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The TATA box-binding protein-associated factors (TAFs) are
thought to play an essential role in eukaryotic RNA polymerase II
transcription by mediating the expression of distinct subsets of
genes. In hamster ts13 cells, a single amino acid change in TAFII250,
which disrupts its acetyl-transferase activity at the restrictive
temperature, alters the transcription of specific genes involved in
cell cycle control. Likewise, disruption of the amino-terminal kinase
domain of TAFII250 results in transcriptional defects in ts13 cells.
However, it was not known whether the acetyl-transferase or
kinase domains of TAFII250 modulate specific classes of genes and
whether these two domains regulate distinct subsets of genes.
Here we have used high-density gene-profiling to identify mam-
malian transcripts that require either the TAFII250 acetyl-trans-
ferase or protein kinase function for proper expression. We found
that transcription of at least 18% of genes are differentially
expressed at the restrictive temperature. The promoter region of
one of these genes was subsequently characterized, and both
upstream elements as well as the core promoter were shown to be
TAFII250 responsive. We also found that expression of '6% of
genes in ts13 cells requires a functional TAFII250 amino-terminal
kinase domain, but only '1% of these hamster genes also require
the TAFII250 acetyl-transferase activity. Our results suggest that
the two TAFII250 enzymatic activities are important for regulating
largely nonoverlapping sets of genes involved in a wide range of
biological functions in vivo.

A central component of the transcription initiation complex
is the transcription factor IID (TFIID), which is composed

of the TATA box-binding protein and numerous TATA box-
binding protein-associated factors (TAFs) (1). The central role
that TAFs play in modulating transcription is highlighted by the
high degree of conservation found in TAF sequence and func-
tion in a wide range of evolutionarily diverse organisms (2–5),
and by the fact that mutations disrupting TAF function are lethal
(4–8). However, deletion or mutation of any one TAF subunit
is not expected to produce global defects in transcription.
Indeed, the expression of only '30% of yeast genes is altered in
cells containing a temperature-sensitive mutation in TAFII145,
a homolog of human TAFII250 (9). Thus, at least in yeast, the
transcription of any particular gene may not require the function
of all of the TAFs; rather, each gene may only require the activity
of a subset of TAFs for its appropriate expression.

The largest subunit within the TFIID complex, TAFII250,
contains at least two enzymatic activities. The acetyl-transferase
activity of TAFII250 can acetylate histones H2A, H3, and H4
(10) whereas the amino-terminal kinase activity of TAFII250 can
autophosphorylate and transphosphorylate the large subunit of
the general transcription factor TFIIF (11, 12). Interestingly, the
transcriptionally active form of TFIIF is hyperphosphorylated
(13), suggesting that phosphorylation of TFIIF by TAFII250 may
be one mechanism for regulating gene expression. In vivo,
TAFII250 function is necessary for the expression of genes
involved in cell cycle control and apoptosis. The ts13 hamster cell
line harbors a single point mutation in the gene encoding
TAFII250 (14). When these cells are grown at the restrictive
temperature, they rapidly arrest in the G1 stage of the cell cycle
and undergo apoptosis (15, 16). Accordingly, expression of the

cyclin A, D1, D3, and cdc2 promoters, but not the c-fos pro-
moter, is compromised when ts13 cells are grown at the restric-
tive temperature (12, 17–19). It has now been shown that the
acetyl-transferase activity of TAFII250 is impaired in ts13 cells at
the restrictive temperature (20), suggesting that the expression
of genes involved in both cell cycle control and apoptosis may
depend on the acetyl-transferase activity of TAFII250 for normal
expression. These results suggest the possibility that TAFII250 is
required for the expression of specific sets of genes and that the
majority of these genes may be involved in cell cycle regulation.

The protein kinase activity of TAFII250 also plays an impor-
tant role in gene regulation in vivo. Point mutations within the
amino-terminal kinase domain impair both autophosphorylation
as well as transphosphorylation activities (12). These mutations
reduce the ability of TAFII250 to rescue ts13 cells at the
restrictive temperature (12), indicating that this kinase activity is
important for TAFII250 function in vivo. Moreover, a kinase-
deficient form of TAFII250 also has a reduced ability to rescue
expression of the Cyclin A and cdc2 genes (12). Thus, the
TAFII250 amino-terminal kinase domain is involved in tran-
scriptional regulation of at least some genes.

