
Essential role for Bclaf1 in lung development and
immune system function
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Bcl-2 associated factor 1 (Bclaf1) is a nuclear protein that was originally identified in a screen of proteins that interact with the
adenoviral bcl-2 homolog E1B19K. Overexpression of Bclaf1 was shown to result in apoptosis and transcriptional repression
that was reversible in the presence of Bcl-2 or Bcl-xL. Furthermore, antiapoptotic members, but not proapoptotic members of the
Bcl-2 protein family, were shown to interact with Bclaf1 and prevent its localization to the nucleus. Bclaf1 has also recently been
identified as a binding partner for Emerin, a nuclear membrane protein that is mutated in X-linked recessive Emery–Dreifuss
muscular dystrophy. To ascertain the in vivo function of Bclaf1, we have generated mice that carry a targeted mutation of the
bclaf1 locus. In this study, we show that Bclaf1 is required for proper spatial and temporal organization of smooth muscle lineage
during the saccular stage of lung development. We also show that Bclaf1 is dispensable for thymocyte development but is
essential for peripheral T-cell homeostasis. Despite its postulated role as a proapoptotic protein, Bclaf1-deficient cells did not
show any defect in cell death linked to development or after exposure to various apoptotic stimuli. Our findings show a critical
role for Bclaf1 in developmental processes independent of apoptosis.
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Apoptosis is a critical component of normal development and
the cellular response to radio- and chemotherapy.1,2 Two
distinct apoptotic pathways have been characterized: the
extrinsic pathway triggered by transmembrane death recep-
tors and the intrinsic pathway that signals through mitochon-
dria. Members of the Bcl-2 protein family primarily impact the
intrinsic pathway by controlling mitochondrial membrane
permeability, the release of proapoptotic mitochondrial
proteins, and caspase activation.1 Proapoptotic Bcl-2 proteins
such as Bak and Bax are activated directly after interactions
with the ‘BH3-only’ Bcl-2 protein Bid. In addition, binding of
other BH3-only proteins such as Noxa, Puma, Bad, and Bim
to antiapoptotic Bcl-2 proteins (Bcl-2 or Bcl-xL) results in
activation of Bax and Bak.3–5

Bcl-2 associated factor 1 (Bclaf1; also known as Bcl-2-
associated transcription factor or Btf) was originally identified
in a screen for adenoviral E1B19K protein partners.6

Subsequent studies with Bclaf1S, an alternatively-spliced
form missing amino acid residues 797–846, showed interac-
tions with Bcl-2 and Bcl-xL. E1B19K, Bcl-2, and Bcl-xL were
found to sequester Bclaf1S to the nuclear periphery and
cytoplasm. Ectopic Bclaf1 induced apoptosis as well as

transcriptional repression, properties that were reversed in
the presence of antiapoptotic Bcl-2 members.6 Although
these findings implicate Bclaf1 in apoptotic signaling, Bclaf1
does not show structural similarities to Bcl-2 family members.
Bclaf1 contains an N-terminal tract of Arg–Ser repeats (RS
domain) that is typical of pre-mRNA processing factors and
was identified in interchromatin granule clusters, nuclear
substructures that appear to act as repositories for mRNA
splicing and transcription factors.7,8 Emerin, a nuclear
membrane protein that is mutated in X-linked Emery–Dreifuss
muscular dystrophy, has also been found to interact with
Bclaf1 as well as with several other proteins involved in
transcription and pre-mRNA processing.9,10

Here, we show that Bclaf1 is critical for proper lung
development and immune system homeostasis and function.
Bclaf1 expression was found to be strongly upregulated
during the saccular stage of murine embryonic lung develop-
ment. Mice deficient in Bclaf1 predominantly die as neonates
and exhibit defects in end-stage lung development that
compromise survival. We also show that Bclaf1 is dispensable
for thymocyte development and apoptosis but is essential for
proper homeostasis of T- and B-cell lineages and activation-
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induced proliferation of T cells. Our findings do not support a
role for Bclaf1 in regulating apoptosis during lung develop-
ment or immune system function.

