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TAF10 (formerly TAF,,30), is a component of TFIID and the TATA box-binding protein (TBP)-free TAF-
containing complexes (TFTC/PCAF/STAGA). To investigate the physiological function of TAF10, we disrupted
its gene in mice by using a Cre recombinase/LoxP strategy. Interestingly, no TAF10~/~ animals were born from
intercrosses of TAF10*/~ mice, indicating that TAF10 is required for embryogenesis. TAF10~'~ embryos
developed to the blastocyst stage, implanted, but died shortly after ca. 5.5 days postcoitus. Surprisingly,
trophoblast cells from TAF10~/~ blastocysts were viable, whereas inner cell mass cells failed to survive,
highlighting that TAF10 is not generally required for transcription in all cells. TAF10-deficient cells express
normal levels of TBP and TAFs other than TAF10 but contain only partially formed TFIID, are endocycle
arrested, and have undetectable levels of transcription. Thus, our results demonstrate that TAF10 is required
for TFIID stability, cell cycle progression, and transcription in the early mouse embryo.

Initiation of transcription at eukaryotic class II promoters is
a multistep process requiring the coordinated action of many
proteins. In general, RNA polymerase II (Pol IT) and a host of
other factors, including the general transcription factors
TFIIA, -B, -D, -E, -F, and -H, work together to form a preini-
tiation complex (PIC) and allow subsequent transcription. The
TATA-box-binding protein (TBP) and 14 evolutionarily con-
served TBP-associated factors (TAFs) form TFIID (15). Mul-
tiple TFIID complexes exist, indeed nuclear extracts contain at
least two subpopulations of TFIID: those that contain TAF10
and those that do not contain TAF10 (39). Electron micros-
copy has shown that TFIID contains surfaces that could me-
diate both extensive core promoter and protein-protein inter-
actions (1, 4). Given its early requirement in vitro, as well as its
capacity to direct PIC assembly on both TATA-containing and
TATA-less promoters, TFIID was proposed to be a central
component of the PIC. At present, the role played by TAFs in
transcription is not fully understood. Nonetheless, in vitro tran-
scription experiments have suggested that TAFs within TFIID
function as coactivators by engaging in direct and selective
interactions with transactivators and/or core promoter se-
quences (2). Furthermore, TAF1 (formerly TAF;;250) (39)
possesses kinase, histone acetyltransferase (HAT), and ubiq-
uitin conjugating/ligating enzymatic activities (44), suggesting
that TAFs can affect transcription at multiple levels.

In yeast TAFs are required for viability, but strains lacking
functional TAFs can activate transcription from a variety of
inducible genes (38). Moreover, gene expression studies have
demonstrated that TAFs have gene-selective effects, with his-
tone fold domain (HFD)-containing TAFs having wide-rang-
ing effects on transcription, whereas the effects of other TAFs
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appear to be more restricted (18, 23, 24). Taken together with
experiments in Drosophila melanogaster and mammalian sys-
tems, these results suggest that TAFs, rather than being nec-
essary for all activated transcription, have gene selective effects
and therefore play specialized roles at certain subsets of pro-
moters.

Yeast TAF10, along with several other TAFs, is not only an
integral component of TFIID but is also found in the SPT-
ADA-GCNS5 acetylase (SAGA) coactivator complex. Likewise
in mammalian cells, TAF10 is shared between TFIID and
three closely related multiprotein complexes that we refer to as
TFTC-like complexes: the TBP-free TAF-containing complex
(TFTC), the p300/CBP-associated factor (PCAF) complex,
and the SPT3-TAF9-GCN5-containing complex (STAGA)
(25, 30, 45). All three of these complexes contain homologues
of the yeast HAT GCNS, as well as a subset of SPT and ADA
proteins, the 400-kDa protein TRRAP, and a number of other
TAFs (shared TAFs) also found in TFIID. TFTC is structur-
ally similar to TFIID (4) and, although devoid of TBP, is
capable of functionally replacing TFIID at both TATA-con-
taining and TATA-less promoters in vitro (45). Due to their
HAT subunits, TFTC, PCAF, and STAGA can acetylate his-
tones and nucleosomes (6, 25, 37). Since acetylation of histones
within chromatin is positively correlated with transcriptional
activity and the establishment of a euchromatic state, it is likely
that these complexes, in part, modulate transcription through
acetylation of promoter proximal histones.

Analyses of a variety of conditional Saccharomyces cerevisiae
TAF10 (scTAF10) mutants have recently been reported (22,
23, 36). Various mutations in scTAFI0 induced distinct mor-
phological and cell cycle phenotypes, as well as affected the
transcription of different subsets of genes. In Caenorhabditis
elegans, RNA interference experiments demonstrated that al-
though TAF10 is required for a large fraction of transcription
in the early embryo, it is dispensable for the proper expression
of multiple developmental and metazoan specific genes (42).
Lack of TAF10 leads to cell cycle arrest and cell death by
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apoptosis in mouse F9 embryonal carcinoma (EC) cells. Inter-
estingly, the viability of murine F9 EC cells lacking TAF10 can
be rescued by retinoic acid (RA) dependent differentiation,
showing that TAF10 is essential for undifferentiated F9 cells,
whereas it is dispensable for primitive endodermal differenti-
ation and viability (26). Together, these data suggest that
TAF10 is required for transcription of a subset of genes essen-
tial for specific cell types and differentiation pathways.

Recently, the physiological roles of several cofactors in-
volved in transcription initiation and regulation have been
analyzed in mice. Although mouse TFIID has been isolated
and partially characterized (46), no disruption of a stoichio-
metric component of mouse TFIID has been reported so far.
However, disruption in mice of the gene encoding TAF4b (for-
merly TAF;105), a cell-type-specific TAF and substoichiomet-
ric component of TFIID, leads to female infertility and altered
transcription of a subset genes required for proper folliculo-
genesis in the ovary (11), suggesting that TAFs may have gene-
specific roles in mice. In contrast, disruptions of genes encod-
ing PIC components such the TFIIH subunit MAT1 or the
mediator subunits SRB7 and TRAP220 result in embryonic
lethality before 9.5 days postcoitus (dpc), suggesting that these
factors may be widely needed during development (20, 35, 40).