Identifying genes that are modulated in part through TAFII250
should reveal novel insights into the biological basis underlying
the cell cycle arrest and apoptosis observed in ts13 cells. Iden-
tifying these genes should also allow us to address the interesting
question of whether two distinct functional domains of a single
TAF can modulate expression of different sets of promoters.
Here we use a genome-wide screen in ts13 cells to identify genes
whose expression is disrupted by the temperature-sensitive form
of TAFII250 (ts-TAFII250) or by mutations that inactivate the
amino-terminal kinase domain of TAFII250. We found that
expression of '18% of genes is disrupted by the ts-TAFII250
whereas expression of only '6% of genes is affected by muta-
tions that inactivate the amino-terminal kinase domain. There-
fore, as expected, TAFII250 is not globally required for the
proper expression of all genes in animal cells. Surprisingly,
however, only '1% of genes require the integrity of both
domains, indicating that different functional domains of
TAFII250 regulate distinct subsets of genes in vivo.

Methods
Plasmids. The murine voltage-dependent anion channel gene 3
(mVDAC3)yCAT reporter (21) was used as a template to
generate deletions by using PCR and appropriate primers, and
these PCR-generated fragments were directly cloned into
G5BCAT (22) digested with HindIIIySacI. Constructs contain-
ing the Gadd45 promoter fused upstream of the CAT reporter
were also generated by PCR using as template the plasmid
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pdc45–20 (23). Hybrid mVDAC3 and Gadd45 promoters were
generated by PCR and were directly cloned into G5BCAT
digested either with HindIIIySacI or PstIySacI.

Cell Culture and Transfection Assays. BHK-21 and ts13 cells were
maintained in DMEM supplemented with 10% FBS and grown
at 33°C. To examine differential gene expression profiles, ts13 or
BHK-21 cells were initially seeded in 15-cm2 plates at a density
of 2 3 104 cellsyml at 33°C for 12–16 hours. Cells were then
treated as illustrated in Fig. 1. Stable ts13 cell lines expressing
either hTAFII250N1398 or hTAFII250N1398A2 have been pre-
viously described (12) and were maintained in media supple-
mented with G418 (100 ngyml).

For transient transfection assays, cells were plated in 6-well
plates at a density of 2 3 104 cellsyml and were allowed to grow
overnight at 33°C. DNA was transiently transfected as described
(12), using 2 mg of each reporter plasmid, 2.5 mg of pUHG103–
3yHA-hTAFII250, 20 ng of pUHD1-15, 25 ng of SV40-Renilla,
and carrier DNA to 6 mg. Cells were placed at 39.5°C for 24–30
hours and were harvested and assayed for CAT and Renilla
activity as described (12, 24).

Generation of RNA for Gene Chip Hybridizations. After harvesting
cell samples, total RNA was purified by using Sigma Tri reagent,
and mRNA was subsequently purified by using a Qiagen (Chats-
worth, CA) oligotex mRNA purification kit. Generation of
cRNA for probing of the high-density arrays was essentially as
described (25).

Biotin-labeled cRNA was used to probe Affymetrix (Santa
Clara, CA) GeneChip Murine 6500K high-density oligonucleo-
tide arrays, representing 6,500 murine genes. Probing, washing,
and staining of these arrays were carried out according to
standard Affymetrix protocols (25). In our analysis, ts13 and
BHK-21 hybridizations were normalized to each other based on
the earlier observation that the ts13 mutation does not effect the
expression of the majority of genes in ts13 cells (15, 17, 19). We
only scored genes as being differentially expressed in ts13 cells
at the restrictive temperature if their expression levels increased
or decreased two-fold or greater at more than one timepoint
(i.e., in multiple independent experiments).

Primer Extension. To examine the mVDAC3 transcription start
site, the oligonucleotide 59-TAGGCCAACTGTCCGGCT-

GCGCGTG-39 was incubated with 20 mg of total RNA purified
from ts13 or BHK-21 cells that had been incubated at the
restrictive temperature for 24 hours. Primer extension analysis
was carried out, and the products were analyzed by denaturing
PAGE.

