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We have employed gene targeting coupled with conditional expression to construct a chicken DT40 cell line
in which a tetracycline (Tet)-repressible promoter is exclusively responsible for expression of ¢TAF,31, a
histone-like TAF}; residing in both the transcription factor TFIID and the histone acetylase complex PCAF/
SAGA. Tet addition resulted in rapid loss of cTAF;;31 mRNA and protein, eventually leading to apoptotic cell
death. Significantly, five of six other TAF;s tested were also rapidly depleted, but levels of the TATA binding
protein and subunits of PCAF/SAGA were at most modestly compromised. Strikingly, pulse-labeling experi-
ments indicate that total poly(A)* mRNA transcription was not significantly reduced after cTAF,,31 depletion,
and steady-state levels of several specific transcripts remained the same or decreased only mildly. Moreover,
activation of c-fos transcription following serum starvation occurred efficiently in the absence of ¢TAF;31.
These data, which contrast with comparable studies in yeast, strongly suggest that cTAF,;31 and perhaps other
TAF;s are not essential for general mRNA transcription in DT40 cells. We propose that this is due to extensive
functional degeneracy in the highly complex metazoan transcriptional machinery.

In eukaryotes, RNA polymerase II (Pol II)-mediated
mRNA transcription requires several general transcription fac-
tors (GTFs). One important factor is TFIID, which recognizes
core promoter elements to initiate preinitiation complex for-
mation (45). TFIID is a multiprotein complex, consisting of the
TATA-binding protein (TBP), which is primarily responsible
for recognition of the TATA box, and approximately 10 to 12
phylogenetically conserved polypeptides called TBP-associated
factors (TAF;8) (6, 55, 59, 62).

Early biochemical data suggested an important function of
TAF,;s in transcriptional activation (6, 62). In reconstituted in
vitro systems, TFIID, but not TBP alone, can stimulate tran-
scription in response to activators in the presence of other
GTFs and Pol II. Furthermore, interactions between different
types of activators and distinct TAF;s correlated well with the
ability of the activators to enhance transcription. In light of
these data, TAF;s were considered to be essential coactiva-
tors, presumably functioning as the direct and specific targets
of various activators. More recently, however, TAF;-indepen-
dent activated transcription was found, under appropriate con-
ditions, to occur in both yeast and mammalian reconstituted
systems (12, 27, 43). Moreover, additional coactivators, includ-
ing PC2 and PC4, were found to be required for TFIID-de-
pendent transcriptional activation in cell-free systems (7), and
in a highly purified system, PC4 can suffice for activation in the
absence of TAF;s (68). While the coactivator function of
TAF;s has thus not been fully established in vitro, another line
of biochemical analysis provided strong evidence for core pro-
moter functions of TAFs. Drosophila TAF;150 was first
shown to be involved in recognition of the initiator element
present in some promoters (62). A novel core promoter ele-
ment, termed downstream promoter element (DPE), was iden-
tified in some TATA-less promoters, and this element might
be recognized by dTAF;;60 and dTAF;40 (5). These addi-
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tional TAF;-promoter interactions might compensate for the
absence of a TATA box to allow efficient initiation at a variety
of promoters.

The function of TAF;s has also been extensively studied in
vivo, mostly in yeast. While almost all TAF;s studied are
essential for cell viability, genetic depletion or inactivation of
several TAF|;s appeared not to cause a significant decrease
in general mRNA transcription (39, 63). Transcription of a
subset of genes was, however, affected. Notably, depletion of
yTAF,;145 effected a reduction in transcription of several cell
cycle genes, in agreement with the phenotypes of cell cycle
arrest at the G, phase observed in both yTAF;145 and homol-
ogous TAF ;250 mutant cells (52, 57, 64, 66). In both yeast
and mammals, the dependence on yTAF;145/TAF;250 was
mapped, at least in part, to the core promoter region, suggest-
ing a functional conservation of this TAF,,. In Drosophila, a
sensitized genetic assay was utilized to provide evidence sug-
gesting roles for dTAF;110 and dTAF;60 in Dorsal-mediated
activation of snail gene transcription, perhaps through direct
interactions between TAF;;s and the Dorsal activator protein
(70). Most recently, murine cells deprived of TAF,;30 were
shown to arrest at the G,/G,, phase, which correlated well with
the impaired expression of cyclin E in these (37). The above in
vivo data support a role for TAF;s in transcription of specific
genes, but they do not necessarily suggest a general require-
ment of TAF;s for Pol II transcription.

The possibility of a general role of TAF;s in Pol II transcrip-
tion in yeast was further explored in a recent set of studies focus-
ing on a group of TAF|;s known as the histone-like TAF ;s (1, 38,
40, 42). Several lines of evidence strongly suggest the existence
of canonical histone-fold motifs in three TAFs, yTAF;17/
dTAF40/42/hTAF;32/31, yTAF;,60/dTAF,62/hTAF;80, and
yTAF61/68/dTAF30a/hTAF,;20, which have highest se-
quence similarity with histones H3, H4, and H2B, respectively
(6). Inactivation of each of the histone-like TAF ;s was shown
to cause an apparent decrease in general Pol II transcription
as measured by reduced accumulation of total and specific
mRNAs. Through similar assays, yTAF;40, a TFIID-specific
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TAF,,, was also demonstrated to be essential for bulk Pol II
transcription (28). Additionally, a genome-wide expression
study showed that while a yTAF;;145 mutation reduced expres-
sion of only 16% of genes tested, 67% required yTAF ;17 for
optimal expression (22). It is noteworthy that two earlier stud-
ies had suggested a limited role of yTAF,;60, yTAF};68, and
yTAF;40 in Pol II transcription (39, 63). Thus, while the es-
sential role of yTAF;17 in transcription seems firmly estab-
lished, a consensus regarding these other three yTAF ;s awaits
additional studies.

The histone-like TAF;s are also components of a histone
acetyl transferase (HAT)-containing complex, known as SAGA in
yeast (14) and PCAF in humans (44). The discovery of TAF s
in complexes other than TFIID (2) has added another level of
complexity to the in vivo functions of TAF;s: phenotypes ob-
served after TAF,, depletion could be due to TAF}; function in
the context of TFIID, SAGA, or both. Supporting an impor-
tant role for SAGA in transcription, it has been found that
SAGA can interact with TBP and some acidic activators, and
mutational studies of SAGA revealed transcriptional defects
(54). By contrast, only a small fraction of genes appear to be
transcriptionally dependent on GCNS, the HAT activity of
SAGA (22), and the non-TAF,; components of SAGA, which
are not required for viability. The exact role of PCAF/SAGA in
transcriptional activation remains to be determined.

