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Although the link between transcription and DNA repair is well established, defects in the core transcrip-
tional complex itself have not been shown to elicit a DNA damage response. Here we show that a cell line with
a temperature-sensitive defect in TBP-associated factor 1 (TAF1), a component of the TFIID general tran-
scription complex, exhibits hallmarks of an ATR-mediated DNA damage response. Upon inactivation of TAF1,
ATR rapidly localized to subnuclear foci and contributed to the phosphorylation of several downstream targets,
including p53 and Chk1, resulting in cell cycle arrest. The increase in p53 expression and the G1 phase arrest
could be blocked by caffeine, an inhibitor of ATR. In addition, dominant negative forms of ATR but not ATM
were able to override the arrest in G1. These results suggest that a defect in TAF1 can elicit a DNA damage
response.

The ts13 and tsBN462 cell lines have been used as model
systems to study the relationship between transcription and cell
cycle control. These lines were originally isolated in screens to
identify cells that underwent a cell cycle arrest upon a shift in
temperature from 33 to 39°C (28, 45). It was subsequently
discovered that both lines contain the same point substitution
mutation (G690D) in TBP-associated factor 1 (TAF1)
(TAFII250/CCG1), a key member of the TFIID complex (32,
35, 36). TAF1 is the largest of several TAFs, forming a scaffold
between TBP and other TAFs and contributing to activated
transcription (9). The ability of TAF1 to bind to TBP and other
TAFs appears to be unaffected in ts13 cells shifted to the
restrictive temperature (14, 37). However, TAF1 may lose the
ability to bind to TBP at the cyclin D1 promoter in cells shifted
to the restrictive temperature (18).

TAF1 is associated with at least three enzymatic activities.
The N- and C-terminal ends of TAF1 contain a kinase activity
that phosphorylates RAP74, a subunit of TFIIF (12). This
kinase activity appears to be unaffected by the ts13 mutation
(30). The central domain of TAF1 contains a histone acetyl-
transferase (HAT) activity that can acetylate TFIIE� and his-
tones H3 and H4 (21, 26). The ts13 and tsBN462 point muta-
tion in TAF1 is located within the HAT domain, and a
mutation of the corresponding residue in human TAF1 re-
sulted in temperature-sensitive elimination of the HAT activity
in vitro (14). TAF1 also contains an E1 and E2 ubiquitin
activating and conjugating activity that participates in the mo-
noubiquitination of histone H1 (23). It is not known whether
this activity of TAF1 is affected by the ts13 and tsBN462 mu-
tation.

Since TAF1 contributes to activated transcription, loss-of-
function mutations could be expected to have significant effects
on the transcription profile. Surprisingly, the ts13 and tsBN462
point mutation affected the transcription of a limited set of

genes, including those that encode the cyclin-dependent kinase
Cdk1/Cdc2 and cyclins D1, D3, and A (44, 49, 50). The tran-
scription of several other genes, including c-fos and c-myc, was
not reduced at the restrictive temperature (49). Since several
cell cycle-related genes were found to be downregulated upon
a shift to the restrictive temperature, it had been proposed that
the decreased expression of cell cycle-related genes accounted
for the cell cycle arrest, linking a defect in a general transcrip-
tion factor to cell cycle regulation.

In contrast to the decreased transcription of cell cycle-re-
lated genes, several reports have suggested that the transcrip-
tion of p53-dependent genes increased in ts13 cells after a shift
to the restrictive temperature. For example, expression of the
cyclin kinase inhibitor p21Cip1 increased in ts13 cells shifted to
the restrictive temperature (33, 37). A microarray analysis of
gene expression revealed that although 18% of the more than
4,000 genes examined had decreased expression, the mRNA
levels of several p53-dependent genes, including those that
encode Gadd45 and Pai-1, increased dramatically at the re-
strictive temperature (29). Finally, it has been reported that
temperature restriction of tsBN462 cells led to increased ex-
pression of p53 itself (53). These reports suggested the possi-
bility that the cell cycle arrest of ts13 cells might be mediated
by a p53-dependent pathway.

p53 can be activated in response to a variety of cellular
stresses, including hypoxia, heat shock, and DNA damage (17,
43). DNA damage, in particular, leads to the stabilization and
activation of p53 by phosphorylation and acetylation of specific
residues (8, 40). For example, two mediators of the DNA
damage response, the ATM (ataxia-telangiectasia mutated)
and ATR (ATM and Rad3 related) kinases, phosphorylate p53
on the serine 15 residue, inhibiting the ability of p53 to bind to
and become degraded by Mdm2 (40, 46).