Disruptions of several genes encoding HATs have also been
described in mice. PCAF is dispensable for mouse develop-
ment, while GCNS is required for mouse development since
null embryos died between 8.5 and 11.5 dpc (47, 48). Embryos
null for both GCN5 and PCAF genes showed more severe
defects than GCNS alone and died before 7.5 dpc, indicating
that these HATs have overlapping functions during embryo-
genesis.

Here we show that in mouse F9 TAF10~'~ cells the integrity
of most TFIID is compromised. Furthermore, we expand the
study of TAF10 function from F9 cells to mice and examine the
consequences of eliminating a stoichiometric shared TAF,
TAF10, on mammalian development, viability, and transcrip-
tion. By generating a functionally null mutation of the TAFI10
gene, we show that it is required for early mouse development
and survival of the pluripotent inner cell mass (ICM) but not
for survival of mouse trophoblast cells. Distinct from disrup-
tions of SAGA/TFTC-like complex subunits, the molecular
and phenotypic results of TAFI0 disruption in mice suggest
that alterations in the structure of TFIID have important ef-
fects on Pol II transcription, cell survival, and early mouse
development.

MATERIALS AND METHODS

Immunoprecipitation and Western blot analysis. F9 EC cells were grown in
the abscence or presence of doxicylin, with or without 1 uM RA as previously
described (26). Immunoprecipitations were performed overnight at 4°C with 300
wl of the indicated protein fraction, 50 wl of protein G-Sepharose (Pharmacia),
and 1 to 10 pg of the indicated antibodies (5, 21). The beads and associated
immune complexes were subsequently washed three times with immunoprecipi-
tation buffer (25 mM Tris-HCI [pH 7.9], 10% [vol/vol] glycerol, 0.1% NP-40, 0.5
mM dithiothreitol, 5 mM MgCl,) containing 500 mM KClI, followed by two
washes with immunoprecipitation (IP) buffer containing 100 mM KCI. Proteins
were boiled in sodium dodecyl sulfate (SDS) sample buffer, separated by SDS-
polyacrylamide gel electrophoresis, transferred to nitrocellulose membrane,
probed with the indicated primary antibodies, and detected by using chemilumi-
nescence according to the manufacturer’s instructions.

Targeting of the TAF10 allele. TAF10(L:LNL) (26) linearized with BarmHI and
Xhol was purified on a 1% agarose gel and electroporated into SV129 embryonic
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stem cells as previously described (8). After G418 selection, 118 resistant clones
were expanded. Genomic DNA was prepared from each clone and digested with
Sacl. The digests were analyzed by Southern blotting with a 5’ probe correspond-
ing to an 800-kb EcoRV/Kpnl genomic fragment located outside of the se-
quences present in the targeting vector. Approximately 6% of clones were found
to be positive for homologous recombination and were selected for further
analysis. Two independent clones were injected into C57BL/6 blastocysts and
reimplanted. For excision of the floxed TAF10 exon 2, heterozygous TAF10 mice
were interbred with cytomegalovirus (CMV)-Cre mice (9).

Histology and in situ hybridization. For histology, uteri (i.e., 4.5-dpc embryos)
and deciduae (i.e., 5.5-dpc embryos) were split into four parts and fixed in
Bouin’s fluid for 14 h and then dehydrated and embedded in paraffin. For in situ
hybridization, tissues were fixed in 4% paraformaldehyde (PFA)-1X phosphate-
buffered saline (PBS) for 12 h at 4°C and embedded in paraffin. Next, 5-pum
sections were mounted on SuperFrost Plus slides (O. Kindler & Co.) and stained
with hematoxylin and eosin. Digoxigenin (DIG)-labeled RNA in situ hybridiza-
tions were based on the protocol of Myat et al. (27) with the following modifi-
cations: paraffin sections were cut into 5-wm sections and rehydrated in water,
and 120 wl of the heat-inactivated RNA probe (diluted 1/100 in hybridization
buffer) was applied to each section. Anti-DIG antibody was applied at 1/2,500 in
the blocking solution.

Genotyping of the TAFI10 allele. Genomic DNA was isolated as described
previously (10). The various TAFI0 alleles were identified by Southern blotting
with a 5’ genomic probe (see Fig. 3), and the restriction enzyme Sacl.

Blastocyst culture and genotyping. Blastocysts recovered at 3.5 dpc were
cultured individually on gelatinized culture plates at 37°C at 7% CO, in blasto-
cyst culture medium containing Dulbecco modified Eagle medium, Glutamax,
gentamicin, 10% fetal calf serum, 8 pg of 2-mercaptoethanol/ml, and 1,000 U of
leukemia inhibitory factor/ml. Photographs were taken on a Leica DMIRB
microscope fitted with a COHU charge-coupled device camera by using cool-
SNAP software version 1.2 (Roper Scientific, Inc.). For genotyping, blastocysts
were recovered by scraping and lysed overnight at 55°C in 1X PCR-PKA buffer
(250 mM NaCl, 10 mM Tris-HCI [pH 8.3], 1.5 mM MgCl,, 1% SDS, 100 pg of
proteinase K/ml). One-tenth of this mixture was used for nested PCR of the
TAF10 genomic locus with oligonucleotides SG12/SE89 and SG12/QX224, re-
sulting in a wild-type band of 756 bp, a L:LNL band of 878 bp, and another band
of 405 bp (26).