Results

Generation of Bclaf1-deficient mice and cells. Full-length
cDNAs comprising the long and short isoforms of bclaf1 were
isolated and sequenced, and a targeting vector was
designed to replace the first three exons of bclaf1 with
a neomycin-resistance cassette (including the exon encoding
the predicted translation initiation start site) and insert a
stop codon into the third exon (Figure 1a). The targeting
vector was electroporated into E14K embryonic stem (ES)
cells and three correctly targeted clones were obtained. Two
ES clones contributed successfully to germline transmission.
Homozygotes derived from both bclaf1þ /� ES clones had
similar phenotypes in 129/C57BL/6 backgrounds. ES cell
lines homozygous for the targeted disruption were generated
by culturing bclaf1þ /� cells at an increased concentration
of G418. Wild-type and mutant alleles were distinguished
either by southern analysis (Figure 1b) or by PCR (not
shown). Bclaf1 disruption results in the loss of expression
of both the 5- and 3-kb bclaf1 mRNA species, as observed by
northern analysis (Figure 1c). Western analysis of whole
cell extracts using anti-Bclaf1 antiserum (Figure 1d) detected
a single protein species migrating at 140 kDa that was
absent in extracts prepared from bclaf1�/� cells, suggesting
that the targeted disruption resulted in a null mutation. The
apparent molecular weight (140 kDa) was greater than that
predicted from the Bclaf1 open reading frame (106 kDa),
similar to results from an earlier study.10 Indirect
immunofluorescence with affinity-purified anti-Bclaf1 (Figure
1e–f) showed nuclear localization of Bclaf1 with focal dot-like
structures, as has been reported earlier.8,10 No Bclaf1 was
detected in Bclaf1�/� murine embryonic fibroblasts (MEFs)
(Figure 1g–h).

The murine bclaf1 locus is flanked by 2610016C23Rik
(separated by 5 kb) and mtap7 (separated by 34 kb) on
chromosome 10. To assess whether expression of upstream
or downstream genes was altered by the targeted disruption
strategy, we quantified relative mRNA expression levels of
Mtap7 and 26100162C23Rik from mRNA derived from wild-
type and bclaf1�/� fibroblasts by quantitative real-time PCR
using primers as described in Materials and Methods. We
observed modest changes in expression in that a 1.10±0.15-
fold increase (mean±S.D., n¼ 3) in expression of Mtap7
mRNA and a 1.22±0.17 increase (mean±S.D., n¼ 3) in
expression of 26100162C23Rik in bclaf1�/� versus wild type
was detected when normalized to glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) expression. Although the
function of the product of the 26100162C23Rik locus is
unknown in mice, Mtap7 is known to be a microtubule-binding
protein required for spermatogenesis in mice.11 Mice homo-
zygous for this gene-trapped mtap7 allele are otherwise
normal and viable. Taken together, the observed phenotypes
of bclaf1�/� mice are unlikely to be attributable to the
upstream or downstream effects on gene expression by the
targeting strategy employed.

Bclaf1 is required for postnatal viability and end-stage
lung development. Homozygous mutation of bclaf1 did not
confer embryonic lethality; however, the majority of bclaf1�/�

(approximately 95%) die 24–48 h after birth and do not
appear to suckle as evidenced by the lack of milk in the
stomach despite the proper palate formation (Figure 1i). The
other 5% of bclaf1�/� mice survive to approximately 3 weeks
of age, whereupon they died. These mice were runted in
appearance and size (Figure 1j), and 50% of these mice
(5 out of 10) presented with polydactyly on the right hindpaw
(Figure 1k).

To investigate the cause of perinatal lethality, histological
analyses were performed on wild-type and Bclaf1-deficient
mice at embryonic days 15.5–18.5 (E15.5–18.5) and post-
natal day 1 (PND1). Lungs from newborn Bclaf1-deficient
mice showed striking defects in lung morphology with features
of arrested development of terminal air sacs together with
mesenchymal thickening when compared with wild-type
siblings (Figure 2a). The morphology of wild-type and
bclaf1�/� lungs at E15.5 to E18.5 was normal, consistent
with a defect that manifested during the saccular stage of lung
development (data not shown).

To determine whether the developmental defect in
bclaf1�/� lungs could be ascribed to inappropriate cell proli-
feration, we examined the abundance and sites of proliferating
cells in lungs of three sibling sets of wild-type or Bclaf1-
deficient mice, either by BrdU labeling (for E16.5–E18.5
lungs) or by immunodetection of proliferating cell nuclear
antigen (PCNA) in PND1 lungs. No significant difference
in total cell proliferative index (mean±S.D. percentage
of BrdU-positive cells, n¼ 3) was observed in bclaf1�/�

lungs compared with wild type at E16.5 (15.3±7.1%
compared with 20.1±3.1%), at E17.5 (8.5±1.7% compared
with 9.2±1.5%), or at E18.5 (7.3±3.8% compared with
5.3±1.5%). Furthermore, at PND1, no significant difference
in total cell proliferative index (mean±S.D. percentage of
PCNA-positive cells, n¼ 4) was observed in bclaf1�/� lungs
compared with wild type (33.0±9.6% compared with
31.2±13.7%).

To assess whether the bclaf1�/� lung defect could be
ascribed to attenuated cell death, we analyzed lungs of three
sibling sets of wild-type or bclaf1�/� mice at PND1 for
apoptosis either by TUNEL staining or by immunostaining
with an antibody against cleaved (activated) form of caspase
3, a marker of apoptosis. In all sections examined from E16.5,
E17.5, E18.5, and PND1 mice, the low frequency of apoptotic
cells (less than 0.5% of cells were found to be positive for
cleaved caspase 3) in lung tissue, regardless of develop-
mental age or genotype, precluded any meaningful quantita-
tive comparison.