Studies on the possible physiological functions of TAF;s
have been carried out mostly in yeast, and it remains unclear
whether higher eukaryotic TAF;s possess similar transcrip-
tional and cellular functions as their yeast counterparts. To
address this question, and to resolve the controversies regard-
ing the general requirement for TAF;s in activated transcrip-
tion, we have employed gene targeting coupled with condi-
tional expression (58, 65) to construct a chicken DT40 cell
line in which the only source of ¢cTAF;31, the homologue of
yTAF;17 and dTAF,;40, was from a tetracycline (Tet)-repress-
ible promoter. Following the addition of Tet to the culture
medium, cTAF;;31 mRNA and protein were efficiently de-
pleted, cell growth slowed, and the cells eventually died by an
apoptotic pathway. Genetic depletion of cTAF;31 also signif-
icantly reduced the intracellular levels of several other TAF;s,
but there were only minimal or undetectable decreases of TBP
and of several subunits of the PCAF complex. Surprisingly,
*H pulse-labeling experiments indicate that transcription of
total poly(A)" mRNA was not significantly compromised by
cTAF,;31 depletion and the abundance of several specific tran-
scripts was either not affected or only minimally reduced.
Taken together, these data suggest that cTAF;31 and perhaps
other TAF;s are not universally required for transcription in
DT40 cells. We discuss these results in terms of the existence
of extensive functional degeneracy in vertebrate cells.

MATERIALS AND METHODS

Cloning of chicken TAF31 ¢cDNA and genomic sequences. Based on the
dTAF;40 and hTAF};31 sequence alignment (20), a 36-mer oligonucleotide with
64-fold degeneracy (5'-AACCAGMTGCTGGAGTTCRCCTTCCGITATGTI
ACC-3"; M, A or C; R, A or G; I, inosine) was designed to correspond to a
peptide sequence (NQLLEFTFRYVT) from dTAF;40. This oligonucleotide
was used to screen a chicken fibroblast cDNA library (Stratagene). Out of
400,000 plaques screened, seven positives were identified and purified. Sequence
analysis of these clones revealed that they were all nearly full length, with a
poly(A) tail and a small truncation at the start of the coding region. One cDNA
clone with a truncation of only the first 3 bp (ATG) was sequenced on both
strands and also used to screen a chicken genomic DNA library (Stratagene).
Fourteen positives were purified. Southern blotting and partial sequencing of a
4.5-kb genomic DNA fragment showed that the chicken TAF; 31 gene carries
seven exons comprising its coding region and 3" untranslated region (UTR).

Cell culture and transfections. Chicken DT40 cells were maintained in RPMI
1640 medium (Gibco) supplemented with 10% fetal bovine serum (HyClone)
and 1% chicken serum (Sigma) at 37°C and 5% CO,. Transfections were carried
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out based on the protocol previously described (65). Thirty to forty micrograms
of each linearized plasmid was used in transfections.

Plasmid constructs. To construct targeting vectors, the chicken B-actin pro-
moter-driven neomycin and hygromycin resistance genes (65) were used to
replace a BstXI fragment spanning exon 3 to intron 5 of the chicken TAF31
genomic sequence. The resulting vectors were named neo-TAF and hygro-TAF,
respectively. Both constructs were linearized by BamHI before transfection. The
vector tTA, which encodes the transactivator Tet-VP16, has been described
previously (65). A Notl site was used for linearization.

A flu-cTAF;;31 cDNA that carries a Flu tag at its 5’ end and a truncated 3’
UTR was inserted after the TetO-minimal promoter (13). A B-globin splicing-
poly(A) sequence was inserted downstream of flu-cTAF;;31 to enhance expres-
sion efficiency. Finally, a histidinol resistance gene (65) was included to make the
expression vector pKH(+)TFG. The expression vector pPRSET-TAF31 encoding
His-tagged ¢cTAF};31 was made by subcloning an EcoRI-Pvull fragment that
contains the full-length cTAF ;31 coding region except for the start codon into
the Nhel-Pvull-digested pRSET.C vector (Invitrogen) by blunt-end ligation. A
BamHI-PfIMI cTAF31 ¢cDNA fragment covering the Flu tag sequence and
exons 1 and 2 was ligated with BamHI-Xhol-digested pKS(+) vector (Strat-
agene) to yield the template plasmid for the 5'-end probe used in RNase pro-
tection. The template plasmid for the deletion probe was constructed by inserting
a BstXI-Apal cTAF;31 cDNA fragment (corresponding to most of exon 3 and
part of exon 4) into the EcoRV site of pKS(+).

Southern blotting and RNase protection assays. Genomic DNA purification
and Southern blotting were carried out essentially as previously described (48).
Total RNA samples used in RNase protection experiments were prepared as
previously described (9). To generate [a->?P]CTP-labeled probes, 1 wg of lin-
earized template DNAs was transcribed in vitro by either T3 or T7 RNA poly-
merase. The labeled probes were purified from 5% polyacrylamide-8 M urea
gels. For each reaction, 1 to 10 pg of total RNA (depending on the abundance
of the transcript analyzed) and 2 X 10° to 10° cpm of probe were used, following
standard protocols (48) with only minor changes. All RNase protection assays
were quantitated using a STORM Phosphorimager (Molecular Dynamics).

Western blot analysis. His-tagged ¢cTAF;;31 was expressed in Escherichia coli
BL21 cells transformed with the expression vector pRSET-TAF31 following
induction by isopropyl-B-p-thiogalactopyranoside (IPTG) for 3 h at 37°C. His-
cTAF;;31 was purified using Ni** beads under denaturing conditions according
to the manufacturer’s instructions (Qiagen). The protein band was excised from
a preparative sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel (17) and directly used to raise a rabbit polyclonal antibody (Co-
calico). Affinity purification was performed essentially as previously described
(17). The anti-Flu monoclonal antibody (HA.11) was from Babco. The poly-
clonal anti-CPSF-100 antibody was supplied by K. G. K. Murthy. Other antibod-
ies were kindly provided by several labs (see Acknowledgments). These were all
raised against mammalian proteins, but most reacted strongly and specifically
with their chicken counterparts, and all yielded readily detectable signals.

Whole-cell lysates of DT40 cells were prepared as previously described (48).
Protein concentrations were quantitated by the Bradford method (Bio-Rad) with
bovine serum albumin as the standard. Each sample was measured in duplicate
to minimize quantification error. Equal amounts of samples, ranging from 30 to
100 pg, were used for each experiment. After transfer of proteins from SDS-
PAGE gels to nitrocellulose membranes, membranes were blocked in phos-
phate-buffered saline (PBS) plus 5% milk, incubated with primary antibodies in
PBS plus 1% milk, and washed in PBS plus 0.05 to 0.5% Tween 20. Following
incubation with secondary antibodies, target proteins were detected using an
ECL kit (Amersham). Membranes were routinely stained with Ponceau S to
confirm equal loading.