Immunofluorescence and antibody generation. Blastocysts (3.5 dpc) were
flushed from uteri and cultured for 3 days in blastocyst culture medium. For
immunofluorescence, outgrowths were fixed for 15 min in 1% PFA and perme-
abilized with 0.1% Tween 20-1X PBS prior to immunodetection with anti-TAF4
monoclonal antibody 32TA (34), anti-TBP monoclonal antibody 3G3 (7), anti-
YY1 polyclonal antibody (Santa Cruz), anti-TRRAP polyclonal antibody (16),
anti-phospho-serine 2-Pol IT C-terminal domain (CTD) monoclonal antibody H5
(BabCo), and anti-Pol II CTD monoclonal antibody 7G5 (3). To generate anti-
TAF10 and anti-TBN monoclonal antibodies, peptides corresponding to amino
acids 88 to 97 of hsTAF10 (EGAISNGVYVLP) and amino acids 151 to 170 of
mmTBN (FPDPHTYIKTPTYREPVSDY) were synthesized, coupled to ovalbu-
min, and used for the immunization of mice. Immunization and monoclonal
antibody production have been described (7).

TUNEL test. TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP-
biotin nick end labeling) tests were performed on 3.5-dpc blastocysts that were
fixed for 10 min in 1% PFA, washed in 1X PBS, and dried onto SuperFrost Plus
slides (O. Kindler GmbH & Co.). Slides were equilibrated in hybridization
buffer, and DIG-labeled nucleotides were incorporated with terminal trans-
ferase. DIG-labeled DNA was visualized by using a fluorescent anti-DIG anti-
body according to the manufacturer’s instructions (ApoTag; OnCor Appligene).
Images were obtained with a Leica TCS4D fluorescence confocal microscope.

BrdU labeling. Blastocyst outgrowths grown on coverslips for 2 days were
cultured in the presence of 10 uM bromodeoxyuridine (BrdU) for 16 h. For
immunodetection cells were washed with PBS and fixed in 70% ethanol at 4°C
for 2 h, followed by treatment with 0.1 M HCI-0.5% Triton X-100 for 30 min.
Immunolabeling was performed by incubating the cells with 2 pg of anti-BrdU
antibody (BMC 9318; Roche)/ml in PBS containing 5% fetal calf serum for 1 h
at room temperature, followed by washing and incubation with goat anti-mouse
immunoglobulin G-Cy3 secondary antibody (Jackson ImmunoResearch Labora-
tories, Inc.).

In situ RNA run-on assay. Blastocyst outgrowths grown on coverslips for 2
days were subjected to in situ run-on assays essentially as described previously
(43). Briefly, outgrowths were washed once with PBS and once with PB buffer
(100 mM KCI, 50 mM Tris-Cl [pH 7.4], 50 mM MgCl,, 0.5 mM EGTA, 25%
glycerol, 5 U of RNasin/ml, and 1 mM phenylmethylsulfonyl fluoride). Cells were
subsequently permeabilized with PB buffer supplemented with 0.5 mM ATP, 0.5
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mM CTP, 0.5 mM GTP, 0.2 mM Br-UTP, and 0.05% Triton X-100. Transcrip-
tion reactions were carried out in the same buffer as described above without
Triton X-100 for 20 min at room temperature. Cells were then washed once in
PB buffer and once in PBS containing 0.5% Triton X-100 and 5 U of RNasin/ml
and then fixed in 4% PFA at 4°C for 2 h. Immunolabeling was performed by
incubation for 1 h with rat anti-BrdU antibody (MAS250; Harlan Sera-Lab),
followed by washing and incubation for 1 h with biotinylated anti-rat antisera and
then with streptavidin-conjugated Texas red (Gibco-BRL).

RESULTS

Loss of TFIID integrity in cells lacking TAF10. We have
reported that disruptions of TAF10 in F9 EC cells do not lead
to noticeable changes in the levels of the several other TAFs or
TBP, suggesting that the integrity of TFIID and TFTC-like
complexes are not seriously affected by lack of TAF10 (26). To
further characterize the composition of TAF10 containing
complexes in mammalian cells, we used the previously de-
scribed TAF;30"":R F9 EC cell system, in which expres-
sion of TAF10 is under the control of a tetracycline repressor
(26). TFIID and TFTC complexes were immunoprecipitated
from whole-cell extracts by using monoclonal anti-TBP or
monoclonal anti-TAF4 (formerly TAF;135) antibodies. Ex-
tracts were isolated from cells expressing TAF10 (plus doxy-
cyclin) or from cells grown in TAF10-depleting conditions (3
days without doxycyclin), with or without RA treatment. Im-
munocomplexes were washed with 500 mM IP buffer; however,
similar results were obtained with 100 mM IP buffer (data not
shown). In the presence of TAF10, both antibodies immuno-
precipitated TAFs, such as TAF4, TAFS (formerly TAF,;100),
TAF12 (formerly TAF,;20), and TAF13 (formerly TAF18),
as well as TBP (Fig. 1, lanes 1 and 4). Surprisingly, with extracts
from undifferentiated F9 cells depleted of TAF10, immuno-
precipitation with anti-TBP antibodies failed to coimmunopre-
cipitate any of the examined TAFs (Fig. 1, lane 5).

Undifferentiated F9 cells depleted of TAF10 undergo apo-
ptosis but can be rescued by RA-dependent differentiation. To
analyze TFIID structure in these viable differentiated primitive
endodermal cells lacking TAF10, we performed identical im-
munoprecipitaions with extracts from RA-differentiated F9
cells containing (Fig. 1, lane 3) or depleted of TAF10 (lane 6).
Surprisingly, with these RA-differentiated F9 cell extracts de-
pleted of TAF10 immunoprecipitation with anti-TBP antibod-
ies failed to coimmunoprecipitate any of the TAFs examined
(Fig. 1, lane 6) (see also Discussion).

