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activation in non-replicating cells is regulated by the XPB
subunit of transcription factor IIH (TFIIH)
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The role of the DNA damage response protein kinase ataxia
telangiectasia-mutated (ATM)- and Rad-3-related (ATR) in the
cellular response to DNA damage during the replicative phase of
the cell cycle has been extensively studied. However, little is
known about ATR kinase function in cells that are not actively
replicating DNA and that constitute most cells in the human
body. Using small-molecule inhibitors of ATR kinase and over-
expression of a kinase-inactive form of the enzyme, I show here
that ATR promotes cell death in non-replicating/non-cycling
cultured human cells exposed to N-acetoxy-2-acetylaminofluo-
rene (NA-AAF), which generates bulky DNA adducts that block
RNA polymerase movement. Immunoblot analyses of soluble
protein extracts revealed that ATR and other cellular proteins
containing SQ motifs become rapidly and robustly phosphory-
lated in non-cycling cells exposed to NA-AAF in a manner
largely dependent on ATR kinase activity but independent of
the essential nucleotide excision repair factor XPA. Although
the topoisomerase I inhibitor camptothecin also activated ATR
in non-cycling cells, other transcription inhibitors that do not
directly damage DNA failed to do so. Interestingly, genetic and
pharmacological inhibition of the XPB subunit of transcription
factor IIH prevented the accumulation of the single-stranded
DNA binding protein replication protein A (RPA) on damaged
chromatin and severely abrogated ATR signaling in response to
NA-AAF and camptothecin. Together, these results reveal a
previously unknown role for transcription factor IIH in ATR
kinase activation in non-replicating, non-cycling cells.

As one of the major DNA damage response signaling kinases
in mammalian cells, the ATM- and Rad3-related (ATR)? kinase
is primarily thought to respond to DNA polymerase stalling and
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uncoupling from DNA helicase activity as a result of template
lesions or ANTP shortage (1-3). These replicative stress events
are characterized by regions of single-stranded DNA (ssDNA)
and ajunction of ssDNA and dsDNA (5'-primer-template junc-
tion), which together serve to recruit ATR and accessory pro-
teins to ultimately activate ATR kinase signaling (2, 4). The
functional outcomes of ATR activation in response to replica-
tion stress generally involve processes that ultimately promote
cell survival, such as replication fork stabilization, cell cycle
delay, inhibition of replication origin firing, DNA repair, and
homologous recombination (2, 5, 6).

These pro-survival functions of ATR in cells containing rep-
lication stress likely limit the therapeutic efficacy of anticancer
drugs that damage DNA, and thus small molecule inhibitors of
the ATR kinase are being developed as adjuvants in chemother-
apy regimens (7-10). Preliminary studies using mouse models
of tumor progression have indeed suggested that ATR kinase
inhibition can exacerbate the antiproliferative effects of radia-
tion and cisplatin to more effectively slow tumor growth and
shrink tumor volume (11, 12).

However, the majority of cells in the body that are exposed to
DNA-damaging agents through environmental, dietary, or thera-
peutic means are in a non-replicating and/or differentiated state.
Thus, itisimportant to determine whether the ATR kinase has any
function in the DNA damage response in non-replicating cells,
and, if so, how ATR becomes activated to carry out these activities.
Using purified proteins and DNA substrates in vitro or growth-
arrested, confluent populations of cultured cells, several reports
have indicated that ATR may become activated by the direct rec-
ognition of bulky DNA adducts by ATR or its interacting proteins
(13-18), via ssDNA gaps generated by excision repair (19-23), or
by transcription stress caused by RNA polymerase stalling (24—
26). Unfortunately, these studies have often restricted their analy-
ses to phosphorylation of substrate proteins, such as H2AX and
p53, which are not unique to ATR (27, 28). Moreover, many of
these proteins exert complex or undefined roles in cell fate follow-
ing DNA damage (29 -32). Thus, the actual functions of ATR in
non-cycling cells have remained largely unexplored.