Bclaf1 deficiency resulted in a sudden developmental arrest
during end-stage lung development by PND1, yet bclaf1�/�

lungs from earlier developmental stages were morphologi-
cally identical to sibling wild-type controls. To determine
whether this particular requirement for Bclaf1 in the saccular
stage was reflected in the expression profile of Bclaf1 protein
during lung development, Bclaf1 expression was analyzed in
wild-type E16.5-PND1 lungs by immunohistochemistry and
indirect immunofluorescence (Figure 2b and c). A dramatic
increase in Bclaf1 expression was observed to occur between
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E16.5–E17.5, which mirrors the transition in lung develop-
ment from the canalicular phase to the saccular phase.12

When analyzed by indirect immunofluorescence, focal nucle-
ar staining was evident in all cells of the lung but was
especially prominent in epithelial cells lining the airways
(Figure 2c).

Lineage-specific defects in lung maturation in bclaf1�/�

neonates. To evaluate whether Bclaf1-deficient lungs had
defects in differentiation, we evaluated the proportion and
distribution of cell lineages in E17.5 and PND1 lungs from

wild-type and bclaf1�/� siblings. Bclaf1�/� and wild-type
lungs showed equivalent expression and spatial distribution
of surfactant protein C (proSP-C, alveolar type II pneumocyte
marker), T1-a (type I epithelial cell marker), Clara cell
secretory 10-kDa protein (CCSP, bronchial epithelial cell
marker), and the vascular cell marker Pecam1 (Figure 3 and
data not shown). Interestingly, although equivalent at E17.5,
smooth muscle a-actin staining was markedly increased in
bclaf1�/� lungs at PND1 compared with wild type (Figure 3d–f).
The increased expression was most apparent at the
periphery where it is normally not present and suggests a

Figure 1 Targeted disruption of the bclaf1 locus and morphological characteristics of bclaf1�/� mice. (a) Strategy for targeted disruption of the 50 end of the bclaf1 locus.
Non-coding and coding exons are denoted as open and shaded boxes, respectively. The position and transcriptional orientation of the neomycin resistance gene (neo) are
denoted by the open arrow. The position of sequence used as the 30-flanking probe to distinguish wild-type and mutant alleles after PstI digestion is denoted by FP. E, EcoRI;
B, BamHI; H, HindIII. (b) Southern analysis of genomic DNA digested with PstI from newborn littermates. (c) Northern analysis of total mRNA from fibroblasts derived from
wild-type, bclaf1þ /�, and bclaf1�/� embryos. (d) Western analysis of whole cell protein lysates from wild-type and bclaf1�/� fibroblasts using an antibody raised against
mouse Bclaf1. The blot was stripped and subsequently examined for actin expression to ensure equivalent protein loading (lower panel). (e–h) Representative
photomicrographs of wild-type (e, f)_and bclaf1�/� (g, h) fibroblasts subjected to indirect immunofluorescence using anti-Bclaf1 antibody (e, g). DAPI counterstaining of
nuclear DNA is shown in (f, h). (i) Newborn morphology of littermates from bclaf1þ /� crosses. The majority of offspring that are bclaf1�/� fail to nurse (arrow: lack of milk in
stomach) and die 24–48 h after birth. (j) A small percentage of bclaf1�/� mice survive up to 3 weeks of age, but are runted and die of unknown causes. (k) Roughly 50% of
these surviving bclaf1�/� mice were observed to display polydactyly of the right hindpaw
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defect in pulmonary mesenchymal differentiation in bclaf1�/�

neonates.

Role of Bclaf1 in B- and T-cell lineage develop-
ment. Bclaf1 appeared to be ubiquitously expressed in
cells comprising the thymus and spleen when analyzed
by immunohistochemistry (Supplementary Figure S1). To
explore the in vivo role of Bclaf1 during lymphoid
development or activation, we reconstituted irradiated
Rag2�/� mice, which lack T and B cells, with wild-type,
bclaf1þ /�, and bclaf1�/� lymphoid progenitors. Fetal liver
cells collected from bclaf1�/�, bclaf1þ /�, or wild-type E15.5
embryos were injected intravenously into Rag2�/� mice. We
used fetal liver cell suspensions from E15.5 embryos as a
source of progenitors, because at this stage of development
wild-type and bclaf1�/� embryos were phenotypically normal
and at the expected Mendelian frequency. Four weeks post-
injection, the representation of donor-derived thymocytes