Quantitation of TAFy;31 protein levels following Tet addition utilized both the
purified anti-cTAF31 and anti-Flu antibodies. Specifically, Western blottings
using the anti-cTAF31 antibody revealed ~50% overexpression of cTAF};31 in
DT40-TAF31 cells compared with DT40 cells (see Fig. 3C), and that the TAF;31
levels in DT40-TAF31 cells at 36 h after Tet addition were =10% the amount in
DT40 cells. Extending these findings, Western blottings using the more sensitive
anti-Flu antibody demonstrated <5% of the zero time concentration at 48 h
following Tet addition. After adjusting for the different cell types (DT40-TAF31
versus DT40), the amount of TAF;31 remaining after 48 h was estimated to be
~5% the level in DT40 cells. In light of the further significant decrease observed
at 60 h (see Fig. 3D), the amount of TAF;31 was estimated to be =2% the
amount in wild-type cells after 60 h of Tet treatment.

Fluorescence-activated cell sorter (FACS) analysis and DNA fragmentation
assays. One to 2 million cells were harvested. After the medium was removed by
aspiration, 300 wl of ice-cold PBS was used to resuspend the cell pellet and the
mixture was set on ice for 15 min. Five milliliters of cold methanol was then
added dropwise with gentle vortexing, followed by incubation at —20°C for at
least 40 min. Cells were spun down, resuspended in 2 ml of cold PBS, and
incubated for at least 20 min at 4°C before centrifugation. The pellet was
resuspended in 900 pg of a PBS solution containing 60 pg of propidium iodide
(Sigma) per ml and 50 pl of RNase A per ml and incubated for 30 min at room
temperature. DNA contents were measured by a FACS Calibur (Becton Dick-
inson), and cell cycle profiles were analyzed by the ModFit program (Verity
Software). DNA fragmentation assays were performed as previously described

(21).
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Pulse labeling and poly(A)* RNA selection. Three to five independent pulse-
labeling experiments were conducted at each of the indicated times, and for each
experiment, two cell cultures were grown in parallel, treated or untreated with
Tet (1 pg/ml; Sigma). After incubation for the indicated time, cell densities of
both populations were adjusted to the same level, between 1 million and 1.3
million cells per ml. Appropriate splitting ratios were used so that both cell
cultures were roughly in the same growth phase when harvested. Thirty to 35 wCi
of [5,6-*H]uridine per ml was added to each culture, and the cells were incubated
for 10 to 15 min. Cells were then harvested and washed with PBS. Total cellular
RNA from both cultures were prepared (9) and checked by DE81 paper (48) to
verify no contamination of unincorporated isotope. Concentrations of RNA
samples were determined by UV adsorption. Equal amounts of total RNAs from
both control and test samples were then subjected to the following poly(A)*
RNA selection. Typically, 20 to 40 mg of oligo(dT) cellulose (Sigma; NEB) was
packed into a 1-ml syringe to make a 100- to 150-pl column. Isolation of
poly(A)* mRNA was conducted according to standard protocols (48), except
that samples were loaded onto the column for four or five times over 1.5 to 2 h.
Ratios of selected RNA to total RNA for both samples were calculated after
scintillation counting of equal aliquots of each fraction. The ratio of the control
sample (without Tet), usually between 15 and 25%, was designated 100%, while
the ratio from the test sample (with Tet) was normalized against this standard to
facilitate comparisons. Selection efficiencies of poly(A) " RNA were measured by
RNase protection assays using a TBP cRNA as probe and typically ranged from
65 to 80%. For unusual cases in which the selection efficiency between a test and
control sample differed by 10% or more, the ratios of selected RNA to total
RNA were normalized against one another. To measure the specificity of selec-
tion, human U6 snRNA and chicken 5S rRNA probes were used in RNase
protection assays to monitor the distribution of poly(A)~ RNAs. In most cases,
the amount of poly(A)~ RNA in the poly(A)* samples was 1% or less of the
total. In accord with this, an independent assay, ethidium bromide staining of
formaldehyde RNA gels, demonstrated that less than 1% of the 28S and 18S
rRNAs was present in the poly(A)* samples.

Induction of c-fos transcription by serum stimulation. After growing in the
presence of Tet (1 wg/ml) for 0, 60, or 84 h, DT40-TAF31 cells were washed once
with PBS and resuspended in serum-free RPMI media, with the addition of Tet
for the latter two time points. Following starvation for 10 h, cells were washed
and stimulated in media with 20% fetal bovine serum and 2% chicken serum.
The inclusion of Tet was as described above. Serum stimulation lasted 75 min
before harvest. At this point, cells had been incubated in Tet-containing media
for a total of 0, 72, or 96 h. Cell cultures incubated in the presence of Tet for the
same times but not subjected to serum starvation served as controls. Total
cellular RNAs were then purified from these samples and used in RNase pro-
tection analysis. Genomic PCR was performed according to QIAGEN protocols
to amplify a chicken c-fos fragment encompassing intron 3 and part of exons 3
and 4. This c-fos probe, which is 383 nucleotides long, produced a protected
fragment of 229 nucleotides.

RESULTS

Cloning and sequence analysis of ¢cTAF;31. To begin a
genetic analysis of ¢cTAF;31, we first isolated the ¢TAF,31
cDNA (see Materials and Methods). Sequence analysis of pu-
rified positive clones revealed that they were all nearly full
length at around 1.3 kb with a poly(A) tail at the 3" end. The
cDNA sequence of cTAF;31 has 51 and 42% nucleotide iden-
tity with those of hTAF;;31 and dTAF,40, respectively. The
putative open reading frame encodes a protein of 255 amino
acids which, because the apparent molecular mass of both in
vitro-translated and E. coli-expressed proteins was about 31
kDa, we named cTAF,;31. Protein sequence alignments (Fig.
1A) and homology comparisons (Fig. 1B) indicated an even
greater conservation at the amino acid level. In the N-terminal
half, the histone-fold motif and the flanking region are highly
conserved from yeast to human. However, while the C-termi-
nal half is completely lacking in yTAF;17 and not conserved at
all (10% identity) in dTAF;40, it is almost as highly conserved
as the N-terminal half between the human and chicken pro-
teins. This is similar to the pattern of conservation observed
with the N-terminal “species-specific” domain of TBP (18).