ATR and ATM are members of a family of large phospha-
tidylinositol 3-kinase-related protein kinases. Both ATR and
ATM are activated in the presence of abnormal DNA struc-
tures, including stalled replication forks and double-strand
breaks. In response to activation, these kinases phosphorylate
a number of checkpoint and DNA repair proteins, including
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p53, the kinases Chk1 and Chk2, Rad17, Rad9, and BRCA1 (1,
6). Phosphorylation of these substrates contributes to cell cycle
arrest and repair of DNA damage.

Here we provide evidence that the cell cycle arrest of ts13
cells is dependent on the rapid activation of p53 in response to
a DNA damage checkpoint. Furthermore, ATR is specifically
activated in response to the TAF1 defect and contributes to the
phosphorylation of p53 and the G1 phase arrest. These results
indicate that a defect in TAF1 can trigger the activation of a
DNA damage pathway.

MATERIALS AND METHODS

Plasmids. Wild-type (WT) and kinase-defective (KD) ATM (27) and ATR
(54) plasmids have been previously described.

Cells. ts13 and ts13R cells have been described previously (28, 49). Cells were
cultured in Dulbecco modified Eagle medium containing 10% fetal bovine serum
(HyClone) and penicillin and streptomycin at the permissive temperature of
33.5°C. To shift cells to the restrictive temperature, cells were fed with Dulbecco
modified Eagle medium plus fetal bovine serum prewarmed to 39.5°C and trans-
ferred to a 39.5°C incubator.

Western blot assay and antibodies. Cells were lysed in radioimmunoprecipi-
tation assay buffer (200 mM Tris-HCl [pH 7.4], 130 mM NaCl, 10% glycerol,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 1% Triton
X-100, 10 �l of aprotinin per ml, 10 �g of leupeptin per ml, 0.1 mM phenyl-
methylsulfonyl fluoride, 4 mM sodium fluoride, 0.1 mM sodium orthovanadate).
Lysates were cleared by centrifugation at 14,000 � g, and protein concentrations
were determined by the Bradford assay (Bio-Rad). A 50- to 200-�g portion of
each sample was separated by SDS-polyacrylamide gel electrophoresis and trans-
ferred to nitrocellulose membranes (Bio-Rad). The membranes were blocked for
1 h in 5% nonfat dry milk and 1% goat serum in TBS-T (10 mM Tris-HCl [pH
8.0], 150 mM NaCl, 0.1% Tween 20) before overnight incubation with the
primary antibody in TBS-T containing 1% goat serum at 4°C.

The antibodies used in this study were specific for p53 (D01/Neomarkers),
cyclin D1 (Neomarkers), cyclin A (H-432/Santa Cruz), p21Cip1 (C-19/Santa
Cruz), �-tubulin (DM 1A/Sigma), p53 P-S15 and P-S20 (Cell Signaling Technol-
ogy), Chk1 P-S345 (Cell Signaling Technology), Chk1 (FL-476/Santa Cruz),
ATR (Santa Cruz), �-H2AX (UBI), P-ATM (Roche), RPA34 (Ab-2/Oncogene),
Mdm2 (Oncogene), and vinculin (Sigma).

Detection of proteins was performed with the appropriate horseradish perox-
idase-conjugated secondary rabbit or mouse antibody (Pierce) at a 1:2,000 dilu-
tion in TBS-T containing 2.5% milk and 1% goat serum. Immunoblots were
developed by enhanced chemiluminescence (Pierce).