and peripheral T and B cells in the reconstituted Rag2�/�

recipient mice were determined to assess the effect of the
bclaf1 mutation on lymphocyte development, survival, and
homeostasis. Fluorescence-activated cell sorting (FACS)
analyses were performed on thymocytes, splenocytes,
lymph nodes (LNs), and bone marrow (BM) cells stained
with monoclonal antibodies (mAbs) specific for markers
of the different T- and B-lymphocyte subpopulations. No
differences in cell numbers of various thymocyte subsets and
TCR-ab expression were observed among Rag2�/� mice
reconstituted with bclaf1�/�, bclaf1þ /�, or wild-type fetal liver
cells (Figure 4a). The absolute number (mean±S.D., n¼ 4)
of thymocytes from Rag2�/� reconstituted mice was found to
be 1.08±0.3� 108, 1.16±0.58� 108, and 1.15±0.33� 108

for wild type, bclaf1þ /�, and bclaf1�/�, respectively.
Similarly, the absolute number of splenocytes was
6.89±1.82� 107 for wild type, 8.95±3.61� 107 for
bclaf1þ /�, and 7.01±2.07� 107 for bclaf1�/�. However, a

Figure 2 Developmental defects in lung maturation of bclaf1�/� mice and Bclaf1 expression during lung development. (a) Representative histological sections from
postnatal day 1 wild-type and bclaf1�/� siblings after staining with hematoxylin and eosin. Bar: 100 mm. (b, c). Bclaf1 expression in fetal lung. (b) Representative histological
sections from E16.5-PND1 wild-type lungs following staining with antibodies against Bclaf1 and visualized by DAB reagent. Bars: 200 and 40 mm. (c) Bclaf1 protein detected
by indirect immunofluorescence using anti-Bclaf1 antibody and anti-rabbit-Cy5 (colored green) and counterstained with DAPI (blue). Yellow arrows, yellow arrowheads, and
white arrows point to representative nuclei of airway epithelial cells, nuclei of mesenchyme cells, and autofluorescent red cells, respectively (� 63 magnification)
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marked difference in splenocytes was apparent after FACS
analysis of Thy1- and B220-stained cell populations
(Figure 4b, Supplementary Table S1). Despite the
equivalent total cellularity in all reconstituted mice, the
relative number of bclaf1�/� Thy1-positive cells was
drastically decreased, whereas the relative number of
bclaf1�/� B220-positive cells was markedly increased.
Compared with populations of splenic CD4þCD8- T cells,
the population of CD4–CD8þ T cells was observed to be
drastically reduced in Rag2�/� reconstituted with bclaf1�/� or
bclafþ /� E14.5 fetal liver cells (Supplementary Table S1).
Similar decreased representation of T cells compared with
B-cells was also observed in LN and in peripheral blood
(Figure 4b). Thus, Bclaf1 deficiency appears to not only
increase steady-state numbers of peripheral B cells but also
compromises steady-state numbers of peripheral T cells
leading to defective T- and B-cell homeostasis.

Response of Bclaf1-deficient cells to death stimuli. As
Bclaf1 has originally been identified as a proapoptotic

molecule that interacted with members of the antiapoptotic
members of the Bcl-2 protein family, we investigated the
response of wild-type, bclaf1þ /�, and bclaf1�/� thymocytes,
splenocytes, and activated peripheral T cells to a range of
chemical agents that trigger apoptosis. Compared with
thymocytes from Em-bcl-2 transgenic mice, which are
resistant to a wide range of apoptotic stimuli, wild-type,
bclaf1þ /�, and bclaf1�/� thymocytes all showed normal
induction of programmed cell death following exposure to
etoposide, CD8�FasL, staurosporine, dexamethasone, and
g-irradiation (Figure 5a). Similarly, no difference in cell death
induction was noted in wild-type, bclaf1þ /�, and bclaf1�/�

splenocytes treated with anisomycin, etoposide, stauro-
sporine (Figure 5b), g-irradiation, and dexamethasone (data
not shown). Furthermore, no differences in apoptosis were
observed when wild-type, bclaf1þ /�, and bclaf1�/� ES cells
were exposed to similar conditions (data not shown). Purified
wild-type, bclaf1þ /�, or bclaf1�/� T and B cells, either
untreated or induced to proliferate, showed no apparent
defect in apoptosis (Supplementary Table S2). Hence,