Construction of a ¢cTAF;31 conditional knockout DT40 cell
line. Chicken DT40 cells can undergo homologous recombina-
tion at a high frequency, making them ideal for gene-targeting
studies (58, 65). Genomic Southern analysis indicated that
c¢TAF ;31 is a single-copy gene in DT40 cells (data not shown).
A cDNA probe was used to isolate a 4.5-kb genomic clone.
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Partial sequencing revealed that this fragment contained at
least seven exons from the coding region and 3’ UTR (Fig.
2A). BstXI digestion was used to delete exons 3 to 5, corre-
sponding to most of the histone-fold motif and flanking con-
served region, and either of two drug selection markers, neo-
mycin or hygromycin resistance, was inserted into the digested
plasmid to produce the targeting vectors neo-TAF31 and hy-
gro-TAF31, respectively. DT40 cells were first transfected with
neo-TAF31. Southern blotting of DNA from drug-resistant
colonies (Fig. 2B) revealed that ~20% of the clones had an
8.4-kb band, as expected from homologous recombination.
Transfection of hygro-TAF31 into DT40 cells also gave rise to
an ~20% homologous recombination efficiency. However,
transfection of either type of heterozygous cell line with the
reciprocal targeting vector failed to produce any double-allele
knockout cells (data not shown), suggesting that cTAF,;31 is
essential for DT40 cell viability.

To disrupt the second allele and introduce instead a condi-
tional version of the ¢TAF,,31 gene, we adopted the Tet-re-
pressible expression system as described by Wang et al. (65).
As a preliminary experiment, we first constitutively expressed
Flu epitope-tagged cTAF|;31 driven by the B-actin promoter in
a hygromycin-resistant heterozygous cell line. Subsequent
transfection of these cells with neo-TAF31 indeed gave rise to
double-knockout cells (data not shown), establishing the ability
of flu-cTAF;31 expressed from a strong constitutive promoter
to substitute for the endogenous protein. To establish a Tet-
repressible allele, we cotransfected hygromycin-resistant het-
erozygous cells with a construct encoding the chimeric trans-
activator tetR-VP16 (tTA) and an expression vector encoding
Flu-tagged cTAF,;31, driven by a Tet-responsive promoter.
Drug-resistant colonies were screened by RNase protection,
using the 5’ probe depicted in Fig. 3A. Several clones express-
ing high levels of flu-cTAF,;31 transcripts were selected and
transfected with the neo-TAF31 construct. Almost 100 drug-
resistant clones were screened by Southern blotting, but only
one, called DT40-TAF31, was found to have targeted the sec-
ond allele (Fig. 2B). The reason for this low targeting efficiency
is unknown.

We next determined how effectively cTAF;;31 mRNA syn-
thesis could be repressed by Tet. The response of cTAF;;31
mRNA expression to Tet was measured by RNase protection,
first using the same probe as above (Fig. 3A). Heterozygous
cells expressed slightly less cTAF;;31 mRNA than did wild-
type cells, possibly reflecting the loss of one allele (Fig. 3A and
B, compare lanes WT and HET). DT40-TAF31 cells expressed
flu-cTAF;;31 mRNA at a much higher level in the absence of
Tet (time point 0). In the presence of Tet, however, the
amount of this mRNA was dramatically reduced, becoming
undetectable after 24 h. Note that the protected band from the
endogenous allele was still present in DT40-TAF31 cells, likely
reflecting expression of a 5’ fragment of TAF ;31 mRNA. This
was confirmed by using a probe from the center of the gene,
which revealed only Tet-repressible TAF;;31 mRNA (Fig. 3B).

We next examined cTAF,;;31 protein expression by Western
blotting, first using an affinity-purified anti-cTAF;;31 poly-
clonal antibody (Fig. 3C). Levels of cTAF,;31 were reduced
~2-fold in the heterozygous cells, consistent with the loss of
one cTAF ;31 allele and the absence of a positive autoregula-
tory mechanism to compensate. In contrast, flu-cTAF;31 ac-
cumulated to levels slightly higher than did cTAF;;31 in DT40
cells (~1.5-fold; Fig. 3C, bottom) in both DT40-TAF31 cells
and a ¢cTAF};31 knockout cell line with constitutive expression
of flu-cTAF,;31 (DT40-actin-TAF31). This contrasts with the
much greater overexpression of the mRNA and suggests a
posttranscriptional regulatory mechanism to limit ¢TAF;31
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FIG. 1. Protein sequence alignment and homology comparison of cTAF;;31. (A) Protein sequence alignment. The deduced amino acid sequence of cTAF;31 and
homologous sequences from a human (hTAF31), Drosophila (dTAF40), and Saccharomyces cerevisiae (yTAF17) were aligned using Clustal W software. At those

positions where at least three proteins have conserved residues, amino acids are outl

ined black (identical) or gray (similar). (B) Evolutionary conservation between

homologous sequences. A schematic representation of the homologues is shown, with percent identities compared to the human protein indicated. The positions of
the histone-fold motif (HFM), the flanking conserved region (CR), and the C-terminal nonconserved region (TAIL) are shown.

accumulation. We next followed the fate of flu-cTAF,31 after
addition of Tet, using both the affinity-purified antibody and a
sensitive anti-Flu monoclonal antibody (Fig. 3D and results not
shown). Only low levels of cTAF,;31 (=10% the amount in
DT40 cells) were detectable after a 36-h incubation in Tet, and
the protein was undetectable by 60 h, even after extended
exposures (=2% the amount in wild-type cells, determined by
comparisons with diluted extracts using both the purified anti-
c¢TAF;31 and anti-Flu antibodies; see Materials and Methods
for details). Incubation in a 10-fold-higher concentration of
Tet did not significantly affect cTAF,;31 depletion efficiency
(data not shown). The level of the 100-kDa subunit of polyad-
enylation factor CPSF (Fig. 3D) and Coomassie blue-stained
protein profiles (data not shown) were unchanged by Tet.
Taken together, these results demonstrate that exogenous flu-
c¢TAF,;31 can functionally replace the endogenous protein and

that this expression displayed a sensitive and rapid response to
Tet.

Depletion of ¢TAF,31 induces apoptosis, but not specific
cell cycle arrest. Almost all TAF;s tested so far are essential
for cell survival (30). To provide additional evidence for the
essential role of cTAF;31 in DT40 cells, we examined cell
growth in the presence of Tet (Fig. 4A and B). Cells grew
normally until 48 h after Tet addition but began to grow more
slowly thereafter. After 84 h, cell growth ceased and the num-
ber of viable cells began to decline. A 10-fold-lower concen-
tration of Tet was also sufficient to elicit cell death, although
somewhat more slowly (not shown). These results strongly
suggest that expression of at least one gene required for via-
bility is dependent on cTAF;;31. We next examined additional
morphological properties of the Tet-treated cells. First, mem-
brane blebbing was observed in the cell population treated with
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FIG. 2. Disruption of the cTAF,;31 gene in DT40 cells. (A) Genomic organization and targeting vectors. The structure of the ¢TAF ;31 gene is shown, along with
the two targeting vectors used to disrupt both wild-type alleles. The black boxes represent exons. In both targeting vectors, selection marker genes (neo or hygro, gray
boxes) replace exons 3 through 5. Positions of relevant restriction sites (Bx, BstXI; X, Xhol; H, HindIII; E, EcoRI) and the direction of transcription (arrows) are
indicated. The flanking region probe (HindIII-EcoRI fragment) and the sizes of the relevant fragments are also denoted. (B) Southern blot analysis. Genomic DNA
was purified from wild-type DT40 cells (WT), heterozygous cells transfected with hygro-TAF (hygro) or neo-TAF (neo) targeting vectors, or homozygous cells after
the second round of transfections (TAF31). After digestion with EcoRI, DNAs were subjected to Southern blot analysis using the probe depicted above. Positions of

wild-type (WT) or targeted fragments (neo and hygro) are indicated.