In contrast to the anti-TBP antibodies, anti-TAF4 antibodies
coimmunoprecipitated TAF4, TAFS5, TAF12, and TAF13 from
both undifferentiated F9 cells depleted of TAF10 and from RA
differentiated F9 cells lacking TAF10, but TBP was nearly
undetectable (Fig. 1, lanes 2 and 3). Therefore, under TAF10-
depleting conditions most of the TBP dissociates from the
other TAFs examined, which remain in a complex. Note that
with longer exposure times we were able to detect a small
amount of TBP associated with TAFs in these extracts, sug-
gesting that despite the large reduction of TFIID some resid-
ual TAF10 lacking TFIID may remain. This agrees with the
fact that biochemical characterization of TFIID in human
HeLa cells has revealed the existence of TFIID complexes that
lack TAF10 (21), although the levels are apparently much
lower in mouse F9 EC cells than in human HeLa cells. Taken
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FIG. 1. Altered TFIID composition in F9 EC cells lacking TAF10.
Whole-cell extracts prepared from TAF;;30™":R F9 EC cells (26)
grown in the presence (+TAF10, lanes 1 and 3) or absence (—TAF10,
lanes 2 and 4) of doxycyclin for 3 days. Immunoprecipitations with
either anti-TBP (a-TBP) or anti-TAF4 (a-TAF4) antibodies were sep-
arated by SDS-polyacrylamide gel electrophoresis, followed by immu-
noblotting with the indicated antibodies.

together, our results strongly suggest that depletion of TAF10
in F9 EC cells alters TFIID structural integrity.

Since TAF4 is shared between TFIID and TFTC, immuno-
precipitates with anti-TAF4 antibodies were also examined for
the presence of TFTC components TRRAP (6), GCNS5 (6),
and SAP130 (5). Interestingly, all three proteins were present
at comparable levels in the presence or absence of TAF10 (Fig.
1, lanes 1 and 2), suggesting that TFTC devoid of TAF10
remains, at least partially, intact.

Developmental expression patterns of TAF10. The fact that
TAF10 disruption leads to alteration of TFIID, but not TFTC,
provides a unique system to examine TFIID function in mam-
malian cells. Moreover, the selective effects of mutating TAF10
on gene expression and cell survival in mammalian cells raises
the possibility that there are other mammalian tissues or cell
types in which TAF10 is dispensable. Therefore, to better
understand the role of TAF10 in vivo, we examined its expres-
sion pattern at specific stages of murine development. TAF10
expression levels were analyzed at the protein level by immu-
nocytochemistry with an anti-TAF10 monoclonal antibody
(Fig. 2A) and at the mRNA level by in situ hybridization with
a TAF10 antisense probe (Fig. 2B, D, and F) or a sense probe
as a control (Fig. 2C and E). At 3.5 dpc, TAF10 protein was
uniformly expressed in all cells of the blastocyst, including the
ICM and the trophectoderm (Fig. 2A). Likewise at 5.5 dpc,
TAF10 mRNA appeared ubiquitously expressed, but high
TAF10 mRNA levels were detected in rapidly proliferating
embryonic ectoderm cells (Fig. 2, compare panels B to C). At
7.5 dpc, TAF10 mRNA appeared to be expressed at highest
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levels in the rapidly dividing embryonic and extraembryonic
mesoderm (Fig. 2, compare panels D to E). At 12.5 dpc, high
TAF10 mRNA levels were seen in the epithelia of the gut,
olfactory system, neural retina, and lens, as well as in the liver,
kidney, neural tube, pancreas, gonad, muscle, tongue, salivary
gland, and head region, notably the dorsal root ganglion lung
(Fig. 2F and data not shown), although it was not detected in
the heart or the urogenital ridge lung (Fig. 2F and data not
shown). Therefore, despite the fact that TAF10 is a component
of the general transcription factor TFIID, its mRNA expres-
sion level in mouse tissues varies widely throughout develop-
ment.

Generation of mice harboring a null TAF10 allele. To ex-
amine the requirement for TAF10 in mice, its allele was dis-
rupted by using a Cre recombinase/LoxP strategy. Briefly, we
introduced into mouse embryonic stem cells a LoxP site and a
LoxP-flanked (floxed) neomycin resistance cassette into the
introns located upstream and downstream of TAF10 exon 2,
respectively, by using the targeting vector pTAF30L:LNL,
which was previously used to ablate TAF10 in F9 cells (Fig. 3A)
(26). Southern blotting and genomic PCR analyses revealed
that the LoxP sites and the floxed cassette were inserted by
homologous recombination into one of the TAFI0 alleles in
seven neomycin-resistant clones (TAF10 L:LNL allele; data
not shown). Chimeric males derived from two mutant embry-
onic stem clones transmitted the TAF10 L:LNL allele through
their germ line (TAF10™"~"N" mice; data not shown). To elim-
inate the floxed neomycin and exon II sequences,
TAF10"“™L mice were bred with CMV-Cre mice, which
express the Cre recombinase in the germ cells (9), to generate
TAF10™""and TAF10*'~ mice (Fig. 3B). TAF10*'~ offspring
were subsequently bred with C57BL/6 mice, to produce
TAF10"'~ mice that did not carry the CMV-Cre transgene.
TAF10*'~ mice developed normally and were indistinguish-
able from wild-type littermates (data not shown).

Disruption of TAF10 leads to early embryonic lethality. To
analyze the effect of homozygous TAFI0 mutation in mice, we
genotyped 3-week-old offspring from TAFI0™'~ intercrosses.
Heterozygote and wild-type animals were found at 2 to 1 ra-
tios, but no offspring homozygous for the mutant TAFI0
(TAF10~'") allele were detected (Table 1), indicating that at
least one TAF10 allele is required for mouse development.

To determine the stage at which TAF10~'~ mice arrested
development, TAF10™'~ intercrosses were staged, and em-
bryos were recovered at 14.5, 8.5, and 6.5 dpc. No TAF10~'~
embryos were detected among the 88 analyzed, indicating that
the developmental arrest occurred before this time (Table 1).
On the other hand, approximately one-quarter of blastocysts
recovered at 3.5 dpc (genotyped by PCR) were found to con-
tain TAF10~'~ alleles, indicating that TAFI0~/~ embryos died
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between days 3.5 and 6.5 dpc. Taken together, these data show
that TAF10 is required for early mouse embryonic develop-
ment and that TAFI0~'~ embryos suffer a peri-implantation
defect.