Indirect immunofluorescence. After growth on coverslips for 24 to 48 h at
33.5°C, ts13 cells were shifted to 39.5°C for 2 h or treated with hydroxyurea (HU)
or 10 Gy of ionizing radiation. Where indicated, cells were pretreated with 2 mM
caffeine or 2.5 mM 2-aminopurine (2-AP) for 2 h prior to the shift to the
restrictive temperature. The coverslips were rinsed twice with phosphate-buff-
ered saline (PBS) and fixed for 20 min in PBS containing 3% paraformaldehyde
and 2% sucrose. For RPA34 staining, cells were rinsed with a PBS solution
containing 1% Triton X-100 prior to fixation. After fixation, slides were rinsed in
PBS, permeabilized for 20 min in PBS containing 1% Triton X-100, and exposed
to the primary antibody for 1 h. The coverslips were washed five times in PBS,
exposed to the appropriate secondary antibodies (Jackson Immuno) for 30 min,
and washed thoroughly in PBS before mounting.

Fluorescence-activated cell sorting (FACS). Cells were cotransfected with an
ATR or ATM plasmid and a green fluorescent protein (GFP) reporter plasmid
that served as a marker of transfected cells (42). One day after transfection, cells
were shifted to the restrictive temperature or maintained at the permissive
temperature for an additional 24 h. Cells were harvested in PBS containing 0.5
�M EDTA. A fraction of the cells was lysed and used for Western blotting to
determine the level of transfected protein expression. The remaining cells were
washed with PBS and fixed in PBS containing 2% glucose and 3% paraformal-
dehyde for 10 min at 4°C, washed with PBS twice, and resuspended in 70%
ethanol for 1 to 2 h at 4°C. Cells were washed twice with PBS and resuspended
in a solution containing 40 mM sodium citrate, 50 �g of propidium iodide per ml,
and 10 �g of RNase A per ml.

RESULTS

p53 expression is transiently increased at the restrictive
temperature. At the permissive temperature of 33.5°C, ts13
cells proliferate indefinitely. In contrast, these cells arrest in
the G1 phase of the cell cycle within 24 h after a shift to the
restrictive temperature of 39.5°C. To investigate the role of
p53, ts13 cells were harvested at several time points after a shift
to the restrictive temperature. As shown in Fig. 1A, p53 levels
rapidly increased in ts13 cells within 20 to 40 min after the shift
to the restrictive temperature. p53 levels continued to rise
during the first hour after temperature restriction. Remark-
ably, the levels of p53 then dropped abruptly over the next few
hours and it was nearly undetectable by 7 h after the temper-
ature shift.

Notably, levels of Mdm2 began to rise soon after p53 levels
peaked. The rise in Mdm2 levels and corresponding ubiquitin
ligase activity directed toward p53 could account for the rapid
decrease in p53 levels (Fig. 1B) (53). p21Cip1 levels increased
significantly within 3 h after temperature restriction and re-
mained elevated for 24 h (Fig. 1A). In contrast, cyclin D1
protein levels decreased at a much slower pace, with signifi-
cantly reduced levels of cyclin D1 observed 15 h after temper-
ature restriction. Cyclin A levels also decreased, but not until
more than 15 h after the temperature shift. The decrease in the
cyclin A and D1 protein levels most likely reflected the de-

FIG. 1. Rapid activation of p53 in ts13 cells. ts13 (A, B, and C) and
ts13R (C) cells were cultured at 33.5°C (time zero) or 39.5°C for the
indicated periods of time. Equal amounts of lysates were separated by
SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose,
and probed with the indicated antibodies. Cyc., cyclin; Tub., tubulin.
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creased activity of these promoters at the restrictive tempera-
ture (18, 44, 49, 50). However, by 15 h after a shift to the
restrictive temperature, most of the ts13 cells have started to
arrest in G1, so the differences in the cyclin A and D1 levels
may reflect the shift in cell cycle phase. Thus, ts13 cells re-
sponded to the temperature restriction with a rapid increase in
p53, followed by slower increases in Mdm2 and p21Cip1 and a
very slow decrease in cyclins D1 and A.