Tet (data not shown), suggesting that cell death may involve an
apoptotic pathway. To investigate this, as well as any possible
effects on cell cycle progression, we performed FACS analysis
to measure the DNA content of DT40-TAF31 cells incubated
with Tet for different periods of time (Fig. 4C). To eliminate
potential effects of cell growth phase on this analysis, cell
populations were split at different ratios so that cells grown in
the absence or presence of Tet were at similar densities when
harvested (see Fig. 4B). In the absence of Tet, cells had essen-
tially the same cell cycle profile throughout the time course,
shown here at 0, 48, and 96 h. Cells incubated with Tet dis-
played this pattern until ~60 h, after which increases in the
sub-G/G, fraction, indicative of DNA fragmentation, could be
detected. The sub-G,/G, fraction constituted nearly 85% of
the population by 120 h. Consistent with the FACS results,
direct visualization of DNA by agarose gel electrophoresis
revealed accumulation of nucleosome ladder-sized fragments
at 72- and 96-h time points (results not shown).

Previous studies have identified specific cell cycle arrest phe-
notypes after inactivation of yTAF,;145/TAF,;250, yTAF;150
(TSM), yTAF,90, and murine TAF ;30 (reference 37 and ref-
erences therein). In contrast, similar to the behavior of
yTAF;17 (1), depletion of cTAF;31 did not lead to a specific
cell cycle arrest (Fig. 4C), as the profile of cell cycle stages
remained similar as late as 72 h after Tet addition. However, at
later time points, a relative increase in the percentage of G,/M
cells was observed. By 120 and 144 h of Tet incubation, when
most cells were dead, the great majority of living cells pos-
sessed a characteristic G,/M-phase DNA content (Fig. 4C).

Since this accumulation of G,/M cells was only seen at later
stages when most cells were undergoing apoptosis, and also
because the absolute number of G,/M cells at these time points
remained roughly the same, it is unlikely that this reflected a
specific cell cycle arrest. An alternative explanation is that
G,/M cells were resistant to apoptosis. An inhibitor of apopto-
sis, survivin, was recently found to be expressed specifically in
the G,/M phase and may help to negate an M phase-specific
apoptotic pathway (31). Whether such an antiapoptotic path-
way is operative in DT40 cells is unclear, but in any event, our
data show that depletion of cTAF;31 results in apoptotic cell
death, but not cell cycle arrest.

Differential effects of cTAF,;31 depletion on accumulation of
TFIID and PCAF subunits. TAF ;31 is a component of at least
two multisubunit complexes, TFIID and PCAF/SAGA. We
therefore next determined the influence of cTAF;;31 depletion
on accumulation of other subunits of these complexes. It has
been suggested that TAF;31, together with two other histone-
like TAF;s, TAF;;80 and TAF};20, forms a nucleosomal oc-
tomer-like subcomplex that may be important for TFIID struc-
tural integrity (6). Upon depletion of one of the histone-like
TAF,;s, the subcomplex would disassociate, thereby destabiliz-
ing TFIID. The amount of the resulting free subunits, includ-
ing histone-like TAF,;s and other TAF;s, would be downregu-
lated, possibly by protein degradation. Evidence consistent
with this has been reported for yeast (1, 38, 40, 42). We there-
fore examined levels of a number of TAF;s by Western blot-
ting following addition of Tet to DT40-TAF31 cells (Fig. SA
and C). Strikingly, nearly all showed rapid and significant de-
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FIG. 3. Expression of cTAFy;31 in DT40-TAF31 cells. (A) RNase protection assay using a 5'-end probe. Ten micrograms of total RNAs from DT40 cells (WT),
heterozygous cells (HET), and DT40-TAF31 cells incubated in the presence of Tet (1 pg/ml) for the indicated times was analyzed by RNase protection. The Flu tag
sequence accounts for the size difference between endogenous and exogenous expression. tRNA was used as a negative control. (B) RNase protection assay using a
deletion probe. The probe corresponds to part of the region deleted during gene targeting events (diagrammed below). Assay conditions are as above. The position
of a background band, which is also present in the tRNA control lane, is indicated by an asterisk. (C) Western blot analysis using an affinity-purified polyclonal
anti-cTAF;;31 antibody. (Top) Thirty micrograms of total cellular proteins from wild-type, heterozygous, DT40-TAF31, and DT40-actin-TAF31 cells that was
fractionated on an SDS-10% PAGE gel, transferred to a nitrocellulose membrane, and probed with an anti-chicken TAFy;31 polyclonal antibody. Positions of
flu-cTAF;;31 and cTAF};31 are shown. (Bottom) The indicated amounts of total cell proteins from wild-type or DT40-TAF31 cells were analyzed as shown in the top
panel. (D) Western blot of time course of Tet-induced depletion. DT40-TAF31 cells were incubated in the presence of Tet (1 wg/ml) for the indicated times before
harvest. Lysates prepared from these cells were analyzed for Tet-repressible expression of flu-cTAF;31 using the above anti-cTAF;31 antibody (upper panel), a
monoclonal antibody against the Flu tag (middle panel), and a polyclonal antibody against CPSF-100 (lower panel). Wild-type cell lysates (WT) were analyzed for

comparison.

creases. These include not only TAF;80 and TAF ;20 but also
TAF,;250, TAF,,55, and TAF;;30. All showed decreased accu-
mulation as early as 12 h after Tet addition and were depleted
on the order of 80% after 60 h. Among the TAF;s tested, only
TAF,;100 was unaffected throughout the time course. Why this
one TAF|; was stable is not clear, although it is of interest that
this WD-40 repeat-containing protein is thought to help an-
chor the histone-like TAF;s into the TFIID complex (60).
Importantly, the levels of TBP decreased only slightly (~2-
fold) throughout the time course (Fig. 5B).