To investigate whether TAF10 mutant blastocysts were able
to hatch and implant, decidua from 4.5 and 5.5 dpc mice were
recovered and examined at the histological level. Decidua were
put into three phenotypic classes: normal, abnormal, and
empty (Fig. 4 and data not shown). Of 58 decidua examined,
63% were normal, 25% were abnormal, and 12% were empty.
The percentages were similar for both 4.5- and 5.5-dpc decid-
uae. Note that roughly the same number of empty decidua
were observed in intercrosses of TAF10*'" mice with the same
genetic background, indicating that this is the background level
of empty decidua in these strains and is not related to TAFI0
disruption. Examination of abnormal embryos at 4.5 dpc re-
vealed that they had hatched, begun implantation, and had
intact trophectoderm but nevertheless were often developmen-
tally retarded and had a reduced ICM size compared to normal
embryos of the same age (Fig. 4B). At 5.5 dpc, developmental
defects became more evident. Mutant embryos were often
completely disorganized with greatly reduced or absent epi-
blast, but often some trophectoderm cells remained (Fig. 4D).
Although fixation and staining of embryos prevented genotyp-
ing, based on the Mendelian ratios it is likely that embryos that
appeared normal corresponded to wild-type and heterozygous
animals (Fig. 4A and C), while the remaining abnormal de-
cidua corresponded to TAFI0~'~ embryos. Thus, abnormal
decidua most likely represent TAF10~'~ embryos that success-
fully implanted but failed to develop beyond day 5.5 dpc.
Taken together, this indicates that TAF10 is a recessive lethal
allele whose disruption leads to early embryonic lethality in
mice at between 4.5 and 5.5 dpc.

TAF10 is not required for the survival of trophoblasts. To
further characterize the development of TAFI0~'~ embryos
during the implantation process, preimplantation blastocysts
were cultured in vitro, and cellular proliferation and differen-
tiation were examined. At the end of the culture period the
cells were genotyped. Upon isolation, no discernible differ-
ences were evident among individual blastocysts as observed by
light microscopy (Fig. 5A, F, and K). All contained recogniz-
able zona pellucida, blastocoelic cavity, ICM, and trophecto-
dermal layer. In culture, trophoblastic cells from TAF10**
and TAF10™'~ blastocysts attached and spread onto the cul-
ture dish surface and supported robust ICM outgrowths after
2 days (Fig. 5C to E and H to J). Trophoblastic cells from
TAF10~'~ blastocysts also attached and spread onto the cul-
ture dish surface but, in contrast to TAF10*'" and TAFI10"'~
ICM cells, TAF10~/~ ICM cells failed to proliferate and died
within 2 days of culture (Fig. 5M to O and data not shown).

FIG. 2. Expression patterns of TAF10 in wild-type mice embryos. (A) Wild-type blastocysts (3.5 dpc) were fixed and immunostained with a
monoclonal TAF10 antibody (left panel). DNA was visualized with DAPI staining (middle panel). A merge of the two images is shown in the right
panel. (B to F) Paraffin sections of wild-type embryos isolated at 5.5 dpc (B to C), 7.5 dpc (D and E), or 12.5 dpc (F) were hybridized with a TAF10
specific antisense cRNA probe (B, D, and F) or sense probe (C and E). Tissues positive for TAF10 expression are indicated by arrows AC, amniotic
cavity; Am, amnios; D, decidual cells; DRG, dorsal root ganglia; EC, ectoplacental cone; EmE, embryonic ectoderm; EXE, extraembryonic
ectoderm, ExM, extraembryonic mesoderm; GE, gut epithelium, HE, heart; HF, head fold; LE, lens epithelium; LI, liver; lv, lateral ventricule; M,
mesoderm; OM, ocular muscle; PA, pancreas; TO, tongue; VE, visceral endoderm; VNT, ventral neural tube; v III, third ventricule. Scale bars:

B and C, 30 pm; D and E, 110 pm; F, 350 pm.
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FIG. 3. Disruption of the TAFI0 gene in mouse. (A) Schematic
representation of the mouse TAFI0 genomic locus, the targeting con-
struct, and the targeted TAFI0 locus and resulting mutated TAF10
locus after Cre-mediated excision of DNA sequences flanked by loxP
sites. Exons are represented by filled boxes, and loxP sites are repre-
sented by flags. Restriction endonuclease sites: B, BamHI; S, Sacl; X,
Xhol. The probe used for Southern blot analysis is represented as a
hatched box. (B) Genotyping of TAFI0 alleles by Southern analysis.
Genomic DNA isolated from wild-type (+/+), heterozygote (+/—),
and heterozygous targeted (+/L3) TAF10 mice were digested with
Sacl and Southern blotted. The 14.8-kb band corresponds to the wild-
type allele, the 6-kb band corresponds to the targeted allele, and the
4.5-kb band corresponds to the null allele.

After 4 days, trophoblastic cells, regardless of the genotype,
had a similar morphology (Fig. 5 E, J, and O) and survived in
culture for at least 12 days. Therefore, the expansion and
survival of the ICM is strictly dependent on TAF10 in vitro.
This appears to correlate well with the reduced ICM observed
in abnormal 4.5- and 5.5-dpc embryos and suggests that the
failure of TAF10~'~ embryos in utero is caused by the death of
ICM cells. Moreover, these studies identify terminally differ-
entiated murine trophoblast cells as a mammalian cell type
that do not require TAF10 for survival.