Figure 3 Expression of developmental markers in bclaf1�/� lungs. Representative histological sections from E17.5 and PND1 wild-type (wt) and bclaf1�/� (�/�) siblings
after staining with antibodies against proSP-C (a), CCSP (b), T1-a (c), and smooth muscle a-actin (d). Bar: 50mm. (e, f) Indirect immunofluorescence of smooth muscle
a-actin expression in PND1 (e) wild-type and (f) bclaf1�/� lungs. Slides were counterstained with DAPI to visualize nuclei (right panel). Green cells are autofluorescent red
cells (� 63 magnification)
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Figure 4 (a) Reconstitution of wild-type, bclaf1þ /�, and bclaf1�/� thymocytes in Rag2�/� reconstituted mice by fetal liver transfer. No difference in total cellularity,
proportion of thymocyte subsets, or TCR-ab expression was observed. (b) Reconstitution of wild-type, bclaf1þ /�, and bclaf1�/� peripheral B (denoted by B220 staining) and
T cells (denoted by Thy1 staining) in Rag2�/� reconstituted mice by fetal liver transfer. The bclaf1�/� reconstituted mice show a decreased proportion of peripheral T cells in
the spleen, lymph nodes (LNs), and whole blood

Figure 5 Bclaf1 is dispensable for apoptosis in thymocytes and splenocytes. (a) Apoptosis induced by etoposide, staurosporine, CD8–FasL, dexamethasone, and
g-irradiation in thymocytes from wild-type, bclaf1þ /�, and bclaf1�/� reconstituted mice. Apoptosis in thymocytes from Em-bcl-2 transgenic mice is included as positive
controls. (b) Apoptosis induced by anisomycin, etoposide, and staurosporine in splenocytes from wild-type, bclaf1þ /�, and bclaf1�/� reconstituted mice
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despite its physical interaction with antiapoptotic members of
the Bcl-2 family, Bclaf1 appears to be dispensable for
apoptosis in the context of the cell lineages and apoptotic
stimuli examined.

Role of Bclaf1 in T-cell activation. To analyze the effect of
Bclaf1 deficiency on proliferation, T-cell activation was
analyzed in the presence of either anti-CD3e and anti-CD28
or anti-CD3e and interleukin 2 (IL-2), and B-cell activation
was analyzed in the presence of either anti-IgM and anti-
CD40 or anti-IgM and IL-4. Peripheral T cells lacking Bclaf1
showed a lack of proliferation in the presence of either
stimuli, compared with wild-type cells, as measured by
[3H]thymidine incorporation (Figure 6a). Interestingly,
bclaf1þ /� T cells showed an intermediate proliferative
response in response to either stimulus. In contrast, B cells
lacking Bclaf1 did not show impaired proliferation compared
with wild-type cells (Figure 6b). Cell cycle analyses of
Thy1-positive cells following anti-CD3 and IL-2 activation
showed a marked decrease in the percentage of bclaf1�/�

T cells in the S-phase and their block at the G1 and
G2/M phases of the cell cycle as compared with bclaf1þ /�

cells (Figure 6c). These findings show that Bclaf1 is critical
for proper proliferation and activation of peripheral
T lymphocytes.

Discussion

Bclaf1 was initially described as a regulator of apoptosis and
as an interacting partner with Bcl-2 family members.6 To
examine the in vivo role of Bclaf1, we generated mice
nullizygous for bclaf1 and discovered critical roles for Bclaf1
in lung development and proper functioning of the immune
system. However, our findings do not support a role for Bclaf1
in regulating apoptosis in vivo.

Our histological analyses of bclaf1�/� newborns uncovered
a defect in lung development that explains the neonatal
lethality of bclaf1�/� offspring. Lungs of bclaf1�/� newborns
were clearly defective in the proper formation of primitive
alveoli or terminal air sacs that appear as open spaces on
sections stained with hematoxylin and eosin. Events in murine
lung formation are generally classified according to
four developmental periods. The pseudoglandular stage
(E9.5–16), characterized by formation of the bronchial tree,
is followed by the canalicular stage (E16–17) that is
characterized by the budding and branching of terminal
epithelial tubules. These distal airspaces increase in size
and number during the saccular stage (E17-PND5) through
the process of primary septation. Type I and type II epithelial
cells differentiate during this period and line the resulting
saccules, which are embedded with a capillary network that
facilitates gas exchange. The final alveolar stage is typified by
secondary septation of primary saccules into mature alveoli,
lined with type I and type II alveolar cells responsible for the
processes of gas exchange and surfactant protein secre-
tion.13 Our analysis of E16.5-PND1 lungs indicated that the
developmental defect of bclaf1 mutants occurs during the
saccular stage of development, as there was a defective or
delayed thinning of the mesenchyme despite the presence of
primitive alveoli in the mutant lungs. Although programmed
elimination of cells through apoptotic processes coupled
with proliferation arrest have been linked to end-stage
lung development, the impaired lung development of
Bclaf1-deficient mice appears independent of these pro-
cesses.14 Our analyses of differentiation markers link the
observed block in development to the inappropriate spatio-
temporal accumulation of smooth muscle cells, as evident by
the increased smooth muscle actin-positive cells in the
Bclaf1-deficient lung mesenchyme at PND1. Furthermore,
the persistence of expression of smooth muscle cell a-actin in
PND1 Bclaf1-deficient lungs suggests a critical role for Bclaf1
in pulmonary smooth muscle lineage development.