Results
Experimental Outline. To screen for genes whose expression is
selectively dependent on TAFII250 function, a high-density gene
expression analysis was undertaken to identify transcripts that
are differentially expressed in ts13 cells at the restrictive tem-
perature. Because the ts13 mutation disrupts TAFII250 function
(17), our experimental profiles should identify genes that are
regulated, at least in part, by TAFII250. ts13 and the parental
BHK-21 cells were allowed to grow for '16 hours at the
permissive temperature (33°C) and then were switched to media
containing 0.25% serum (Fig. 1). Within 48 hours, .90% of cells
arrest in the G0 stage of the cell cycle. The arrested cells were
then permitted to reenter the cell cycle in media supplemented
with 10% serum and simultaneously were placed at the restric-
tive temperature of 39.5°C. We then examined gene expression
profiles in ts13 versus BHK-21 cells over a range of time-points
after shifting to the restrictive temperature, which is expected to
reveal the temporal progression of differential gene expression
as the synchronized cell population progresses through the cell
cycle.

Identification of Differentially Expressed Genes in ts13 Cells at 39.5°C.
Consistent with the earlier observation that there is no global
defect in mRNA synthesis in ts13 cells at the restrictive temper-
ature (15, 17, 19), we found that only '18% of genes with
detectable expression levels were differentially expressed
greater than 2-fold in ts13 cells at the restrictive temperature. It
is not clear whether these effects are directly or indirectly caused
by inactivating TAFII250 function. Nevertheless, our result dem-
onstrates that expression of a subset of RNA polymerase II
transcribed genes in ts13 cells is affected by a single amino acid
mutation that disrupts TAFII250 function.

The majority of genes previously found to be differentially
expressed in ts13 cells at the restrictive temperature were cell
cycle-regulated genes (cyclin A, D1, D3, and cdc2) (12, 17–19),
suggesting that TAFII250 may be involved predominantly in the
regulation of cell cycle genes. However, our compilation of genes
that are differentially expressed in ts13 cells at the restrictive
temperature reveals that TAFII250 responsive genes fall into
many different functional categories (Fig. 2). Thus, in ts13 cells
incubated at the restrictive temperature, TAFII250 is not likely
to be restricted to the regulation of a specific class of genes but,
rather, functions in a more general and widespread manner.

Transient Transfection Assays Verify Differential Expression of the
mVDAC3 and Gadd45 Genes. Previous studies had shown that
TAFII250 functions through two independent sequence ele-
ments: the core promoter and an upstream enhancer element
(18). Thus, we were interested in identifying what sequence
elements were responsible for the transcriptional defect ob-
served in ts13 cells. Unfortunately, the promoter regions of most
of the genes identified in this study are not yet cloned or
characterized; thus, we were limited in our selection of promot-
ers for further study. One promoter we chose to characterize was
the voltage-dependent anion channel gene 3 (VDAC3). The
VDAC3 protein is a voltage-gated pore protein found in the
outer membrane of the mitochondria and is involved in ATP
signaling (21), and may also play an integral role in apoptosis
(26). The promoter region of the murine gene (mVDAC3) had
been previously sequenced (Fig. 3A) (21); however, the tran-
scription start site was not identified. Thus, we initially used
primer extension analysis to map the transcription start site in

Fig. 1. Experimental outline. See text for details.
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both ts13 and BHK-21 cells. Consistent with our observation
from the gene-chip analysis, primer extension analysis revealed
that mVDAC3 expression is significantly decreased in ts13 cells
(Fig. 3A). Based on this start site, the sequence of the mVDAC3
promoter in the 230 region does not contain a canonical TATA
sequence (Fig. 3A).