To determine if the increase in p53 levels was due to the
specific defect in TAF1, we examined the p53 levels in ts13R
cells, a ts13-derived cell line that stably expresses WT human
TAF1 (hTAF1) (49). Expression of hTAF1 completely rescued
the transcriptional and cell cycle defects of the ts13 cells (49).
As shown in Fig. 1C, while ts13 cells showed an increased level
of p53 within 40 min after a shift to 39.5°C, ts13R cells showed
no increase in p53 levels at any time after a shift to 39.5°C,
suggesting that the up-regulation of p53 was a specific response
to the defect in TAF1.

p53 is specifically phosphorylated on serine 15 and serine 20
in ts13 cells. Since p53 levels increased rapidly in ts13 cells at
the restrictive temperature, we reasoned that the change was
likely not dependent on transcriptional regulation but rather
due to a change in protein stability. The stability of p53 can be
regulated by phosphorylation of certain N-terminal residues in
response to stress. Among the best-characterized p53 phos-
phorylation sites are serine 15 (P-S15) and serine 20 (P-S20).
The hamster and human p53 proteins are highly homologous,
including the region encompassing residues S15 and S20. We
sequenced a p53 cDNA isolated from ts13 cells and found that
it was identical to WT hamster p53 (data not shown).

We examined whether the shift of ts13 cells from the per-
missive to the restrictive temperature resulted in a change in
the phosphorylation of p53 by using phosphospecific antibod-
ies to P-S15. As shown in Fig. 2A, P-S15 was detected in ts13
cells within 20 min after a shift to the restrictive temperature.
P-S15 was detected concurrently with the increase in p53 levels
and became less prominent by 90 min after the shift in tem-
perature, when total p53 levels also declined.

It has been reported that p53 levels can increase in response
to heat shock (43). Furthermore, a previous report raised the
possibility that the cell cycle arrest of tsBN462 cells was caused
by an up-regulation of p53 in response to heat shock (53). To
determine whether heat shock could account for the P-S15
induction in ts13 cells, we compared the levels of total p53 and
P-S15 in ts13 and ts13R cells cultured at 33.5, 37, 39.5, and
43°C for 45 min. As shown in Fig. 2B, ts13 cells contained
increased levels of p53 and P-S15 at temperatures of 37°C and
above. In contrast, ts13R cells showed an increase in total p53
levels only at the heat shock temperature of 43°C but without
significant levels of P-S15 present. Notably, HU induced an
increase in total p53 and P-S15 levels, indicating that activation
of p53 by the DNA replication checkpoint remained intact in
both cell lines. Conversely, increases in p53 levels induced by
inhibition of the proteasome with MG132 did not result in
increased P-S15 levels. This experiment strongly supports the
idea that the phosphorylation of S15 in p53 in ts13 cells was
dependent on the cellular response to the TAF1 mutation and
not to heat shock.

Given the rapid and specific phosphorylation of p53 on S15,
we explored the possibility that other substrates of ATM and

FIG. 2. Phosphorylation of p53 and activation of Chk1. (A) ts13
cells were incubated at 33.5°C (0 min) or 39.5°C for the indicated
times. Lysates were immunoblotted with the indicated antibodies.
(B) ts13 and ts13R cells were incubated at the indicated temperatures
for 45 min or treated with 100 �M HU or 3 �g of MG132 per ml for
20 h. Equal amounts of lysates were immunoblotted and probed with
the indicated antibodies. (C) ts13 or ts13R cells were incubated at
33.5°C (0 min) or 39.5°C for the indicated times and then lysed and
immunoblotted with the indicated antibodies. (D) Lysates from ts13 or
ts13R cells were immunoprecipitated with anti-p53 D01 antibody
cross-linked to protein A-Sepharose beads, followed by immunoblot-
ting with anti-p53 or anti-P-S20 antibodies. Tub., tubulin.
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ATR became phosphorylated in ts13 cells after temperature
restriction. ATR and ATM can phosphorylate the checkpoint
kinase Chk1 on residue serine 345 (P-S345), resulting in the
activation of Chk1 kinase activity (24). As shown in Fig. 2C,
although total Chk1 levels did not change at the restrictive
temperature, P-S345 was detected within 20 to 30 min after a
shift to the restrictive temperature. In contrast, when ts13R
cells were shifted to the restrictive temperature, no evidence of
Chk1 phosphorylation was observed, suggesting that activation
reflected a specific defect in TAF1.