Previous studies have also suggested a structural role for
several TAF;s in the SAGA complex (14, 38, 42), which
prompted us to investigate the effect of cTAF ;31 depletion on
subunits of the SAGA/PCAF complex. As noted above, in
addition to ¢TAF};31, another TAF;; common to both com-

plexes, TAF;20, was significantly reduced in concentration
(Fig. 5C). In sharp contrast, all other PCAF subunits tested
showed, at most, modest reductions (Fig. SD). Levels of PCAF
itself and the related GCNS-S protein, both of which contain
HAT activity, were reduced at most very slightly, less than
twofold. The TAF;;100-like factor, PAF65B, was not affected
at all, consistent with the behavior of TAF,;100. Another sub-
unit, Ada3, was also only minimally depleted. Taken together,
these results suggest that depletion of cTAF;;31 exerted a
severe effect on the integrity of TFIID, but only slightly af-
fected components of the PCAF complex.

c¢TAF 31 is not universally required for Pol II-mediated
transcription. The apparent disruption of TFIID caused by
cTAF,;31 depletion, as well as the reported deleterious effects
of yTAF;17 inactivation on total Pol II transcription, sug-
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FIG. 4. Depletion of cTAFy;31 causes apoptic cell death. Shown are growth curves of DT40-TAF31 cells split at low (A) or high (B) densities. DT40-TAF31 cells
were passaged into medium with or without Tet (1 pg/ml), and the concentration of cells at the indicated times was determined by hemacytometer counting. (C) FACS
analysis. DNA content of DT40-TAF31 cells, cultured in the absence of Tet for 0, 48, and 96 h or in the presence of Tet (1 pg/ml) for 24, 48, 72, 96, 120, and 144 h
exactly as shown in panel B, was analyzed by FACS Calibur (Becton Dickinson). (Cells grown in the absence of Tet for 48 h were analyzed prior to passage.) Different
phases of the cell cycle are indicated in each diagram. x and y axes represent DNA content and cell number, respectively.

gested that addition of Tet to DT40-TAF31 cells would result
in a rapid inhibition of Pol II transcription. To test this, we first
performed pulse-labeling experiments to measure total tran-
scription activity at different times after Tet addition to DT40-
TAF31 cells. Pulse labeling allows a measure of ongoing tran-
scription at the time of the pulse and is thus preferable to
methods that measure total accumulated mRNA, in which
mRNA turnover may complicate interpretations.

Cells were split as shown in Fig. 4B to ensure that transcrip-
tion was not influenced by any differences in cell growth state
between the control (without Tet) and test samples (with Tet).
Equivalent numbers of cells were labeled with [*H]uridine by
short pulses (10 to 15 min) at the times indicated in Fig. 6.
Equal amounts of total RNA purified from labeled cells were
then subjected to oligo(dT) selection to isolate poly(A)™

mRNA. The efficiency and selectivity of the protocol were
verified as described in Materials and Methods. The poly(A)™
RNA fraction routinely contained 3 to 5% of total RNA (mea-
sured by optical density at 260 nm) and 15 to 25% of the total
pulse-labeled RNA. Importantly, 1% or less of the poly(A)~
RNA (e.g., IRNA) was detected in the poly(A)™ samples, and
the amounts of total RNA and mRNA purified from equal
numbers of cells grown in Tet" and Tet™ media were equiva-
lent at all time points up to 60 h. The yield of total RNA from
the cells grown in Tet decreased slightly at 72 and 96 h, al-
though the relative amounts of poly(A)" and poly(A)~ RNA
were unchanged. This likely reflected the inclusion of dead or
dying cells at these times. The ratio of *H incorporation of the
selected poly(A)™ population against that of total RNA was
calculated for both control and test samples, and values from



VoL. 20, 2000

mRNA TRANSCRIPTION IN DT40 CELLS DEPLETED OF TAF,31

5071

G0/G1

e PP PP PP P

sub G0/G1

G2/M
S

sub G0/G1
Ry

G0/G1

W S

2

",
sub G0/G1

G2/M

0 hr tet-

48 hrs tet-

96 hrs tet-

G0/G1

L ST ST S
sub G0/G1

G0/G1

G0/G1

sub G0/G1

24 hrs tet+

48 hrs tet+

72 hrs tet+

G0/G1

sub G0/G1

sub G0/G1

sub G0/G1

96 hrs tet+

120 hrs tet+

144 hrs tet+

FIG. 4—Continued.

the control samples were all set at 100% to facilitate compar-
isons. Results from the indicated time points, each represent-
ing three to five independent experiments, are shown in Fig. 6.
Strikingly, poly(A)" RNA synthesis was unaffected as late as
60 h after Tet addition, a time at which cTAF;31 was unde-
tectable and other TFIID components were significantly de-
pleted (Fig. 5). Even at 72 h, just a minimal (8%) decrease was
detected. Only at 96 h, when a large fraction of the cell pop-
ulation was undergoing cell death, was a significant decrease
(25%) in poly(A)™ RNA synthesis observed. These data sug-
gest that total Pol II transcription was not influenced to a
significant degree by depletion of cTAF;31 and apparent dis-
ruption of TFIID.

To explore further the consequences of cTAF;31 depletion
on mRNA synthesis, we examined the abundance of a number
of specific transcripts by RNase protection (Fig. 7). These
mRNAs differ significantly in their structures, functions, abun-

dance, half-lives, and expression profiles during B-cell devel-
opment (Fig. 7A). Consistent with the pulse-labeling results,
levels of four different mRNAs, encoding TBP, Tra2a, histone
2B and immunoglobulin M (IgM) L chain (the most abundant
transcript in DT40 cells; e.g., 58), remained essentially un-
changed, even at 96 h after Tet addition. Two other transcripts,
encoding B-actin and IgM H chain, were slightly decreased
(two- to threefold) at later time points. Interestingly, these two
mRNAs, but not the others tested, showed differences in their
abundance in DT40 cells compared to that in DT40-TAF31
cells in the absence of Tet, with actin levels two- to threefold
higher in the mutant cell line and H chain decreased by three-
to fivefold (Fig. 7A). Although the reason for this is unknown,
it may reflect the altered level of ¢cTAF,;31 in the knockout
cells (Fig. 3C). As expected, accumulation of 5S rRNA and
U6 snRNA (RNA Pol III dependent) was not affected by
cTAF,;31 depletion (Fig. 7B).
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FIG. 5. Immunoblot analysis of subunits of TFIID and PCAF complexes. DT40-TAF31 cells were cultured in the presence of Tet for the indicated time before
harvest. Total lysates were prepared and quantitated by the Bradford method. Equal amounts of lysates were fractionated on SDS-PAGE gels and probed with
antibodies directed against the indicated proteins. Lysates from wild-type DT40 cells (WT) were analyzed for comparison. (A) TFIID-specific subunits. (B) TBP. (C)

Subunits common to TFIID and PCAF. (D) PCAF-specific subunits.