We used a transient transfection assay to verify that the
mVDAC3 promoter displays differential expression in ts13 cells
at the restrictive temperature. A construct containing mVDAC3
sequences from 2316 to 1301 relative to the start site fused
directly upstream of the CAT reporter was co-transfected into
ts13 or BHK-21 cells with an internal standard reporter (SV40-
Renilla). mVDAC3 expression increased when BHK-21 cells
were shifted from 33°C to 39.5°C (Fig. 3B) but was reduced
'2-fold when ts13 cells were similarly shifted in temperature
(Fig. 3B). This results in a BHK-21yts13 differential expression
level at the restrictive temperature of '16 fold. Importantly,
co-transfection of wild-type hTAFII250 with the mVDAC3
construct substantially rescues this down-regulated expression
(Fig. 3B). Thus, the reduced level of expression of the mVDAC3
promoter in ts13 cells relative to BHK-21 cells at the restrictive
temperature can be attributed to a defect in TAFII250, and,
furthermore, the DNA sequences necessary for this effect are
contained between 2316 and 1301 relative to the transcription
start site.

We then mapped in greater detail the DNA sequence ele-
ments in this promoter that are responsible for the reduction in
expression at the restrictive temperature. Deleting a portion of
the upstream sequences to produce a construct containing
sequences from 2120 to 160 gives a reduction in expression
level in ts13 cells compared with BHK-21 cells (Fig. 3C). By

contrast, the core promoter alone (240 to 160) displayed
significantly less dependence on TAFII250 function, although a
residual response to TAFII250 could still be detected (Fig. 3C).
These results suggest that some upstream elements of the
mVDAC3 promoter are important for modulating the TAFII250
transcriptional response, but the core promoter DNA sequences
may also contribute to the TAFII250-dependent transcriptional
activation, consistent with the documented biochemical func-
tions of TAFII250 (18).

We next performed promoter swapping experiments to ex-
amine whether upstream DNA sequences could confer temper-
ature-sensitive expression when fused with a heterologous core
promoter. Our gene-chip analysis showed that expression of the
hamster Growth arrest and DNA damage 45 protein (Gadd45)
gene is increased in ts13 cells at the restrictive temperature (Fig.
2). We initially assayed the expression level of the hamster
Gadd45 promoter in ts13 cells at the restrictive temperature and
found that the promoter region spanning from 2848 to 160
produced a measurable increase in the expression of the down-
stream CAT reporter (Fig. 3D). Interestingly, expression of the
core Gadd45 promoter alone is moderately reduced in ts13 cells
at the restrictive temperature (Fig. 3D). As expected, expression
from a hybrid construct containing the Gadd45 upstream pro-
moter region (2848 to 240) fused to the core mVDAC3
promoter (240 to 160) increases in ts13 versus BHK-21 cells
(Fig. 3D). Thus, the 2848 to 240 region of the Gadd45 promoter
contains upstream enhancer elements that directly or indirectly
respond to the temperature-sensitive form of TAFII250. Fusion
of the TAFII250-dependent mVDAC3 upstream promoter re-
gion immediately upstream of the Gadd45 core promoter results
in decreased expression in ts13 cells (Fig. 3D). These results

Fig. 2. Genes displaying differential expression in ts13 cells at 39.5°C. The expression pattern observed for each gene at the indicated time-points (6, 9, 18, and
24 hours) when cells were harvested after incubation at the restrictive temperature is shown. ‘‘Unsyn.’’ represents unsynchronized growing cells that were placed
at the restrictive temperature for 24 hours. For each gene, the ratio of expression in ts13 cells compared with BHK-21 cells is represented in color according to
the key. Gene identifications that are boxed in gray represent gene groups that are functionally related. An asterisk (*) after the gene identification indicates
a gene whose expression is both decreased and increased at different times in ts13 cells relative to BHK-21 cells.
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confirm that the upstream promoter sequences of both the
mVDAC3 and Gadd45 promoters are important for conferring
differential temperature sensitivity in transfected cells, suggest-
ing that some upstream binding activators depend upon specific
functions of TAFII250.

The Amino-Terminal Kinase Domain of TAFII250 Is Required for Ex-
pression of a Distinct Subset of Genes. Expression of some genes in
ts13 cells at the restrictive temperature requires a fully functional
TAFII250 amino-terminal kinase domain (12). We therefore
assayed gene expression profiles in ts13 cells stably transformed
either with a form of TAFII250 containing mutations in the
amino-terminal kinase domain (TAFII250N1398A2) or a form
of TAFII250 having wild-type kinase activity (TAFII250N1398)
(12). The use of these cell lines allowed us to identify genes
whose expression requires the TAFII250 amino-terminal kinase
domain for their correct regulation. The same experimental
outline was used as shown in Fig. 1.

