®c cell lineages but is dispensable for
other cell types including embryonic ®broblasts, which
proliferate normally in vivo and in vitro without pheno-
typic alterations (data not shown). This speci®city may be
a consequence of the functional redundancy and expres-
sion of multiple family members by some cell types. For

Fig. 8. TACC3/p53-de®cient fetal liver cells rescue lymphoid cell
development and expansion in Jak3-de®cient mice. (A) Analysis of the
number of B lymphocytes in the blood of individual Jak3-de®cient
mice transplanted with fetal liver cells from embryos with the indicated
genotypes. (B) Growth kinetics of FACS-puri®ed splenic B cells from
transplanted Jak3-de®cient mice in reponse to mitogenic treatment with
aCD40 and IL-4. The number of viable cells was determined by
Trypan Blue exclusion.
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example, in hematopoietic cells only TACC3 can be
detected at high levels, whereas all TACC family members
are expressed in ®broblasts, although at differing levels
(data not shown). However, it should be noted that,
although the TACC proteins have a highly conserved
C-terminal coiled-coiled domain, there is no signi®cant
sequence homology throughout the remainder of the
protein. To explore TACC functional redundancies it
will be necessary to derive mutant strains of mice lacking
the other family members.

The de®ciency of TACC3 results in a mid- to late
embryonic lethality with evidence of abnormalities in
several cell types, although our studies have focused
primarily on the consequences of TACC3 de®ciency in
hematopoietic cells. As illustrated, terminal differentiation
of all the hematopoietic lineages can occur in vivo and
in vitro, demonstrating that differentiation is not blocked
and thereby ruling out a role for TACC3 in differentiation.
However, the ability of cells of all the hematopoietic
lineages to proliferate is dramatically reduced, both in vitro
in colony forming assays and in vivo in reconstitution
experiments. The lack of ampli®cation of progenitor cells
could be due to restrictions to cell cycle progression and/or
increased apoptosis. In vivo there are dramatically
increased numbers of apoptotic cells, indicating that the
primary basis for the lack of cells is an increased
susceptibility to apoptosis. This is observed in both
hematopoietic cells and cells in various tissues of
TACC3-de®cient embryos, including the neuroepithelium
of the developing forebrain. In this regard, it should be
noted that a signi®cant fraction of TACC3-de®cient
embryos display exencephaly, a condition that is fre-
quently associated with gene de®ciencies that affect the
frequency of apoptosis of neuroepithelial cells and, as a
consequence, the process of neural tube closure (Copp
et al., 2000).

Fetal liver cells of TACC3-de®cient embryos expressed
high levels of p21Waf1/Cip1 protein. The transcription of the
p21Waf1/Cip1 gene is controlled in many situations by p53,
suggesting that TACC3 de®ciency leads to increased p53
activity. The possibility that the increases in p21Waf1/Cip1

are mediated by p53 is supported by the observation that
p21Waf1/Cip1 levels are present but decreased in TACC3-
de®cient, p53(+/±) embryos and absent in fetal liver cells
from TACC3/p53 null embryos (data not shown). The p53-
induced expression of p21Waf1/Cip1 is associated with the
inhibition of cyclin±cdk complexes required for the
transition from G1 to S phase in ®broblasts, resulting in
a G1±S arrest (Brugarolas et al., 1995; Deng et al., 1995).
More recently, p53 and p21Waf1/Cip1 have been implicated
in maintaining a G2 checkpoint (Bunz et al., 1998).
Analysis of sorted c-kit-positive progenitor cells from fetal
liver has not revealed a G1±S block, although a slight block
in the S±G2M transition may exist in comparing TACC3-
de®cient cells with wild-type cells (our unpublished data).

Studies with hematopoietic cells have also suggested
the possibility that p21Waf1/Cip1 may normally restrict entry
of stem cells into the cell cycle and thereby preserve a stem
cell population (Cheng et al., 2000). Thus, the high levels
of p21Waf1/Cip1 in TACC3-de®cient fetal liver cells could be
hypothesized to be suppressing stem cell proliferation.
This possibility is being currently addressed by crossing
the TACC3 de®ciency on a p21Waf1/Cip1 null background.

However, the high frequency of apoptotic cells would not
be anticipated in this model. Consequently, we favor the
possibility that the high levels of p21Waf1/Cip1 re¯ect the
functional activation of p53 and that it is the induction of
apoptosis associated with p53 activation that is responsible
for the inability to expand lineage progenitors. The role of
p21Waf1/Cip1 in apoptosis will also be assessed in the
TACC3/p21Waf1/Cip1 double de®cient embryos. In this
regard it is noteworthy that the apoptosis seen in Brca1
exon 11-de®cient embryos can be eliminated by p53
de®ciency, but not on a p21Waf1/Cip1 null background (Xu
et al., 2001).