The above assays measure primarily ongoing transcription of
genes constitutively expressed in DT40 cells. We next wished
to determine whether an inducible gene could be activated in
the absence of cTAF,;31. To this end, we examined induction
of the c-fos gene in response to serum stimulation following
serum starvation. The rapid induction of c-fos transcription as
a result of various extracellular signals has been well charac-
terized and involves the formation of a ternary protein-DNA
complex (61). As shown in Fig. 8, during a time course of up to
96 h of incubation in Tet, c-fos transcript synthesis in cells
serum starved for 10 h was efficiently induced by a short period
(75 min) of serum stimulation regardless of the time of Tet
incubation (Fig. 8, compare lanes 4 and 6, in Tet for 72 and
96 h, respectively, to lane 2, without Tet). By contrast, cells not
subjected to serum starvation expressed essentially undetect-
able levels of c-fos mRNA during the same Tet incubation
periods (see lanes 1, 3, and 5). As controls, cTAF;31 expres-
sion was indeed abrogated during the time course and TBP
mRNA expression remained constant and was unaffected by
serum treatment (Fig. 8). Therefore, after cTAF;;31 had been
totally depleted from the cells, inducible transcription of c-fos
in response to serum stimulation was not compromised. Taken
together, our experiments strongly suggest that cTAF;;31 is not
essential for high levels of Pol II-mediated transcription of
many genes in chicken DT40 cells.

DISCUSSION

In this study, we established a conditional TAF,;31 knockout
cell line in chicken DT40 cells. Unexpectedly, results from
[*H]uridine pulse-labeling experiments illustrated that a high
level of Pol II-mediated transcription occurred in the apparent
absence of cTAF;31 and reduced levels of several other
TAF,;s. In agreement with this, the transcript levels of several
specific genes were unchanged or decreased only modestly,
even as the cells began to undergo extensive cell death. Im-
portantly, while in yeast the expression of TBP, histone 2B, and
actin mRNAs was reduced in a yTAF;17 mutant strain by 3.1-,
3.7-, and 6.2-fold, respectively (22), chicken TBP and histone
2B maintained the same expression level well after complete
cTAF,;31 depletion, and B-actin expression exhibited only a
minimal reduction at later time points. On a global scale,
ongoing differential display experiments also reveal compara-
ble expression of a large majority of genes with or without
cTAF;;31 (unpublished data). Furthermore, cTAF;;31 is also
dispensable for the efficient induction of c-fos transcription,
indicating that a transcriptionally silent gene can be activated
in the absence of cTAF;31. These results strongly suggest that
cTAF,;31 is not an essential general coactivator for class II
gene transcription and that transcription of many genes can
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continue unabated in the presence of significantly reduced
levels of several TAFs.

The observed modest effect on transcription by ¢cTAF;;31
depletion is, on the one hand, surprising in light of previous
studies on yTAF;17, but in retrospect is not inconsistent with
several studies analyzing other metozoan TAF;s. For example,
the hamster cell line harboring a weak temperature-sensitive
mutant of TAF;250 was shown to be defective in expression of
some, but not all, genes tested at the nonpermissive tempera-
ture (57, 66), consistent with subsequent experiments on yeast
TAF ;145 (52, 64). In Drosophila, a weak, nonlethal mutation
in dTAF,,40, identified in a genetic screen for regulatory genes
involved in pigmentation, as well as dominant modifier mu-
tants of dTAF;60 and dTAF;110, conferred selective tran-
scriptional defects (51, 53, 70). Recently, an approach similar
to that used here was employed to target TAF ;30 in murine F9
cells (37). Human TAF;30 is found in only about 50% of
TFIID complexes (24) and thus may be considered a specific
TAF,,, but it is also present in PCAF/SAGA and TFTC (see
below) complexes (14, 44, 67). Depletion of TAF;30 resulted
in cell death, but did not appear to have a general effect on
transcription, which could have been indicative of either its
specific role and/or the fact that the levels of other TAF s
examined were not affected. Surprisingly, a temperature-sen-
sitive mutant of yTAF,;25, the TAF;30 homologue, has been
reported to display a strong general transcription defect at the
nonpermissive temperature, perhaps reflecting the fact that
multiple other TFIID and SAGA components were codepleted
(49). Unlike yTAF;17, genome-wide analysis is currently not
available to substantiate the broad requirement of yTAF};25 in
transcription. Taken together, these studies are consistent with
the view that metazoan TAF ;s are necessary for transcription
of specific genes, but for different reasons they did not resolve
the question of whether they are generally required for tran-
scription in vivo.

Another line of in vivo evidence was provided by studies of
TBP recruitment in yeast using chromatin immunoprecipita-
tion procedures (29, 32). It was shown that activator-depen-
dent transcription correlated well with the loading of TBP and
that this TBP binding required general factors on a majority of
promoters tested, but yTAF,;145 enhanced TBP binding only
on specific promoters. Further insight into the role of TAF;s
in TBP recruitment was offered by quantitation of transcrip-
tional factors in cells (26, 30). In both yeast and HeLa cells, the
reservoir of GTFs, including TBP, is estimated to be almost
10-fold greater than that of TAF,;s. Additionally, only a frac-
tion (~15%) of the TBP bound to chromatin appears to be
associated with the TFIID-specific hTAF,;100 (26). Taken to-
gether, these findings invoke the possibility that TAF,;s might
assist TBP recruitment to only a subset of promoters. A num-
ber of more recent in vitro studies have also provided corrob-
orative biochemical evidence for the above in vivo studies (33),
consistent with a possible gene-specific, rather than global, role
of TAF,;s in transcription.