Of those genes whose expression was detectable, only 5.6%
had an expression level significantly different (greater than
2-fold) in stable cell lines expressing the kinase deficient form of
TAFII250 compared with cell lines expressing the corresponding
wild-type form of TAFII250, and these genes are listed in Fig. 4.
As expected, these genes encode for products with a wide range

of functions in vivo, indicating that the functional requirement
for the amino-terminal kinase activity of TAFII250 is not re-
stricted to any specific functional class of genes. Importantly,
most of the genes differentially expressed in the context of the
kinase mutation do not overlap with the subset of genes whose
expression is impaired by the ts-TAFII250. Thus, the two distinct
functional domains of TAFII250 are responsible for mediating
transcription of different subsets of genes in mammalian cells.

Discussion
TAFII250 contains at least two distinct enzymatic activities, an
acetyl-transferase and a kinase activity (10, 11). Our results
indicate that transcription of '18% of the genes in hamster cells
are differentially expressed when these two distinct TAFII250
functions are disrupted. Moreover, the proper expression of only
a small percentage of genes ('1.3%) requires the function of
both of these activities (Fig. 5 A and B). In contrast, the majority
of genes whose expression is affected by the kinase-deficient
form of TAFII250 does not overlap with those genes whose
expression requires the acetyl-transferase function. Thus, in vivo,
the regulated expression of distinct sets of genes likely requires
different enzymatic activities of TAFII250.

TAFII250 Kinase and Acetyl-Transferase Activities Modulate Expres-
sion of Distinct Subsets of Genes in Vivo. It was recently demon-
strated that the temperature-sensitive form of TAFII250 has

Fig. 3. The mVDAC3 and Gadd45 promoters display temperature-sensitive transcription in ts13 cells. (A) The promoter region of the mVDAC3 gene is shown,
along with the location of putative Sp1 binding sites (shaded boxes) (21). Primer extension analysis was performed with total RNA purified from BHK-21 cells
(lane 5) and ts13 (lane 6) cells after incubation of synchronized growing cells at the restrictive temperature for 24 hours. The corresponding DNA sequence
reactions were analyzed on the same gel and are shown in lanes 1–4. The sequence surrounding the 230 region relative to the transcription start site is shown.
(B) A construct containing the mVDAC3 promoter (2316 to 1301) fused upstream of the CAT reporter was transiently transfected into BHK-21 or ts13 cells with
an SV40-Renilla construct whose activity served as an internal standard and, where indicated, with a construct that expresses wild-type hTAFII250. Cells were
incubated at the indicated temperature for 24–30 hours and were harvested, and CAT and Renilla activity was assayed. The activity of this reporter in BHK-21
cells at 33°C was standardized to 1.0, and all other values, along with their associated standard deviation, are presented relative to this. (C) Deletion mapping
of the mVDAC3 promoter to identify TAFII250 responsive elements. The indicated deletions were fused upstream of the CAT reporter gene and were transiently
transfected into BHK-21 and ts13 cells as described in B. The relative temperature sensitivity of each promoter (with its associated standard deviation), which
is presented as a ratio of the level of activity in ts13 cells to the level of activity in BHK-21 cells, is shown. A lower number represents a greater reduction of
expression in ts13 cells. The relative activity of each promoter in BHK-21 cells is also shown. (D) Transcriptional activity of hybrid mVDAC3yGadd45 promoters
in ts13 and BHK-21 cells. Constructs contained either the Gadd45 core promoter (240 to 160), the mVDAC3 upstream enhancer region (2120 to 240) fused to
the Gadd45 core promoter (240 to 160), or the Gadd45 upstream enhancer region (2849 to 240) fused upstream of the mVDAC3 core promoter (240 to 160).
All promoters were inserted directly upstream of the CAT reporter. These constructs were transiently transfected into BHK-21 and ts13 cells, as described in B.
The relative temperature sensitivity of each promoter is shown, which is presented as a ratio of the level of activity in ts13 cells relative to the level in BHK-21
cells. A number less than 1.0 represents a greater reduction of expression in ts13 cells relative to BHK-21 cells whereas a number greater than 1.0 represents a
greater activity in ts13 cells relative to BHK-21 cells. The relative activity of the Gadd45 promoters is also shown. NA, not applicable because these are promoter
fusions.
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significantly decreased acetyl-transferase activity when assayed
at the restrictive temperature (20). This suggests that transcrip-
tional modulation of genes involved in cell cycle control and
apoptosis requires the acetyl-transferase activity of TAFII250.
However, expression of these genes may also require other
functional activities of TAFII250 because this single point mu-