An essential result in understanding TACC3 function is
the observation that the de®ciency of TACC3 in hemato-
poietic stem cells and myeloid and lymphoid stem cells
can be compensated for by p53 de®ciency. Speci®cally,
TACC3/p53-de®cient fetal liver stem cells, unlike TACC3-
de®cient cells, have the ability to proliferate and form
colonies in response to cytokines (data not shown) and can
reconstitute both the myeloid and lymphoid lineages in
recipient mice. Moreover, myeloid and lymphoid lineage
cells from the reconstituted mice function normally in a
variety of cell responses. Rescue is also seen with a haplo-
insuf®ciency of p53, suggesting that simply lowering the
levels of p53 is suf®cient. Among the assays that we have
used to measure stem cell function, the reconstitution of
B cells in Jak3-de®cient animals can provide the most
quantitative information. As illustrated, p53 hetero-
zygously null fetal liver cells were less ef®cient than
homozygously null cells, as measured by the number of
B lymphocytes recovered following reconstitution of
Jak3-de®cient mice. Importantly, puri®ed TACC3(±/±)/
p53(+/±) and TACC3(±/±)/p53(±/±) B cells proliferated to the
same extent as control B cells, indicating that stem cells
and/or precursor cells represent the cell population that is
mainly affected by TACC3 de®ciency in vivo. Since there
is no compensatory upregulation of the other TACC family
members (unpublished observation), the results indicate
that TACC3 is not essential for normal hematopoietic cell
proliferation and consequently suggest the possibility that
the sole function of TACC3 in hematopoietic cells is to
regulate p53 function.

The relatively few TACC3/p53-de®cient mice that are
obtained are phenotypically normal with the exception of
male and female sterility (unpublished observation) and
the presence of kinky or twisted tails. If TACC3 were
critical to the integrity of cell cycle progression, it might
have been anticipated that these mice would be susceptible
to karyotypic errors that would predispose the mice to
cancer. For example, the embryonic lethality associated
with DNA ligase IV (Frank et al., 2000) or XRCC4 (Gao
et al., 2000) de®ciency can be rescued on a p53-de®cient
background but the double null mice rapidly succumb to
B-cell lymphomas. Similarly, the embryonic lethality
caused by a Brca1 exon 11 de®ciency, which is also
associated with widespread apoptosis, can be rescued
simply by elimination of one p53 allele, giving rise to mice
that mainly develop mammary tumors (Xu et al., 2001). In
contrast, TACC3-de®cient mice that are p53 heterozygous
or homozygous null do not have an apparent increase in
tumors or decrease in their latency. Equally importantly,
although the numbers are still small, TACC3/p53 null mice
develop tumors comparable to those seen with p53
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de®ciency alone. Higher numbers of rescued mice over
longer periods of time will be necessary to determine
whether subtle increases are present. With regard to
chromosomal stability, initial studies have failed to
identify gross chromosomal alterations when TACC3-
de®cient/p53-de®cient or haploinsuf®cient T and B cells
are expanded in tissue culture. One mechanism that can
cause chromosomal aneuploidy and genetic instability
relies on aberrant centrosome ampli®cation (Brinkley,
2001), a situation, for example, typical of BRCA1 exon 11
isoform-de®cient cells (Xu et al., 2001). However, our
initial studies have failed to detect abnormal centrosome
numbers in enriched hematopoietic progenitor cells from
TACC3-de®cient embryos or in bone marrow-derived
macrophages from TACC3(±/±)/p53(+/±) mice.

In spite of the rescue of hematopoiesis, p53 de®ciency
only marginally rescues the embryonic lethality associated
with TACC3 de®ciency. This result indicates that TACC3
has essential roles in other cell lineages and that these roles
may be less related to regulating the function of p53 than
in hematopoietic cells. In this regard it should be noted that
the high frequency of exencephaly seen in TACC3-
de®cient embryos was not evident in the TACC3-de®cient
embryos on a p53+/± background (data not shown). As
indicated, the absence of TACC3 is associated with
dramatically increased apoptosis in a number of cell
lineages, including the neuroepithelium of the forebrain
and the epithelial cells of the gut as well as other organs.
Studies are ongoing to identify the cell types in which p53
de®ciency fails to eliminate apoptosis. In this regard, it is
of note that p53 de®ciency can rescue the embryonic lethal
phenotype of DNA ligase IV-de®cient embryos and the
associated neuronal apoptosis phenotype, but does not
correct the lymphocyte developmental defects (Frank
et al., 2000).