Our results extend these previous studies in several impor-
tant ways. First, our experiments are the first in a metazoan
system to inactivate completely one of the histone-like TAF;s,
which are believed to play important structural roles in TFIID
(6) and, especially yTAF;17, to be generally required for tran-
scription in yeast (1, 38, 40). Second, ours is the only study
performed in higher eukaryotes in which the levels of TAF;s
in addition to the targeted TAF; were significantly reduced. In
yeast, this is thought to be characteristic of tight conditional
mutants, and it has been suggested that only such tight mutants
display global transcriptional defects (28, 38). By the criteria of
the rapid shut-off of cTAF;;31 expression following Tet addi-

mRNA TRANSCRIPTION IN DT40 CELLS DEPLETED OF TAF;31 5073

100% L

relative
*H uridine
incorporation

50%_|

25% |

- hrs: 36 48 60 72 96
tet: — = - - =

FIG. 6. Pulse-labeling analysis of general Pol II-mediated transcription in
DT40-TAF31 cells. DT40-TAF31 cells were cultured in medium with or without
Tet for the indicated times. Each culture was pulse labeled with [*H]uridine for
10 to 15 min. Total cellular RNAs were purified, and poly(A)" RNA was
selected on an oligo(dT) column. The ratios of selected poly(A)* RNA to total
RNA were determined after scintillation counting of equal aliquots of each
sample. The ratios for control samples (cells grown in the absence of Tet [—])
were designated 100%, and the ratios for test samples (cells grown in the
presence of Tet [+]) are presented relative to this. Results from three to five
independent experiments for each of the indicated time points were averaged
and plotted. Error bars represent standard deviation.

tion, in addition to the significant codepletion of other TAF s,
DT40-TAF31 cells have the characteristics of a tight mutant.
Finally, to our knowledge, ours is the first analysis of TAF;
function in any organism to measure transcription directly, i.e.,
by pulse labeling, as opposed to measurements of steady-state
mRNA. Although such measurements likely do reflect tran-
scription, it is not impossible that apparent reductions in
mRNA may in some cases reflect enhanced mRNA turnover,
perhaps as a direct effect of TAF,; depletion, given recent
experiments linking mRNA capping (8, 35, 69) and polyade-
nylation (11, 19, 36) to transcription. In any case, our experi-
ments provide the most compelling evidence to date that
TAF;s are not essential for activated transcription in higher
eukaryotes and, as discussed below, suggest the existence of
important functional redundancies in metazoans, as well as
significant differences between yeast and vertebrate transcrip-
tional mechanisms.

Depletion of cTAF;31 resulted in specific decreases in the
concentrations of multiple TAF;;s, but did not significantly
affect accumulation of other proteins. Importantly, the levels
of TBP and several subunits of PCAF were much less sensitive
to the absence of cTAF;;31. In the case of PCAF/SAGA, this
might stem from the fact that this complex is much bigger than
TFIID, and its more than 20 subunits appear to be organized
into several subcomplexes that might possess a certain degree
of functional and structural autonomy (15). Previously, a tem-
perature-sensitive mutant of yTAF;60 has been reported to
lead to only a mild structural change upon temperature shift
and the smaller SAGA complex still retained partial HAT
activity (14). Another study has implied that three non-TAF;
subunits constitute the structural core of the SAGA complex
(54). Our results are consistent with this and further suggest
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FIG. 7. RNase protection analysis of steady-state levels of specific transcripts. Total cellular RNA was isolated from wild-type DT40 and DT40-TAF31 cells
incubated in the presence of Tet for the indicated times. Equal amounts of total RNAs for each sample were hybridized with [*?P]CTP-labeled probes. After RNase
digestion, the protected bands were separated on polyacrylamide gels. (A) Expression levels of six Pol II transcripts. (B) Expression of 5S rRNA and U6 snRNA.

that the integrities of the TFIID and PCAF/SAGA complexes
are differentially affected by removal of TAF;31.

How could it be that transcription is not generally affected by
complete removal of TAF;31 and significant depletion of sev-
eral other TAF;s? The answer, we suggest, involves extensive
functional degeneracy. Recent years have witnessed the dis-
covery of much greater complexity within the transcription
machinery than previously conceived. For example, a number
of variant forms of TFIID and RNA Pol II holoenzyme have
been identified in yeast and human (2). A group of TAFs,
most notably the histone-like TAF;s, were also found to be
components of various TBP-free HAT complexes, including
SAGA/PCAF and another similar complex called TFTC (2, 16,
55, 67). Another TAF;31-containing complex contains a novel
long form of GCNS and Spt3, but is devoid of other histone-
like TAFs (3, 34). Other than TAF,;s, many protein factors or
complexes can function as coactivators, including a rapidly
growing family of multifunctional chromatin-remodeling activ-
ities, such as HATs and ATP-dependent activities (25, 30).
Recently, a number of cofactor protein complexes were iden-
tified biochemically, such as CRSP as a coactivator to Sp1 (47)
and four essentially identical complexes (TRAP, ARC, SMCC,
and DRIP) with diverse functional activities (23, 41, 46). All
five complexes have with two other complexes (4, 56) common
subunits corresponding to yeast SRB/mediator proteins. These
burgeoning multifunctional coactivator families, together with

previously proposed USA fractions, TFIIA, and TAF,;s, may
form a balanced yet flexible cofactor network. In DT40-TAF31
cells depleted of TAF;s, the remaining large TBP pool can still
perform TAF;-independent functions, and other cofactors,
such as the partial PCAF complex and/or other coactivators,
can, we suggest, substitute for the missing TAF;;s on many
promoters that naturally utilize TFIID. It is also possible that
in the TAF,31-depleted cells, the low levels of the remaining
TAF,;s reflect partial TFIID complexes that are selectively
associated with active genes.

Our results suggest that ¢cTAF,31 is required for only a
subset of class I gene transcription in chicken. This contrasts
sharply with the situation in yeast, in which yTAF;17 is the
only yTAF,; whose essential role in Pol II transcription is
universally supported by various experimental approaches.
One explanation for this apparent inconsistency is that the
functional degeneracy we suggest to be in vertebrates is absent
in yeast. In support of such an evolutionary divergence, nu-
merous examples of transcription factors present in metazoans
but lacking in yeast have been uncovered in recent years, in-
cluding TBP-related factors in higher eukaryotes (11), three
mammalian proteins homologous to yGCNS, and TAF;80-
and TAF;100-like factors in the PCAF complex (44). Half of
the subunits of TRAP identified thus far are missing from the
yeast genome (23). Following the same combinatorial principle
as in mediator-containing complexes, the number of cofactor
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FIG. 8. RNase protection analysis of serum-induced c-fos expression. Total
cellular RNA was isolated from DT40-TAF31 cells incubated in the presence of
Tet for the indicated times, with or without 10 h of serum starvation and 75 min
of serum stimulation. Equal amounts of total RNAs for each sample were
analyzed by RNase protection using c-fos, cTAF;31, or TBP probes, and the
protected bands were separated on polyacrylamide gels.

complexes would grow exponentially in order to cope with the
multitude of metazoan-specific activators and much more com-
plicated developmental and tissue-specific gene regulatory
programs (50). As a consequence of such finely tuned gene
regulation, however, a large number of factors would function
in the same pathway, perhaps in the same step, raising the
possibility of much greater functional degeneracy in metazoans
than in yeast, with its simpler genetic circuitry. Thus, while
yTAF,;17 appears to be broadly required for transcription of
many yeast genes, in higher eukaryotes the absence of TAF;;31
might be compensated for on most, but not all, genes by other
factors. It is interesting to speculate that such metazoan-spe-
cific functional degeneracy might exist in other complex regu-
latory pathways.
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