tation may also disrupt the functional activity of other domains.
TAFII250 can acetylate histones H2A, H3, and H4 (10) and also
the general transcription factor TFIIE (27). However, the func-
tional relevance of histone or TFIIE acetylation by TAFII250 has
not been demonstrated, nor is it known whether other substrates
may be biologically relevant targets of the TAFII250 acetyl-
transferase activity.

Because TAFII250 is a component of the TFIID protein
complex, it is likely that the activity of the core promoter, and
possibly upstream enhancer regions, would be responsive to
TAFII250. In vitro experiments have demonstrated that
TAFII250 can directly interact with the core promoter DNA and
that a TATA box-binding proteinyTAF complex containing
TAFII250 has a different DNA-binding specificity than TATA
box-binding protein alone (28). In support of the core promoter
being critical for TAF function, promoter mapping experiments
of the cyclin A gene in ts13 cells have revealed that its core
promoter is responsive to TAFII250 (18). Similarly, in yeast, the
core promoter can render a gene sensitive to mutations that
affect the function of TAFII145(29). Because TAFs are also
known to function as transcriptional co-activators (30), it would
seem likely that upstream enhancer elements may also be
TAFII250 responsive. Again, promoter mapping studies of the
cyclin A gene in ts13 cells revealed that the upstream binding
element for the ATF enhancer protein is TAFII250-responsive
(18), suggesting that, in mammalian cells, TAFs play a general
role in gene regulation. In contrast, at least some yeast enhancer
elements appear to function independently of TAFII145 (29).
Here, promoter mapping studies were performed with two genes
identified in our gene-profiling analysis. Consistent with obser-
vations made with the cyclin A promoter, we find that both the
upstream enhancer regions and the core promoters of the
mVDAC3 and Gadd45 genes display temperature sensitivity in
ts13 cells. Thus, it appears that the acetyl-transferase activity of
TAFII250 may contribute to both its core promoter and up-
stream enhancer-dependent functions.

The amino-terminal kinase activity of TAFII250 was previ-
ously shown to be involved in modulating gene expression in vivo
(12) and, consistent with this role, we found here that '6% of
hamster genes require a functionally intact TAFII250 kinase
domain for their proper regulation. Genes regulated by the
kinase activity of TAFII250 are represented by a diverse group
of functional categories. Thus, the kinase activity of TAFII250
appears important for the regulation of genes involved in a wide
range of biological processes. Interestingly, expression of fewer
genes require the kinase activity compared with the acetyl-
transferase activity of TAFII250, suggesting that the TAFII250
kinase may play a more specialized role in gene regulation.

Biological Basis Underlying Cell Cycle Arrest and Apoptosis in ts13
Cells. One reason for identifying genes that are differentially
expressed in ts13 cells at the restrictive temperature is to better
understand the biological basis underlying the cell cycle arrest
and apoptosis observed previously for TAFII250 mutant cells. At
least '18% of genes in ts13 cells are differentially expressed at
the restrictive temperature, and it was gratifying to find that
many of these genes are components of signaling pathways that
are directly or indirectly involved in cell cycle control and DNA
synthesis. Similarly, in yeast cells bearing a ts-mutation in
TAFII145, a homolog of TAFII250, the expression of '30% of
the genes is disrupted at the restrictive temperature (9). These
cells also undergo cell cycle arrest (31), and many of the genes
showing differential expression are involved in cell cycle regu-
lation and DNA synthesis (9). Thus, both in yeast and mamma-
lian cells, cycle arrest induced by TAF mutations is likely caused
by the misexpression of not just one gene but, rather, to the
accumulative misexpression of many genes resulting in the
inappropriate regulation of multiple distinct pathways.