In contrast to the rescue obtained with p53 de®ciency,
ATM de®ciency is unable to rescue the embryonic lethality
associated with TACC3 de®ciency (our unpublished
observation). This is quite distinct from the lethality
associated with DNA ligase IV de®ciency, which is
rescued by ATM de®ciency (Lee et al., 2000; Sekiguchi
et al., 2001). Importantly, similar to the results with p53,
ATM de®ciency rescued the embryonic lethality and
neuronal apoptosis but not the lymphocyte development.
One possible explanation for the differences could relate to
the mechanisms by which p53 is functionally activated.
DNA ligase IV or XRCC4 de®ciency would be anticipated
to result in DNA damage that is detected through sensing
mechanisms that require ATM for the functional acti-
vation of p53 and the subsequent induction of apoptosis. In
contrast, TACC3 de®ciency may mediate the activation of
p53 downstream of DNA damage and the pathways that
transmit this recognition to p53, and may rather be
associated with the sensing mechanisms involved in
centrosome/spindle apparatus defects. At the molecular
level, TACC3 de®ciency may activate an unknown path-
way resulting in the functional activation of p53; altern-
atively, TACC3 protein may regulate p53 function directly
or indirectly. In particular, it could be envisioned that
TACC3 sequesters p53 during the mitotic phase of the cell
cycle and thereby suppresses p53 function under condi-
tions of normal cell cycle progression. In this model, the
activation of p53 function during the mitotic phase of the

cell cycle might require signals that disrupt the interaction.
The possibility of a direct interaction is supported by
recent studies that have shown that p53 localizes to the
centrosomes and spindle apparatus in mitotic cells (Morris
et al., 2000; Tarapore et al., 2001), and that inhibition of
mitotic spindle function by nocodazole treatment leads to
p53 displacement from centrosomes (Ciciarello et al.,
2001). Studies are currently ongoing to determine whether
and how TACC3 and p53 interact during the mitotic phase
of the cell cycle. Initial biochemical results indicate that
they do not associate directly; however, a co-localization
between TACC3 and p53 at the spindle poles can be
observed in mouse embryo ®broblasts in immuno¯uores-
cence studies (unpublished observation).

In summary, the results are consistent with a primary
role for TACC3 in hematopoietic cells in the regulation of
p53 function. Since TACC3 protein is present only during
the S/G2/M phases of the cell cycle in synchronized
lymphocytes, it can be further hypothesized that TACC3
speci®cally regulates p53 activity during the mitotic phase
of the cell cycle. It will be necessary to address the
question of whether the ampli®cation of TACC3 expres-
sion in transformed cells could provide another mechan-
ism by which p53 function is compromised.

Materials and methods

Northern blot analysis
Northern blots with mRNAs from murine tissues were obtained from
Clontech (Palo Alto, CA). Total RNA from IL-2-dependent cultured T
lymphocytes (Moriggl et al., 1999) and hematopoietic tissues was
separated on 1% formaldehyde±agarose gels. cDNA fragments of murine
TACC3, TACC2 or GAPDH as a loading control, were labeled using
[a-32P]dCTP and a random priming labeling kit (Amersham, Arlington
Heights, IL) and used as probes. Membranes were hybridized using a
rapid hybridization solution (Amersham) followed by ®nal stringent
washes in 0.2 3 SSC/0.1% SDS at 65°C.

Cell cycle analysis
For determination of cell cycle distribution, cells were stained with
propidium iodide (50 mg/ml in 0.1% sodium citrate/0.1% Triton X-100)
and treated with 2 mg/ml RNase for 30 min. The DNA content was
assayed by ¯ow cytometry (Becton Dickinson, Bedford, MA) and the
percentage of cells within the S-phase of the cell cycle was quanti®ed
using ModFit software (Verify Software).