Activated Chk1 has been shown to phosphorylate p53 on
serine residue 20 (P-S20) (8, 39). After a shift to the restrictive
temperature, P-S20 was detected in ts13 cells but not in ts13R
cells (Fig. 2D). This result is consistent with the specific acti-
vation of Chk1 in ts13, but not ts13R, cells after a shift to the
restrictive temperature. Although the Chk1-related kinase
Chk2 could also phosphorylate S20 of p53, we were unable to
test its role owing to a lack of antibodies cross-reactive with
hamster Chk2.

Activation of ATR in ts13 cells. The rapid phosphorylation
of S15 and S20 of p53 and S345 of Chk1 suggested that ATM
or ATR might be activated in ts13 cells shifted to the restrictive
temperature. The ATM and ATR DNA damage pathways are
characterized by the recruitment of signaling and repair factors
to sites of DNA damage. For example, phosphorylated ATM
(P-ATM) localizes to sites of DNA damage after treatment
with IR (2). ATR can be recruited to sites of DNA damage
induced by UV irradiation or to stalled replication forks in
cells treated with HU (3, 47). Upon activation, ATR and ATM
phosphorylate H2AX (�-H2AX), a variant form of histone
H2A, at sites of DNA damage (7, 31, 52).

To examine whether there was evidence of specific activa-
tion of ATR and ATM in ts13 cells, we performed immuno-
staining at the permissive and restrictive temperatures. We
observed that ATR formed subnuclear foci that colocalized
with �-H2AX in ts13 cells shifted to the restrictive temperature
but not in cells maintained at the permissive temperature (Fig.
3A). ATR foci were present in 82.5% � 4.2% of the ts13 cells
within 2 h after the temperature shift, while only 11.8% �
6.8% of the cells at the permissive temperature showed sub-
nuclear foci. ATR and �-H2AX did not form subnuclear foci in
ts13R cells at 39.5°C, indicating that the effect was caused by
the inactivation of TAF1 (Fig. 3B).

Since ATR can be activated by stalled replication forks, it
was possible that the ATR foci seen in ts13 cells were induced
by a DNA synthesis arrest and not by the transcriptional de-
fect. However, more than 80% of the ts13 cells showed ATR
foci within 2 h after the shift to the restrictive temperature,
suggesting that activation of ATR occurred in all phases of the
cell cycle. To determine if the relocalization of ATR could
occur in the G0/G1 phase of the cell cycle, ts13 cells were serum
starved for 48 h at the permissive temperature prior to a shift
to the restrictive temperature. After serum starvation, more
than 85% of the ts13 cells were in the G0/G1 phase of the cell
cycle as determined by FACS analysis (data not shown). When
serum-starved cells were shifted to the restrictive temperature,
ATR and �-H2AX foci appeared within 2 h and P-S15 ap-
peared within 45 min (data not shown). These results indicate
that TAF1 can activate ATR in the G0/G1 phase of the cell
cycle.