Our finding of polydactyly in bclaf1�/� mice implicates
Bclaf1 in developmental processes independent of lung
maturation. The production of supernumerary digits is
normally suppressed during limb development through the
restricted expression of the signaling molecule Sonic Hedge-
hog (Shh) to the posterior margin of the limb known as the
zone of polarizing activity (reviewed in Lettice and Hill15). As
several mouse mutants that exhibit misregulated expression
of Shh during limb development or elevated fibroblast growth
factor (Fgf) have increased incidence of polydactyly, it will be
interesting to determine whether Bclaf1 participates in or
modulates Shh or Fgf signaling.16–21

Given the role ascribed to Bclaf1 in apoptosis, we sought to
determine whether Bclaf1 deficiency affects the cellular

Figure 6 Peripheral bclaf1�/� T cells show an activation-dependent
proliferation defect. (a) Proliferation of purified T-cell (a) and B-cell (b) populations
from bclaf1þ /� and bclaf1�/� reconstituted mice was assessed using
[3H]thymidine incorporation after no activation stimulus (untreated, UT) or after
stimulation with anti-CD3eþ anti-CD28 or with anti-CD3eþ IL-2 in the case of
T cells, or with anti-IgMþ anti-CD40 or anti-IgMþ IL-4 in the case of B cells. Cells
were assayed 48 and 72 h after stimulation for T cells or 72 h after stimulation for B
cells. (c) Cell cycle entry (BrdU incorporation) on Thy1-gated populations of CD3-
IL2 activated cells showing a decreased percentage of the S-phase and increased
proportion of G1 and G2/M bclaf1�/� activated cells
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response to apoptotic stimuli. Furthermore, as Bcl-2 family
members impact cell death processes in the context of
immune system development and function, we examined the
role of Bclaf1 in B and T lymphocytes. To circumvent the
perinatal lethality of bclaf1�/� mice, lymphoid development
was studied using wild-type, bclaf1þ /�, and bclaf1�/� fetal
livers to reconstitute lymphoid development in V(D)J recom-
binase-deficient Rag2�/� recipients. Our studies show that
Bclaf1 is dispensable for thymic development but is required
for maintaining B- and T-cell homeostasis. In a bclaf1 mutant
background, although thymocyte development was not
affected, a drastic depletion of peripheral T cells was
observed in the spleen, LNs, and peripheral blood. In addition,
a corresponding increase in the relative number of peripheral
B cells was also observed in the mutants. It is not clear
whether the observed increase in the relative number of
peripheral B cells is a direct result of Bclaf1 deficiency, or
whether the increase is secondary to the observed depletion
of peripheral T-cell numbers. Evaluation of the role of Bclaf1 in
a given immune cell lineage would be facilitated by the
generation of a conditionally disrupted Bclaf1 allele. In support
of a reciprocity in B- and T-cell homeostasis, earlier work in
our laboratory, using mice with conditional disruption of genes
in the T-cell lineage where a deficit in peripheral T cells is
observed, has also observed a corresponding increase in
peripheral B cells in the spleen.22 Owing to the apparent deficit
of peripheral T cells in Rag2�/� mice reconstituted with
bclaf1�/� fetal liver cells, we examined the ability of these cells
to proliferate in response to activation stimuli. Interestingly,
deficiency of Bclaf1 results in impaired activation-driven
proliferation of T cells but not B cells, and this deficit cannot
be attributed to defects in apoptosis. Hence, Bclaf1 plays a
critical role in lymphocyte homeostasis and activation.

Our results indicate that Bclaf1 is dispensable for execution
of cell death pathways, suggesting that apoptosis reported
earlier after transient overexpression of Bclaf1 may be a
cellular response to the supraphysiological levels of Bclaf1.
Nevertheless, a recent study has implicated Bclaf1 in the
apoptotic response to DNA by inducing transcription of p53.23

A drastic depletion in Bclaf1 protein by RNAi was associated
with an approximately two-fold reduction in apoptosis after
doxorubicin exposure of U2OS cells that contain wild-type p53
but not in SaOS-2 cells deficient in p53. These results are in
contrast with our findings, as Bclaf1-deficient thymocytes and
splenocytes exposed to DNA-damaging agents that activate
p53 (g-irradiation and etoposide) fail to show any defect in
apoptosis compared with wild-type cells. Interestingly, the
Bclaf1 protein species that was isolated on the basis of affinity
for the core promoter element of p53 was 70 kDa, compared
with the predicted molecular weights of 101 and 106 kDa.6

Further experimentation will need to be performed to clarify
this discrepancy.