Nevertheless, a recent report using small molecule inhibitors
of ATR kinase activity revealed a pro-apoptotic function for
ATR in non-cycling cells exposed to UV light, UV mimetics, and
the topoisomerase I poison camptothecin (28). Here I have further
extended this finding through the use of a genetic approach in
which a kinase-inactive form of ATR is overexpressed in non-cy-
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Figure 1. Pharmacological and genetic inhibition of ATR kinase protects non-replicating cells from the lethal effects of the UV mimetic NA-AAF. A,
cycling and non-cycling HaCaT cells were pulsed with 10 wg/ml BrdU for 15 min. Genomic DNA was then purified and analyzed by immunodot blotting with
the indicated antibodies. The graph shows the relative level of BrdU incorporation into genomic DNA (normalized to cycling cells) from three independent
experiments. B, non-cycling HaCaT cells were treated with the indicated concentration of the ATR inhibitor VE-821 for 30 min prior to treatment with 15 um
NA-AAF. Cells were stained with crystal violet 24 h later to determine relative survival. C, cells were treated with the indicated concentration of AZD6738 and
analyzed as described in B. D, cells were treated with caffeine and analyzed as described in B. E, non-cycling U20S cells containing either a WT or KD
FLAG-tagged ATR transgene under the control of a tetracycline-inducible promoter were left untreated or treated with 1 png/ml tetracycline for 48 h before
analysis by immunoblotting. F, non-cycling U20S cells containing the FLAG-ATR-KD transgene were left untreated (— TET, no tetracycline) or treated with
tetracycline (+ TET) for 48 h before exposure to the indicated concentration of NA-AAF. After an additional 48 h, cells were stained with crystal violet to
determine relative survival. G, non-cycling U20S cells induced to express the indicated form of ATR were treated with NA-AAF as in E to determine relative cell

survival. ¥, p < 0.05; indicating a significant difference in survival between the two treatments or cell lines.

cling cells. Moreover, using the autophosphorylation of ATR and
the phosphorylation of SQ motif-containing proteins as biochem-
ical markers of ATR kinase activation, I show that ATR is indeed
robustly activated in non-cycling cells exposed to DNA-damaging
agents, even at levels of DNA damage that do not yield appreciable
cell death. Interestingly, this mode of ATR kinase signaling
appears to require overt DNA damage because general inhibitors
of RNA polymerase function during transcription failed to induce
a significant response. Characterization of the activation mecha-
nism of ATR in non-cycling cells unexpectedly revealed a major
role for the XPB DNA translocase subunit of transcription factor
IIH (TFIIH) in ATR signaling. This phenotype was correlated with
failure to properly load the single-stranded DNA-binding protein
RPA on damaged chromatin. Because the DNA unwinding activ-
ity of TFIIH is important for transcription and RNA polymerase
function, these results implicate a novel function for TFIIH and,
specifically, its XPB subunit in ATR activation. Given that the
majority of cells in the body are in a quiescent or non-replicating
state, these findings have important implications for understand-
ing the physiology of ATR-dependent DNA damage signaling
responses iz vivo.

Results

Pharmacological and genetic inhibition of the ATR kinase in
non-cycling cells demonstrates a pro- cell death function for
ATR in response to DNA damage

To better characterize the functions of the ATR kinase in
non-replicating cells, the human keratinocyte-derived cell line
HaCaT was grown to confluence and maintained in a low con-
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centration of serum before treatment with several commonly
used small-molecule ATR inhibitors and exposure to a DNA-
damaging agent. Immunodot blotting of genomic DNA from
cells pulsed with BrdU verified that that the cells were not
actively replicating DNA (Fig. 14) and, hence, can be referred to
as being in a non-cycling state. The non-cycling cells were then
treated with a small-molecule ATR inhibitor for 30 min prior to
treatment with the carcinogenic UV mimetic NA-AAF, which
was employed as a model DNA-damaging agent here because it
generates bulky adducts on the C8 position of guanines that
block RNA polymerase movement when not removed by the
nucleotide excision repair system (33-35). Cell survival was
then measured 1 day after treatment by crystal violet staining of
the remaining adherent cells. As shown in Fig. 1, B-D, in the
absence of an ATR inhibitor, nearly 70% of the cells were killed
by NA-AAF. In contrast, the highly selective ATR inhibitors
VE-821 and AZD6738 provided protection to NA-AAF-
treated cells and limited the extent of cell death in a dose-de-
pendent manner, with an EC, of 3.6 um and 1.1 umMm, respec-
tively (Fig. 1, Band C).