FIG. 3. DNA damage foci in ts13 cells at the restrictive tempera-
ture. (A) ts13 cells were cultured at the permissive temperature
(33.5°C), shifted to the restrictive temperature (39.5°C) for 2 h, or
incubated in 300 �M HU at 33.5°C for 2 h. Cells were immunostained
with antibodies to ATR (1:200) or �-H2AX (1:10,000) and counter-
stained with 4�,6�-diamidino-2-phenylindole (DAPI). Images for ATR
and �-H2AX were merged. (B) ts13 and ts13R cells were cultured at
39.5°C for 2 h and immunostained with ATR and �-H2AX antibodies
and counterstained with DAPI. (C) ts13 cells were cultured at 39.5°C
for 2 h and then briefly extracted with detergent prior to fixation and
immunostaining with ATR and RPA34 (1:10,000) antibodies and
counterstaining with DAPI. (D) ts13 cells were cultured at 39.5°C for
2 h or treated with IR (10 Gy) and incubated at the permissive tem-
perature (33.5°C) for 90 min. Cells were fixed and stained with anti-
bodies to P-ATM (1:100) and �-H2AX and counterstained with DAPI.
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It has been reported that ATR can be recruited into sub-
nuclear foci by replication protein A (RPA), a trimeric protein
complex that binds specifically to single-stranded DNA
(ssDNA) and that is required for both DNA synthesis and
repair (3, 56). Using antibodies specific for the 34-kDa subunit
of RPA (RPA34), we observed colocalization of RPA with
ATR in subnuclear foci in ts13 cells (Fig. 3C). This result
suggests that the defect in TAF1 resulted in the appearance of
ssDNA that was recognized by RPA.

Certain forms of DNA damage result in the activation of
ATM by autophosphorylation (2). P-ATM is then recruited to
subnuclear foci, where it colocalizes with other DNA repair
proteins. We did not observe the appearance of P-ATM within
subnuclear foci of ts13 cells shifted to the restrictive tempera-
ture (Fig. 3D). In contrast, P-ATM appeared rapidly as sub-
nuclear foci within 2 h after ts13 cells were treated with IR at
the permissive temperature (Fig. 3D). Similarly, P-ATM was
not detected in Western blots of lysates prepared from ts13
cells shifted to the restrictive temperature although it was
present after ts13 cells were exposed to IR (data not shown).
Although ATM can be appropriately activated and recruited to
sites of DNA damage after IR exposure in ts13 cells, there was
no suggestion that ATM was activated in response to inactiva-
tion of TAF1.

ATR activation is required for cell cycle arrest. When ts13
cells are shifted to the restrictive temperature, they undergo
growth arrest in the G1 phase of the cell cycle. The change in
the cell cycle profile of ts13 cells can be observed within 16 to
24 h after the temperature shift. To determine whether ATR
activity was required for the growth arrest at the restrictive
temperature, ts13 cells were exposed to caffeine, an inhibitor of
ATR (5, 16, 34). Caffeine treatment reduced the G1 phase
arrest at the restrictive temperature, resulting in a dose-depen-
dent increase in the percentage of cells in S phase from 15% to
25 to 45% (Fig. 4A and B, 39.5°C). In contrast, caffeine had
little effect on the cell cycle profile of ts13 cells at the permis-
sive temperature (Fig. 4A, 33.5°C).

We examined the contribution of ATR to p53 activation by
treating ts13 cells with caffeine. Treatment with caffeine elim-
inated the increase in p53 levels and the appearance of P-S15
at the restrictive temperature (Fig. 4C). In addition, exposure
of cells to increasing amounts of caffeine prevented the in-
crease in p21Cip1 levels (Fig. 4D). Notably, caffeine did not
block the decrease in cyclin A or D1 levels at the restrictive
temperature, suggesting that the decreased expression of these
genes was independent of the DNA damage response (Fig. 4D
and data not shown). This suggests that caffeine did not restore
the activity of TAF1 on the cyclin D1 and A promoters.