Given that the pleiotrophic phenotype in Bclaf1-deficient
mice could not be explained by a corresponding deficit in
apoptosis, we consider it unlikely that Bclaf1 is involved in cell
death signaling in vivo. Two studies have linked Bclaf1 to a
possible role in pre-mRNA processing.8,24 Bclaf1 contains an
RS domain present in many pre-mRNA processing factors,
and is present in interchromatin granule clusters, a subcellular
structure that is enriched for such factors.8 A recent report

identified Bclaf1 as a novel component of spliced and non-
spliced ribonucleoprotein complexes.24 The association of
Bclaf1 in such complexes was dependent on the presence of
an m7G-cap-binding complex that contains the CBP80 and
CBP20 cap-binding proteins.24 The m7G-cap has earlier been
shown to be critical for pre-mRNA splicing, shuttling,
nonsense-mediated decay, and protein translation.25,26

Whether defects in mRNA biogenesis play any role in
mediating the pleiotrophic phenotype of Bclaf1-deficient mice
requires further investigation.

Materials and Methods
Targeted disruption of bclaf1. A mouse 129 Sv/J genomic library was
screened with a mouse Bclaf1 cDNA probe. Overlapping clones spanning the 13-kb
genomic region were found to contain four exons of the murine bclaf1 locus.
A targeting strategy by the use of homologous recombination in ES cells was
devised to delete an exon encoding 50-untranslated sequence and the first coding
exon of bclaf1 (Figure 1a). The neomycin gene in the targeting vector was flanked
by a 6.0-kb upstream homology region and a 0.6-kb downstream homology region.
Linearized targeting vector was electroporated into E14K ES cells (129 Sv/J
background). G418-resistant ES cell clones were screened for homologous
recombination by PCR using primers 50-CACACTGCTCGATCCGGAACCCT-30

and 50-CGACCCATTTCCAACAGAGCCAGAT-30. Correctly targeted ES cells were
verified by southern analysis using probes corresponding to the 30-flanking region
and the neomycin-coding region. Bclaf1 heterozygous ES cell lines were injected
into C57BL/6 blastocysts and transferred to pseudopregnant ICR females.
Chimeras were mated with C57BL/6 mice and germline transmission was
obtained from two different ES clones. All data presented in this report were
performed in both mutant mouse lines maintained in a mixed background (129 Sv/J
and C57BL/6). Both mutant mouse lines were identical with respect to the observed
phenotypes. All results presented were obtained from a minimum of three
independent sibling pairs (wild-type and Bclaf1-deficient) derived from three
independent pregnancies. Mice were maintained in accordance with the guidelines
of the Animal Care Committee of the University Health Network Animal Facility.
Routine genotyping of DNA was performed by PCR analysis using primers
50-GACCCACCTCTTAGAAACTT-30 and 50-CATCCACATAGACCAGCACT-30 for
the wild-type allele or primers 50-CCCAGCACCCGCCAGTAAGTCA-30 and 50-TAC
CCTCTACCCCTTCCTCTGTA-30 for the mutant allele. Embryonic fibroblasts were
derived from wild type, and Bclaf1 homozygous E15.5 embryos were prepared
according to standard procedures.

Northern analysis. Total RNA from wild-type, bclaf1þ /�, and bclaf1�/�

embryonic fibroblasts was fractionated on a 1.2% formaldehyde agarose gel and
transferred to Hybond Nþ membrane (Amersham). Hybridization was performed
using a 32P-random-primed labeled 2.8-kb Bclaf1 cDNA probe comprising the entire
open reading frame.

Western analysis and indirect immunofluorescence. A rabbit
polyclonal antibody raised against mouse Bclaf1 amino acid residues 470–483
(AKDKHKEEDKGSDR) was generated and affinity purified (Open Biosystems).
Wild-type and bclaf1�/� embryonic fibroblasts were lysed in 20 mM HEPES pH 8.0,
15 mM MgCl2, 25% glycerol, 420 mM NaCl, 2 mM EDTA, and 1 mM DTT
(supplemented with Protease Inhibitor Cocktail, Sigma). Lysates were sonicated for
5 s on ice and cleared by centrifugation (14 000� g for 10 min, 4 1C). Supernatants
(60mg) were resolved by SDS-PAGE, transferred onto the PVDF membrane (Pall
Life Sciences), and immunoblotted under standard conditions with anti-Bclaf1
antibody followed by anti-actin (Sigma) to ensure equal loading. Anti-mouse or anti-
rabbit IgG HRP-linked secondary antibodies and chemiluminescence detection
reagents were from GE Healthcare and Pierce, respectively. Indirect
immunofluorescence using anti-Bclaf1 (no. 1704, Novus) was performed using
wild-type and bclaf1�/� fibroblasts seeded on coverslips and fixed using cold
methanol/acetone. Coverslips were then stained with donkey anti-rabbit FITC
secondary antibody (Jackson), mounted with Vectashield with DAPI (Vector), and
visualized using a Zeiss Axioplan 2.0 microscope and Axiovision software (Zeiss).