Although relatively non-selective, caffeine has also been
widely used to study ATR signaling, which is based in part on its
ability to inhibit the activity of the purified enzyme (36, 37) and
abrogate cell cycle checkpoints (38). However, other studies
have questioned its utility for studying ATR kinase signaling in
cells with DNA damage (39). When caffeine-treated, non-cy-
cling cells were exposed to NA-AAF, I observed that, unlike the
specific ATR inhibitors VE-821 and AZD6738, caffeine instead
sensitized the cells to the DNA-damaging agent (Fig. 1D).
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Figure 2. ATR autophosphorylation on Thr-1989 is a marker of ATR activation in non-cycling cells exposed to the UV mimetic NA-AAF. A, cycling and
non-cycling HaCaT cells were treated with 20 um NA-AAF for 1 h. Cell lysates were analyzed by immunoblotting with antibodies targeting the indicated
proteins and phosphorylated residues (P). Quantitation of ATR autophosphorylation (average and standard error) from three independent experiments is
provided below a representative immunoblot. The phospho-ATR signal was normalized to the total ATR signal for each sample, which was then compared with
the NA-AAF-treated cycling cell sample in each experiment (set to an arbitrary value of 100). B, non-cycling HaCaT cells were pretreated with DMSO or 10 um
VE-821 (an ATR inhibitor) for 30 min prior to treatment with 10 um NA-AAF. Cells were harvested at the indicated time point and analyzed by immunoblotting.
C, quantitation of results from at least two independent experiments performed as in B. D, U20S cells induced with tetracycline for 2 days to express either
wild-type or kinase-dead forms of ATR were left untreated or treated with 60 um NA-AAF for 4 h, and then cell lysates were analyzed by immunoblotting.
Quantitation of three independent experiments is provided below the representative immunoblot data. The phospho-ATR signal was normalized to total ATR,
and this ratio was set to an arbitrary value of 100 for NA-AAF-treated cells expressing WT ATR. All other samples were compared with this value. *, p < 0.05;
indicating a significant difference in NA-AAF-induced ATR phosphorylation in WT and KD cells.

Because the pharmacological ATR inhibitors may target
other kinases besides ATR, I next took a genetic approach to
mimic ATR kinase inactivation in non-replicating cells. I there-
fore took advantage of two U20S cell lines that can be induced
to express either a WT or kinase-inactive (kinase-dead, KD)
form of ATR in a tetracycline-inducible manner (40-42). As
shown in Fig. 1E, 48-h induction with tetracycline led to a mod-
est increase in total ATR protein levels in the two cell lines.

Two experimental approaches were then used to determine
whether the expression of the kinase-inactive form of ATR pro-
tects non-cycling cells from NA-AAF in a manner similar to
that of the two highly specific ATR kinase inhibitors. In the first
method, U20S cells with the FLAG-ATR KD transgene were
grown to confluence and serum-starved prior to induction with
tetracycline for 2 days. Non-induced and induced cells were
then exposed to increasing concentrations of NA-AAF, and cell
survival was measured 2 days later. Although U20S cells are
more resistant to NA-AAF than HaCaT cells (28), increasing
concentrations of the drug nonetheless yielded a decreasing
fraction of surviving cells (Fig. 1F). Furthermore, cells induced
to overexpress ATR-KD with tetracycline were more resistant
to NA-AAF than the non-induced cells, which indicates that
NA-AAF-induced cell death is dependent in part on ATR
kinase activity.