TAF10 loss leads to increased apoptosis. It was previously
reported that lack of TAF10 in mouse F9 cells in vitro leads to
increased apoptosis (26), suggesting that the growth deficit
observed in mutant TAF10~/~ ICMs could be a result of in-
crease rate of apoptosis. We therefore compared the number
of apoptotic cells present in blastocysts isolated from inter-
crosses of wild-type mice with those of intercrosses between
TAF10 heterozygous mice by using a TUNEL assay to detect
chromosomal DNA fragmentation associated with apoptosis.
In blastocysts derived from wild-type intercrosses, very few (ca.
4%) contained high numbers of apoptotic cells defined as three
to nine TUNEL-positive cells (Fig. 6). In contrast, 40% of the
blastocysts derived from +/— intercrosses had high numbers of
TUNEL-positive cells. This 10-fold increase most likely repre-
sents enhanced apoptosis in TAF10~'~ blastocysts, which ac-
count for ca. 25% of blastocysts at this stage. TUNEL-positive
cells were observed primarily in the ICM of blastocysts, which
corresponds with the fact that TAF10~'~ ICM cells, but not

kb
14.8

6.0

4.5

trophoblast cells, fail to survive in culture. Furthermore, the
results suggest that developmental defects occurred as early as
3.5 dpcin TAF10~'~ embryos. Therefore, the loss of ICM cells
in vitro and in vivo in TAFI0™'~ embryos is likely due to
intrinsically high rates of apoptosis in these cells.

Gene expression in TAF10~'~ trophoblasts. Given that dis-
ruption of TAF10~'~ in F9 EC cells lead to alterations in
TFIID integrity, we examined the effects of TAF10 elimination
on protein expression in mouse trophoblast cultures by using
immunocytochemistry. As expected, TAF10 protein was de-
tected in wild type, but not mutant, trophoblasts (Fig. 7), con-
firming the knockout strategy. Similar to our previous findings

TABLE 1. Genotypes of offspring from TAFI0*'~ intercrosses

No. of progeny with

Age® genotype”: No. resorbed Total no.
+/+ +/- =/=
3 wk* 87 184 0 271
E14.5% 9 18 0 27
E8.5*% 10 19 0 3 32
E6.5F 8 16 0 5 29
E3.5F 8 15 6 29

“ E14.5, embryonic day 14.5, etc.
 Genotypes were determined by Southern blotting (*) or PCR (¥).
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FIG. 4. Histological analysis of TAF10~'~ embryos. Hematoxylin-
and-eosin-stained sections of 4.5-dpc (A and B) and 5.5-dpc (C and D)
decidua isolated from heterozygous intercrosses. Arrows: BC, blasto-
coelic cavity; EC, ectoplacental cone; EmE, embryonic ectoderm; EXE,
extraembryonic ectoderm; PE, parietal endoderm; PEn, primitive
endoderm; PEc, primitive ectoderm; TR, trophectoderm; ICM, inner
cell mass.

(26), the levels of expression of TAFs, such as TAF4 and
TAFS, appeared to be unaffected in TAF10~/~ trophoblasts,
even after several days in culture (Fig. 7 and data not shown).
Interestingly, the expression levels of Taube nuss (TBN), a
mouse homologue of scTAFS and potential interaction partner
of TAF10 (13, 41; unpublished data), also appeared to be
unaffected (Fig. 7) in the absence of TAF10. Moreover, the

Day 0
(3.6 dpo)
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expression levels of TBP and the transcription factor YY1 were
not affected in TAF10~'~ trophoblasts (Fig. 7).

RNA Pol II transcription is perturbed by the lack of TAF10.
To examine the transcriptional competence of TAF10~'~ tro-
phoblasts, we examined the phosphorylation state of the CTD
of the largest subunit of Pol II. Phosphorylation of serine 2 of
the CTD has previously been linked with initiation of the
zygotic transcription program and elongation of Pol II (28, 31).
Despite the apparent lack of effect on gene expression in
TAF10~'~ trophoblasts, a substantial reduction in the phos-
phorylation of the CTD was observed when H5 mouse mono-
clonal antibody that recognizes phospho-serine 2 of the Pol II
CTD was used (32) (Fig. 7). We next sought to determine
whether the reduction of serine 2 phosphorylation of the Pol II
CTD was due to a reduction in the levels of Pol II protein by
using a monoclonal antibody that recognizes all RNA Pol II
CTD repeats. No reduction in the levels of Pol II CTD were
detected in cells lacking TAF10 (Fig. 7), suggesting that the
reduction in serine 2 phosphorylation on the CTD of Pol IT was
indeed the result of reduced phosphorylation. Therefore, de-
spite the fact that the levels of several proteins remain stable,
it appears that transcription is perturbed by the loss of TAF10.

Reduction in DNA replication and transcription in
TAF10~'~ trophoblasts. To examine whether TAF10~'~ tro-
phoblasts are capable of endocycling, we measured BrdU in-
corporation into replicating DNA in wild-type and TAF10~/~
trophoblasts. After 16 h of culture in the presence of BrdU
wild-type trophoblasts showed a strong incorporation of label,
whereas TAF10~'~ trophoblasts showed virtually no BrdU in-
corporation (Fig. 8A), indicating that TAF10 is required for
proper progression through the endocycle in mouse tropho-
blasts. To examine more directly the transcriptional compe-

Day 3 Day 4

FIG. 5. Defective growth of TAF10~/~ blastocysts in vitro. Blastocysts (3.5 dpc) were recovered from heterozygous intercrosses and cultured
individually for a period of 4 days and genotyped by PCR (n = 28). Representative +/+ (A to E), +/— (F to J), and —/— (K to O) blastocysts

are shown. ICM, inner cell mass cells; TR, trophoblastic cells.
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FIG. 6. Increased ICM cell apoptosis in TAFI10 mutant embryos.
Blastocysts (3.5 dpc) from wild-type (+/+) (A and B) or heterozygote
(+/=) (C and D) intercrosses were subjected to TUNEL analysis. (A
and C) nuclear stain DAPI; (B and D) TUNEL. On the right is a bar
graph showing the percentages of blastocysts with more than three
TUNEL-positive cells.

tence of TAF10~/~ trophoblasts, in situ transcription run-on
assays were performed on trophoblasts outgrowths. In wild-
type trophoblasts, incorporation of Br-UTP into the nascent
RNA of permeabilized cells was detected as bright labeling of
the entire nucleus, especially the nucleoli (Fig. 8B). In contrast,
very little labeling of TAF10~'~ trophoblast nuclei was ob-
served, indicating that overall gene transcription is greatly re-
duced in TAF10 lacking trophoblasts.