Expression analysis of genes proximal to the targeted Bclaf1
locus by quantitative real-time PCR. First-strand cDNA was prepared
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from 2mg of total RNA from wild-type and bclaf1�/� fibroblasts using Superscript III
reverse transcriptase (Invitrogen). Quantitative PCR was performed in triplicate
assays using the Power SYBR Green PCR master mix (Applied Biosystems) for
each target gene as well as an internal control GAPDH. PrimerExpress (Applied
Biosytems) software was used to design the following primers: 2610016C23riken
sense primer 50-GCCAGAGACTTCTGATGTCC-30, 2610016C23riken antisense
primer 50-TTCTGAACGGGTCTGC-30, Mtap7 sense primer 50-GGAGGAC
AGAGACCGCTGATA-30, and Mtap7 antisense primer 50-CACGGCAGTGCA
GGTACTTC-30. GAPDH sense primer 50-GGGCATCTTGGGCTACACTG-30

GAPDH antisense primer 50-AGCCGTATTCATTGTCATACC-30. Reactions were
performed in a 25ml final mixture containing 12.5ml PCR master mix, 2.5ml cDNA,
25 pmol of each primer, and 9.5ml water. PCR amplification reactions were
performed in a 7500 Real-Time PCR System (Applied Biosystems) as follows: 40
cycles with denaturation at 951C for 15 s, annealing at 501C for 2 min, and extension
at 601C for 1 min. The expression of target genes was normalized by the internal
reference gene, GAPDH. A no-template negative control was also included in all
experiments. Each reaction was subjected to melting point analysis to confirm single
amplified products. Moreover, a control cDNA dilution series was created for each
gene to establish a standard curve and to check the PCR efficiency. Fold changes in
gene expression were determined using the 2�DDCt method.

Histology. Embryos and tissues from neonates were fixed in formalin, and
paraffin sections were stained with hematoxylin and eosin according to standard
procedures. For measurement of BrdU incorporation, pregnant mice were injected
with 0.1 mg BrdU per gram mouse weight intraperitoneally 45 min before embryo
collection. Sections of embryos were immunostained for BrdU as described
earlier.27 Monoclonal antibody to PCNA (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) (dilution 1 : 1000), rabbit polyclonal antibodies against cleaved caspase 3
(Cell signaling) (dilution 1 : 200), and TUNEL reagent (Roche) were also used.
Sections stained for BrdU, PCNA, TUNEL, or cleaved caspase 3 were
counterstained with 40,6-diamidino-2-phenylindole dihydrochloride (DAPI), and
three photomicrographs per section were captured using the same exposure
settings for a given experiment using a Zeiss Axioplan 2.0 microscope and
Axiovision software (Zeiss). For quantitative measurements of proliferation (PCNA
and BrdU) or apoptosis (cleaved caspase 3), 1000 cells were scored as either
PCNA, BrdU, or cleaved caspase 3/TUNEL positive from three photomicrographs
per section by an observer blind to the genotype from three sibling sets of wild-type
and bclaf1�/� lungs. For detection of specific cell lineages, the following antibodies
were used: hamster monoclonal anti-mouse T1-a (Developmental Studies
Hybridoma Bank, University of Iowa, Hybridoma no. 8.1.1) (1 : 50 dilution),
mouse monoclonal anti-mouse a-smooth muscle actin (a-sma) (Labvision/
Neomarkers, Fremont, CA, USA) (1 : 1000 dilution), rabbit polyclonal antibodies
against pro-N-SP-C (1 : 500 dilution) generously provided by Dr. M Beers (University
of Pennsylvania, Philadelphia, PA, USA), and rabbit polyclonal antibodies against
CCSP (1 : 1000 dilution), a gift from Dr. SL Kaytal (Pittsburgh, PA, USA).

Fetal liver transfer. For generation of bclaf�/�Rag2�/� chimeras, fetal liver
suspensions (5� 106 cells) from bclaf1�/� embryos or littermates with
heterozygote or wild-type genotype were i.v. injected into irradiated Rag2�/�

recipients (3 Gy). Lymphoid reconstitution was analyzed in the thymus, spleen, LNs,
and blood 4–5 weeks later.

Flow cytometric analysis. Single cell suspensions from the thymus, spleen,
and LNs were stained and analyzed by flow cytometry using a FACScan (Becton
Dickinson). All antibodies were purchased from PharMingen.

Analysis of lymphocyte survival and proliferation. Lymphocytes
(1� 105) were left untreated or exposed to drugs for 24 h before harvesting. Apoptosis
was evaluated by flow cytometry (FACScan, Becton Dickinson) after staining with
Annexin V-FITC and propidium iodide (R&D systems). Analysis of proliferation and cell
cycle after activation was performed essentially as described in McPherson.28
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