To further test the requirement for ATR activity in the cell
cycle arrest of ts13 cells, we transfected WT and KD mutant
ATR and ATM constructs into ts13 cells (10, 27, 46, 54). The
KD mutant constructs are dominant negative and have been
previously shown to inhibit the ability of endogenous ATM and
ATR to respond to DNA damage (10, 27, 46, 54). At the
permissive temperature, none of the constructs had a signifi-
cant effect on the percentage of cells in S phase (Fig. 4E).
Furthermore, ATR-WT or ATM-WT had no effect on the
percentage of ts13 cells in S phase at the restrictive tempera-
ture (Fig. 4E and F). In contrast, expression of ATR-KD in
ts13 cells led to a significant increase in the percentage of cells

in S phase at the restrictive temperature while ATM-KD had
no effect on the cell cycle profile (Fig. 4E and F). Notably,
ATR-KD did not affect the cell cycle profile of ts13R cells at
any temperature (Fig. 4F).

Caffeine and 2-AP treatment can block the activation of
ATR and prevent the formation of subnuclear foci (19). Treat-
ment of ts13 cells with 2 mM caffeine or 2.5 mM 2-AP blocked
the recruitment ATR and �-H2AX to subnuclear foci after the
shift to the restrictive temperature (Fig. 5). Thus, inhibition of
ATR activity blocked the formation of ATR and �-H2AX foci,
the up-regulation of p53, and the appearance of P-S15 and
prevented the G1 phase arrest of ts13 cells. We therefore
conclude that ATR signals to initiate the G1 arrest of ts13 cells
shifted to the restrictive temperature.

DISCUSSION

In this report, we have demonstrated that a temperature-
sensitive defect in the transcription initiation factor TAF1 in-
duces a DNA damage response that contributes to an arrest in
the G1 phase of the cell cycle. Evidence for the checkpoint
response in ts13 cells includes the rapid phosphorylation of p53
and Chk1. In addition, ATR was rapidly relocalized to sub-
nuclear foci that also contained RPA and �-H2AX, two factors
that are activated at sites of DNA damage. The appearance of
these subnuclear foci is a hallmark of ATR activation (3, 11,
47). This response was specific to ATR, as we did not observe
foci of P-ATM upon temperature restriction. Furthermore,
dominant negative ATR-KD, but not ATM-KD, could prevent
ts13 cells from arresting in G1 at the restrictive temperature.
Treatment of cells with caffeine, an inhibitor of ATR, could
prevent a G1 phase arrest, p53 activation, and recruitment of
ATR to subnuclear foci. This indicates that ATR was essential
for the activation of p53 and the G1 phase arrest in response to
the TAF1 defect.

We have not determined whether inhibition of ATR activity
could fully overcome the cell cycle defect in ts13 cells or
whether inhibition of ATR merely allowed cells to progress
from G1 to S phase. Treatment with caffeine or overexpression
of ATR-KD was not sufficient to prevent ts13 cells from un-
dergoing apoptosis when held at the restrictive temperature for
more than 24 h. Notably, it has been reported that cells cannot
survive long without ATR activity (10, 54). In addition, cyclin
A and D1 levels are not restored in caffeine-treated ts13 cells,
suggesting that the cell cycle progression of these cells is not
normal. It is still possible that the decrease in transcription of
a number of cell cycle genes contributes to the growth arrest of
ts13 cells and that the inhibition of ATR activity is merely
sufficient to override the cell cycle arrest in G1.

The ability of caffeine to block the rapid activation of p53
and p21Cip1 and override the cell cycle arrest without restoring the
expression of cyclins D1 and A suggests that the G1 arrest was
dependent on the DNA damage response and not the decrease in
cyclin expression. In addition, the late decrease in the levels of
cyclins D1 and A also suggests that the cell cycle arrest was not
caused by the transcriptional defect in the cyclin D1 and A pro-
moters. However, both of these experiments were conducted with
asynchronous cells. Since transcription from the cyclin D1 and A
promoters is tightly regulated by the phase of the cell cycle, it is
possible that the changes in transcription from these promoters
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occurred at earlier time points in some cells, affecting their ability
to progress through the cell cycle.