Antibodies, SDS±PAGE and western blotting
Antibodies against TACC3 were raised in rabbits using an N-terminal
peptide (N18; amino acids 1±19) or a C-terminal peptide (C18; amino
acids 603±620) of murine TACC3 as antigen. Total cell extracts were
prepared in lysis buffer containing 0.5% NP-40 (Wang et al., 1996).
For immunoprecipitation, protein extracts were incubated with N18
antiserum af®nity puri®ed by peptide chromatography. Immune com-
plexes were analyzed by SDS±7.5% PAGE and transferred to nitro-
cellulose. Membranes were probed using the N18 or C18 antisera and
visualized with the ECL detection system (Amersham). Expression of
p21Waf1/Cip1 was analyzed by direct western blotting using an antiserum
(F5) (Santa Cruz Biotechnology Inc., Santa Cruz, CA).

Intracellular localization of TACC3
Exponentially growing mouse embryo ®broblasts were ®xed with a 1:1
mixture of methanol and acetone for 20 min at ±20°C. Cells were stained
with rabbit anti-TACC3 antibodies (N18; 1:250; Upstate Biotechnology,
Lake Placid, NY) and anti-rabbit-FITC (1:250) as secondary antibody
(Santa Cruz Biotechnology). DNA was visualized using 4¢,6-diamidino-
2-phenylindole (DAPI; Sigma, St Louis, MO). Analysis was performed
by confocal microscopy using a Leica DM-IRBE microscope together
with Leica TCS-NT software.
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Construction of TACC3 targeting vector and generation of
TACC3-de®cient mice
The TACC3 gene was isolated from a 129 mouse/RW4 ES cell genomic
BAC library (IncyteGenomics, Palo Alto, CA) using a 320 bp N-terminal
BamHI cDNA probe. A 9 kb EcoRI fragment identi®ed by Southern
blotting was subcloned into pBluescript II SK(+). For the TACC3
targeting vector a 1.2 kb A¯II fragment containing parts of exon 3 and
intron 3 was replaced with a neomycin resistance cassette described
previously (van Deursen et al., 1991). A diphtheria toxin A (DTA)
cassette mediating negative selection (Adachi et al., 1995) was inserted in
the 3¢-end of the TACC3-neo construct. Twenty micrograms of the SmaI
linearized targeting vector were electroporated into E14 ES cells, which
were grown under selection with 350 mg/ml geneticin (G418; Gibco,
Rockville, MD). Clones were picked and expanded 7±9 days after
electroporation. Correctly targeted ES clones were identi®ed by Southern
analysis (data not shown) and karyotypically normal clones were injected.
Mice and embryos derived from two ES clones were analyzed in detail
and identical phenotypes were observed. Conditions for blastocyst
injection of ES cells and breeding to generate mice homozygous for the
mutated TACC3 gene were followed as described (van Deursen et al.,
1993). Preliminary analysis indicates no differences in the phenotype of
TACC3 de®ciency between the mixed 129/SvJ C57/Bl6 background and a
pure C57/Bl6 background.

Genotyping of TACC3-de®cient mice and embryos by PCR
Genomic DNA was ampli®ed in 50 ml reactions using 2.5 U of AmpliTaq
Gold (Perkin-Elmer, Branchburg, NJ) in PCR buffer with a ®nal
concentration of dNTPs at 0.2 mM and MgCl2 at 2 mM. The PCR
primer consisted of P1 primer (5¢-CAGAGCCAGGCTAAGGCC-3¢) at
0.4 mM, P2 primer (5¢-CCTCACGCTTATTGGTCA-3¢) at 0.2 mM and
the neomycin primer P3 (5¢-ATCTCCTGTCATCTCACCTTGCT-3¢) at
0.4 mM. The PCR cycle pro®le was as follows: one cycle at 94°C for
10 min followed by 35 cycles at 94°C for 1 min, 55°C for 1 min, 72°C for
1 min with 5 s auto-extension in every cycle; and ®nally one cycle at
72°C for 10 min. A 240 bp fragment indicates the presence of the wild-
type allele, whereas an 800 bp fragment is ampli®ed from the mutated
allele.

Generation of TACC3/p53-de®cient mice
TACC3(+/±) and p53(±/±) mice (Jacks et al., 1994) were bred to generate
TACC3(+/±)p53(+/±) mice on a mixed background (129/Ola-C57BL/6),
which were intercrossed to ®nally generate TACC3(±/±)p53(+/±) or
TACC3(±/±)p53(±/±) mice. Genotypes for TACC3 and p53 were determined
by genomic PCR.

Histology and TUNEL staining
Embryos were ®xed in 10% phosphate-buffered formalin (Fisher,
Hernando, MS), paraf®n embedded and 5 mm sections were prepared.
Sections were stained using hematoxylin and eosin. Cells undergoing
apoptosis were identi®ed by TUNEL staining using an apoptosis
detection kit (Roche, Indianapolis, IN).