DISCUSSION

TAF10 is required for early mouse development. The precise
role that mammalian TAFs play in Pol II-mediated transcrip-
tion in vivo is not well understood. Interestingly, we have
observed that TAF10 mRNA is ubiquitously expressed during
early mouse development, suggesting that it may be widely
necessary for cells at these developmental stages. Later in
development, TAF10 mRNA expression becomes more vari-
able, with high levels in some rapidly dividing tissues and
undetectable levels in tissues such as the heart and urogenital
ridge, suggesting that certain cell types either do not need
TAF10 or need only trace amounts of TAF10. Whether the
observed levels of TAF10 mRNA expression correlate with its
protein expression in these tissues is unknown; however, TAF
protein levels, including TAF10, have been reported to vary in
adult mouse tissues, and TAF10 protein was not detected in
heart extracts (33). Taken together, these results suggest that
even conserved general TAFs may have selective and variable
roles in different cells.

To explore the requirement for TAF10 in mammalian tis-
sues and cell types, we generated a functionally null mutation
of the TAFI0 gene in mice by homologous recombination and
Cre-mediated excision. TAFI0~'~ embryos developed nor-
mally up to the blastocyst stage and implanted but died before
the onset of gastrulation. At 3.5 dpc, TAFI0~'~ blastocysts
appeared to be morphologically similar to wild-type blasto-
cysts, although we detected increased numbers of apoptotic
cells in the ICMs of mutant TAF10 '~ blastocysts. As early as
4.5 dpc, abnormal TAFI10 embryos were smaller in size and
compromised in epiblast development and, by 5.5 dpc, were
severely disorganized with few discernible structures remain-
ing. Therefore, TAF10~'~ embryos developed to the blastocyst
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stage, successfully hatched and implanted, but increased apo-
ptosis in the ICM led to embryo failure soon after implanta-
tion, a time when the embryonic epiblast is required to un-
dergo a burst in proliferation in order to further development.

The fact that mutant embryos undergo the processes of
cleavage, compaction, ICM and trophectoderm differentiation,
blastocoel formation, and implantation can be interpreted in
two ways. The first possibility is that, prior to 3.5 dpc, TAF10
is nonessential and its function can be fulfilled by another
factor, such as another TAF, during early embryonic develop-
ment. The second possibility is that maternal stocks of TAF10
persist during implantation and are sufficient for initial embry-
onic growth and maturation. Examination of blastocysts recov-
ered from heterozygote crosses for the presence of TAF10 by
using immunofluorescence clearly revealed blastocysts with re-
duced TAF10 protein levels; however, we did not detect any
blastocysts that were completely devoid of TAF10 at this stage-
(data not shown). Thus, at 3.5 dpc TAFI10 is present in
TAF10*'*, TAF10™'~, and TAF10~'~ blastocysts, and the sur-
vival of homozygous —/— embryos up to 3.5 dpc is probably
due to remaining maternally contributed TAF10.

TAF10 is selectively required for cell survival. Both F9 EC
cells and mouse blastocysts exhibit selective cell survival when
TAF10 is disrupted. Specifically, TAF10 appears to be required
for mitotic undifferentiated F9 EC and ICM cells but is dis-
pensable for terminally differentiated F9 EC and trophoblast
cells. Nevertheless, like yeast and murine F9 EC cells, tropho-
blasts required TAF10 for cell cycle progression since
TAF10~'~ trophoblasts stopped endocycling. Similar tropho-
blastic phenotypes have been described for mouse disruptions
of MAT1 (35) and TBN (41), suggesting that they affect similar
molecular pathways (see also below). On the other hand, dis-
ruption of the last three exons of the mouse TRRAP gene leads
to a similar and yet distinct trophoblastic phenotype entailing
chromosomal missegregations and cell cycle arrest (16). Like
TAF10, TRRAP is an integral component of the TFTC-like
complexes (6, 25, 30); however, it is also an integral component
of at least two other complexes: the TIP60 HAT complex (19)
and the p400 complex (12). Therefore, it is possible that the
phenotype associated with TRRAP disruption is the result of
disruptions in TRRAP-containing complexes other than
TFTC-like complexes.

Disruption of TAF10 induces a distinct phenotype from
those of HATs. Disruptions of HATs in several organisms have
suggested that, unlike ZAFI10, they are not generally necessary
for survival. For example, the SAGA components GCNS,
SPT20, SPT8, SPT7, SPT3, ADA2, and ADAS3 are encoded by
nonessential genes in yeast. Furthermore, PCAF knockout
mice have no phenotype, whereas GCNS knockout and GCN5/
PCAF double-knockout mice die later in life (6.5 to 11.5 dpc)
than TAFI0~'~ mice, demonstrating that these factors are not
required for execution of many early mouse developmental
programs (47, 48). The fact that double disruptions of PCAF
and GCNS5 have less-severe effects in mice than TAF10 sug-
gests that the phenotype of TAF10~'~ embryos is principally
caused by disruption of TFIID function and that TFTC-like
complexes become important only at later stages of develop-
ment.