It remains a possibility that decreased TAF1-dependent
transcription of an especially labile mRNA triggers the activa-

tion of the ATR pathway and the DNA damage response in
ts13 cells. However, the rapid activation of the ATR check-
point within minutes of the temperature shift suggests that
ATR may be responding to changes that occur directly at

FIG. 4. Role of ATR in growth arrest of ts13 cells. ts13 cells were incubated with the indicated concentrations of caffeine (Caff) for 2 h and
either maintained at the permissive temperature (33.5°C) or shifted to the restrictive temperature (39.5°C) for an additional 24 h. Cells were fixed
and stained for DNA content with propidium iodide. (A) Graph showing the percentage of cells in S phase in the presence of the indicated
concentrations of caffeine. (B) FACS profiles of DNA content of caffeine-treated ts13 cells at the restrictive temperature for 24 h. (C and D) Cells
were pretreated with caffeine for 2 h at 33.5°C, shifted to 39.5°C, and then cultured for the indicated for the indicated periods of time. Lysates were
prepared and blotted with the indicated antibodies. (E) ts13 cells were cotransfected with WT or KD derivatives of ATR or ATM and GFP, which
served as a marker of transfected cells. Cells were incubated at 33.5°C for 24 h and then either maintained at 33.5°C or shifted to 39.5°C for an
additional 24 h. The graph shows the percentage of GFP-positive (transfected) cells in S phase. (F) FACS profiles of GFP-positive (transfected)
and GFP-negative (nontransfected) cells cultured at the restrictive temperature for 24 h. Cyc, cyclin; Vin, vinculin.
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promoters in the presence of a mutant form of TAF1. It is
possible that loss of HAT activity or some other function of
TAF1 at an active promoter could cause the formation of
DNA structures that can be recognized by ATR. Alternatively,
loss of a TAF1 function could signal directly to ATR.

Several models could be proposed for how the TAF1 defect
leads to ATR activation. First, the defect in TAF1 may cause
a transcriptional stop or pause that is sufficient to induce a
checkpoint response. Notably, p53 becomes up-regulated in
response to certain compounds that interfere with transcrip-
tion, including 5,6-dichloro-1-�-D-ribofuranosylbenzimidazole
and �-amanitin (25). Although the mechanism for p53 activa-
tion under these conditions is not known, it is possible that
ATR becomes specifically activated in response to a pause or
a defect in transcription caused by inhibitors of RNA polymer-
ase II or by the ts13 mutation of TAF1. A second possibility is
that the defect in TAF1 induces specific structural changes at
the sites of transcriptional initiation that resemble DNA dam-
age. Defective TAF1 may induce the formation of an ssDNA
transcription bubble recognized by RPA. For example, in vivo
genomic footprinting of the cyclin D1 promoter in ts13 cells
held at the restrictive temperature revealed a change in the
structure of a 33-bp region within the cyclin D1 promoter
suggesting the appearance of ssDNA (18). The third and most
intriguing possibility is that TAF1 itself plays a role in moni-
toring changes in DNA structure at sites of active transcription.
The temperature-sensitive defect in TAF1 could disrupt this
activity, resulting in unresolved DNA damage that can be rec-
ognized by ATR.

The DNA damage checkpoint observed in ts13 cells may
provide a glimpse into a much broader connection between
transcription and DNA damage signaling. Other general tran-
scription factors recognize and repair DNA damage. For ex-
ample, nucleotide excision repair of DNA depends on the
general transcription factor TFIIH (13, 51). At least three
components of TFIIH, including XPB, XPD, and the cyclin-
activating kinase CAK, have roles in transcription and nucle-
otide excision repair (15, 20, 38, 41).

Broader connections between transcription and checkpoint
responses have been suggested by reports that in yeast meiotic

recombination and double-strand breaks in DNA occur at sites
of transcriptionally active promoters. Furthermore, higher
rates of transcription increase the rate of recombination events
that are mediated by double-strand breaks (48, 55). In mam-
malian B lymphocytes, the rate of immunoglobulin gene locus
rearrangement is influenced by the presence of active tran-
scription (4, 22). Therefore, the activation of a DNA damage
checkpoint upon inactivation of a temperature-sensitive allele
of TAF1 may reflect a broad but not yet fully understood
connection between transcription and DNA damage signaling.
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