Fetal liver colony assays
Fetal liver cells were prepared from livers of E13±E18.5 embryos in
a-MEM medium (Gibco, Rockville, MD) containing 2% fetal bovine
serum (Hyclone, Logan, UT). Diluted cell suspensions and recombinant
cytokines speci®c for the assays described below were mixed with
Methocult 3230 (StemCell Technologies, Vancouver, Canada) giving a
®nal concentration of 0.9% methylcellulose. Assays were plated in
35 mm culture dishes in duplicate and cultured at 37°C. For the BFU-E
(erythroid lineage burst-forming units) assay, 2 3 105 cells/dish were
cultured in 3 U/ml recombinant human erythropoietin (rhEPO) and
10 ng/ml recombinant murine IL-3 (rmIL-3) and colonies consisting of
more primitive erythroid progenitors were scored at day 8. For the CFU-E
(erythroid colony-forming units) assay, 2 3 105 cells/dish were cultured
in 0.2 U/ml rhEPO, and colonies consisting of more mature erythroblasts
were scored at day 3. For the CFU-Mix assay (multi-lineage colonies),
1.5 3 104 cells/dish were cultured in a combination of 3 U/ml rhEPO,
10 ng/ml rmIL-3, 10 ng/ml rhIL-6 and 10 ng/ml recombinant murine
stem cell factor (rmSCF), and different kinds of colony types were scored
between days 8 and 12. Alternatively, rmIL-3 or rmSCF alone was used
for the CFU-Mix assay, allowing the generation of colonies dependent on
IL-3 or SCF. For the CFU-GM assay (myeloid-lineage colonies) and
CFU-M assay (monocytic-lineage colonies) 1.5 3 104±5 3 104 cells/
dish were cultured in 10 ng/ml recombinant murine granulocyte/
macrophage colony-stimulating factor (rmGM-CSF) or 10 ng/ml
recombinant murine colony-stimulating factor-1 (rmCSF-1), respect-

ively, and colonies were scored between days 8 and 12. For the CFU-Meg
assay (megakaryocytic colonies), 5 3 105 cells/dish were cultured in
50 ng/ml rhTPO (recombinant human thrombopoietin) and colonies were
scored at day 8. For the CFU-Eo assay (colonies containing eosinophils),
2 3 105 cells/dish were cultured in 20 ng/ml rmIL-5, and colonies were
scored at day 18. Recombinant human EPO and TPO were from Amgen
(Thousand Oaks, CA) and Genzyme (Cambridge, MA), respectively,
whereas all other cytokines were obtained from R&D Systems
(Minneapolis, MN).

Flow cytometry
Fetal thymi were obtained from embryos at days 16.5±19.5 p.c. Single
cell suspensions were prepared in PBS supplemented with 2% bovine
serum albumin. Non-speci®c staining was minimized by blocking Fc
receptor binding with rat anti-mouse CD16/CD32 antibodies
(Pharmingen, San Diego, CA). Cells were then stained with phyco-
erythrin (PE)-conjugated anti-CD8 and cychrome (Cy)-conjugated anti-
CD4 (Pharmingen, San Diego, CA) or appropriate isotype control
antibodies. Subsequently, cells were washed and cell surface expression
of the markers was analyzed in a Becton-Dickinson FACScan in two-
color mode using CellQuest software.

Reconstitution of hematopoietic lineages and mitogenic
stimulation of puri®ed B cells
Fetal liver cells of different genotypes were isolated and used to
reconstitute lethally irradiated (1100 Rad) wild-type mice or sublethally
irradiated (450 Rad) JAK3-de®cient mice, which display a severe
combined immunode®ciency (SCID)-like phenotype due to the absence
of functional lymphocytes (Nosaka et al., 1995). In particular, since
JAK3-de®cient mice lack peripheral B cells they represent an excellent
model system for hematopoietic transplantation studies leading to the
reconstitution of the B-cell compartment. Fetal liver cells were injected
into the tail blood vein of recipient mice in 550 ml of PBS containing 2%
fetal bovine serum. After 4 weeks the absolute numbers of B lymphocytes
in the blood of reconstituted JAK3-de®cient animals were determined as
described previously (Bunting et al., 1998). Splenic B cells from
reconstituted mice were puri®ed by FACS (B220+/Thy1.2±; 98% purity)
and expanded in vitro after stimulation with aCD40 (0.5 mg/ml;
Pharmingen) and 100 ng/ml IL-4 (R&D Systems).
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