Fig. 4. Genes in ts13 cells whose expression requires the TAFII250 amino-
terminal kinase domain. See Fig. 1 for details. For each gene, the ratio of
expression in stable cell lines expressing the wild-type TAFII250 relative to an
amino-terminal kinase deficient form of TAFII250 (12) is represented in color
according to the key.

Fig. 5. Comparison of genes whose expression depends on the TAFII250
acetyl-transferase activity versus those whose expression depends on the
TAFII250 protein kinase activity. (A) Venn diagram showing the percentage of
genes in ts13 cells whose expression requires the TAFII250 acetyl-transferase
andyor the amino-terminal kinase activities. (B) This lists all of the genes in ts13
cells whose expression was found to require the activities of both the TAFII250
acetyl-transferase and kinase domains. See Fig. 2 for details.
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These microarray experiments, however, failed to detect a
significant reduction in the expression of previously identified
cyclin A, D1, D3, or cdc2 genes (12, 17–19). Our inability to
measure a difference in the steady state mRNA levels of these
genes could be attributable to a number of factors. For instance,
we may not be examining mRNA levels at the optimum time, or
we may be losing a significant proportion of the hybridization
signal due to species differences because we are hybridizing
RNA derived from hamster cells with oligonucleotide arrays
generated by using mouse sequence information. Therefore, it is
likely that the proportion of hamster genes that we find here
affected by the temperature-sensitive allele of TAFII250 is an
underestimate.

Although there were numerous classes of genes whose expres-
sion profiles were affected in ts13 cells at the restrictive tem-
perature, it is clear that many of these can be grouped into
functionally related categories. For instance, expression levels of
both the RanyTC4 and the RanyTC4 binding protein (RanBP1)
are coordinately reduced. Both of these gene products are
implicated in choreographing progression through the cell cycle,
and overexpression of RanyTC4 is sufficient to reduce cell
viability (32). We also observed that members of the protein
phosphatase PP2A family are down-regulated at the restrictive
temperature. It has previously been suggested that the regula-
tory subunit of protein phosphatase PP2A is necessary for cell
growth (33). More recently, it has been shown that down-
regulation of PP2A activity affects the expression of genes
involved in regulating entry into S-phase and DNA synthesis
(34). A similar defect in expression of the PP2A regulatory
subunit was also noted in yeast cells containing a ts-mutation in
TAFII145(9). Interestingly, we observe a down-regulation in ts13
cells of both the regulatory and catalytic subunits of PP2A.

ts13 cells incubated at the restrictive temperature also undergo
apoptosis (16), suggesting that TAFII250 may be necessary for
the regulated expression of genes whose protein products are
components of the apoptotic pathway. Thus, in our analysis, we
should observe the differential expression of genes whose misex-

pression may be implicated in the initiation of apoptosis. Two of
the genes identified in this study are good candidates for genes
involved in the apoptotic pathway. Recent results have suggested
that, at least in yeast, the mitochondrial channel VDAC protein
regulates the release of cytochrome c into the cytoplasm, which
then activates the caspase family of proteins (26). Thus, misex-
pression of the VDAC3 gene in ts13 cells may result in the
inappropriate regulation of the cellular caspases, which are
apoptosis-driving proteolytic enzymes. The growth arrest and
DNA damage protein 45 (Gadd45) gene is rapidly induced in
cells that have been exposed to UV irradiation (35) and is
implicated as being an important component of the JNKySAPK
signaling pathways leading to apoptosis (36). It is likely that
apoptosis in ts13 cells is not initiated primarily by a single
pathway but, rather, by multiple pathways, some of which we may
not detect by the micro-array assay.

Conclusions
Our results indicate that the acetyl-transferase and kinase

activities of TAFII250 are involved in the regulation of a wide
range of genes in vivo. It is interesting to note that many of these
genes require either the TAFII250 acetyl-transferase or kinase
activities, but not both. Thus, each of these functional domains
regulates only a subset of gene in vivo, and, importantly, different
domains regulate predominantly different subsets of genes in
vivo. It is also likely that other functional domains of TAFII250
not characterized here may regulate distinct groups of genes.
Our study further emphasizes the complex and diverse range of
functions that TAFII250 performs in the regulation of cellular
gene expression.
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