TAFI10 is phenotypically linked to TBN. Previous studies
have indicated that TBN is a HFD-containing protein and
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FIG. 7. Reduced Pol II CTD phosphorylation as a result of TAF10 depletion. Immunocytochemical analysis of the expression of various
proteins in TAF10~'~ trophoblasts. After 3 days in culture, wild-type or TAF10~'~ outgrowths were analyzed by immunofluorescence with the
indicated antibodies and then counterstained with DAPI. Magnification, X200.
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wt
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FIG. 8. Reduced DNA replication and transcription in TAF10~/~
trophoblasts. (A) DNA synthesis in trophoblast cells. After 16 h of
culture in the presence of BrdU, the BrdU incorporation in TAF10~/~
(—=/—) and wild-type (wt) trophoblasts was visualized by anti-BrdU
immunofluorescence and counterstained with DAPI. Magnification,
X630. (B) In situ run-on transcription in trophoblast cells. Blastocyst
outgrowths grown on coverslips for 2 days were subjected to in situ
run-on assays essentially as described elsewhere (43). Br-UTP incor-
poration in nascent RNAs in Triton X-100 permeabilized TAF10~/~ or
wild-type (wt) trophoblasts visualized with an anti-BrdU antibody
counterstained with DAPI. Magnification, X630.

shares primary sequence homology with Drosophila transcrip-
tion factor PRODOS and scTAFS8 (13, 17). It has therefore
been suggested to associate with HFD-containing TAF10 pro-
tein and to be the hitherto-unknown mammalian dimerization
partner of TAF10 and the mammalian homologue of scTAFS8
(13, 14). Interestingly, TBN and TAF10~/~ mice have the same
phenotype (41; the present study) in that the lack of either
leads to dramatic, but selective, ICM cell death. Together,
these findings lend credence to the idea that TBN is the murine
homologue of scTAFS8 in mouse TFIID and suggest that dis-
ruption of any TFIID component could have serious effects on
mammalian development.

Alteration of TFIID structure in the absence of TAF10. F9
EC cells are widely used as a system to model early mouse cell
differentiation. Like TAF10~'~ trophoblasts, differentiated F9
EC cells are viable in the absence of TAF10 and so these cells
provide an excellent model system to study the molecular con-
sequences of TAF10 depletion. Interestingly, immunoprecipi-
tation experiments demonstrated that in the absence of TAF10
the TAFs TAF4, TAFS5, TAF12, and TAF13, despite their
normal expression, are not tightly associated with TBP and do
not form a stable TFIID complex (Fig. 1) in undifferentiated
and RA differentiated F9 cells. Whether TFIID TAFs in cells
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lacking TAF10 form an incomplete TFIID-type complex de-
void of TBP and TAF10, or whether they are redistributed into
other TAF-containing complexes is unknown. Nevertheless,
the fact that the TFTC subunits TRRAP, GCNS5, and SAP130
are stably associated with TAF4 suggests that TFTC may re-
main intact. Therefore, the phenotype observed by the elimi-
nation of TAF10 is likely a result of altered TFIID structure
and function.

Moreover, immunoprecipitations performed on extracts iso-
lated from RA-differentiated F9 cells suggest that cells lacking
TAF10 and thus lacking intact TFIID are able to differentiate
into primitive endodermal cells. Since this process requires the
transcriptional induction of several genes, for example, the
RARB gene, it seems likely that RA-stimulated transcription
can occur without TAF10 and consequently intact TFIID. We
have examined the consequences of TAF10 depletion on RA-
induced cells by using gene arrays and found that the expres-
sion of many genes is unaffected at the mRNA level, whereas
a certain percentage of genes is affected either positively or
negatively (A. Soldatov, W. S. Mohan II, and L. Tora, unpub-
lished data). These results suggest that, in the case of the
unaffected genes, transcription can occur in the absence of
intact TFIID but in the presence of either TBP alone, sepa-
rated TAF core (see Fig. 1), or other factors that can mediate
transcription initiation (i.e., TFTC).

Altered Pol II CTD phosphorylation and transcription in
TAF10~'~ trophoblasts. The Pol II CTD is composed of 52
repeats in mammals of the consensus heptapeptide sequence
YSPTSPS and is the target of various kinases that influence Pol
II transcriptional activity (29). A variety of studies have shown
that Ser-2 and Ser-5 phosphorylation play major roles in mod-
ulating overall Pol II activity. In keeping with the severe effects
of eliminating TAF10, we observed radical changes in CTD
phosphorylation at Ser-2 of the largest subunit of Pol II. Re-
duction in Ser-2 phosphorylation in TAFI0~'~ trophoblasts
does not appear to reflect the fact that trophoblast cells in
particular are defective for Ser-2 phosphorylation because
Ser-2 phosphorylation was observed in trophoblasts derived
from wild-type blastocysts (Fig. 7). The fact that Ser-2 phos-
phorylation is reduced in the absence of TAF10 suggests that
directly or indirectly TAF10 is involved in phosphorylation of
the CTD. In agreement with our results, a similar reduction in
Pol I CTD phosphorylation at Ser-2 was observed in C. el-
egans when it was depleted of TAF10 (42). We observed, along
with the reduced phosphorylation of the Pol II CTD, a large
reduction in transcription in TAFI0~/~ trophoblasts as mea-
sured by an in situ run-on assay. Since Fig. 8 demonstrates that
transcription is essentially not detectable in TAFI0~'~ tropho-
blasts by in situ run-on assays, it would appear that protein
expression detected in Fig. 7 is probably not dependent on
transcription. Interestingly, the loss of TAF10 leads to a large
reduction in both Pol II and Pol I transcription, although the
latter is likely the result of secondary effects since TAF10 has
not been detected in the nucleolus. The dramatic effects on Pol
II transcription after TAF10 disruption appears to agree with
the fact that TFIID structure is altered in the absence of
TAF10. Even so, we cannot rule out the possibility that some
transcription may occur in the absence of TAF10.

Thus, we have for the first time shown that a mammalian
TAF is absolutely necessary for establishing gene expression
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patterns during early mouse development. Furthermore, we
have found molecular evidence that the structure of endoge-
nous TFIID is altered in TAF10~/~ cells, apparently resulting
in abnormal RNA Pol II CTD phosphorylation, revealing a
potential molecular mechanism to explain the development
defects observed.
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