In a second, related approach, I induced ATR-WT and
ATR-KD expression with tetracycline in the appropriate cell
lines and then monitored cell survival after NA-AAF treatment.
The ATR-KD cells were found to be less susceptible to cell
death than ATR-WT cells (Fig. 1G). These findings are consis-
tent with the effects of the small-molecule inhibitors of the ATR
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kinase in non-cycling cells and are strikingly different from the
effect of ATR kinase inhibition in asynchronous populations of
cells, in which sensitization to DNA-damaging agents has been
routinely observed (28, 40, 42).

Together, the pharmacological and genetic approaches for
inhibiting ATR kinase function in non-cycling cells comple-
ment one another and demonstrate that one function of ATR in
non-cycling cells is to promote cell death following NA-AAF
treatment. Recent work showed that this pro-death function of
ATR occurs in part through stimulation of apoptotic signaling
(28). This function of ATR in non-cycling cells is therefore dis-
tinct from the pro-survival functions of ATR in replicating,
cycling cells.

ATR autophosphorylation on Thr-1989 in non-cycling cells

Although the cell survival assays presented in Fig. 1 suggest
that ATR is activated in non-cycling cells containing DNA
damage, there are currently no established biochemical read-
outs for ATR activation in non-cycling cells. The checkpoint
kinase CHK1 is a canonical substrate for ATR in replicating
cells exposed to DNA-damaging agents. However, in non-cy-
cling cells, CHK1 protein is not present (19, 27, 28), and, there-
fore, no CHK1 phosphorylation is observed following exposure
to NA-AAF (Fig. 24).

ATR has been shown to phosphorylate itself on Thr-1989 in
asynchronous populations of cells exposed to inducers of
replication stress (43, 44). To determine whether this residue
becomes phosphorylated in non-replicating cells, I exposed
both cycling and non-cycling cells to NA-AAF and then
monitored Thr-1989 phosphorylation by immunoblotting. As
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Figure 3. Analysis of DNA damage-induced protein phosphorylation events in non-cycling cells reveals a major role for the ATR kinase. A, cycling and
non-cycling HaCaT cells left untreated or treated for 1 h with 20 um NA-AAF before harvesting and analysis by immunoblotting with the indicated antibodies,
which included an antibody mixture that recognizes phosphorylated SQ motifs (SQ-P) common to ATR and ATM kinase substrates. The graph shows the
quantitation of three independent experiments. The total phosphoprotein signals on the blots were normalized first to the Ponceau S stain and then to the
NA-AAF-treated cycling cell sample, which was set to an arbitrary value of 100. *, p < 0.05; indicating a significant difference in protein phosphorylation
between cycling and non-cycling cells. B, non-cycling HaCaT cells were treated with the indicated concentration of NA-AAF. Cells were harvested 1 h later and
analyzed by immunoblotting. C, non-cycling cells were treated with 10 um NA-AAF, and cells were harvested at the indicated time points and analyzed by
immunoblotting. D, cells were treated with the indicated DNA damage response kinase inhibitor for 30 min prior to addition of 20 um NA-AAF. Cells were
harvested 2 h later and analyzed by immunoblotting. The graph shows the relative SQ motif phosphorylation (normalized to the DMSO control) from three
independent experiments. ¥, p < 0.05; indicating a significant difference in SQ motif phosphorylation between DMSO- and ATR inhibitor/ATM inhibitor—
treated cells. E, U20S cells expressing either wild-type or kinase-dead ATR were left untreated or treated with 20 um NA-AAF for 2 h, and then cell lysates were
analyzed by immunoblotting. The graph quantifies the SQ motif phosphorylation from three independent experiments, which was significantly reduced (*, p <
0.05) in NA-AAF-treated cells expressing the kinase-dead form of ATR.

shown in Fig. 24, a DNA damage-dependent increase in ATR  These results indicate that the phosphorylation of ATR on Thr-
phosphorylation was observed in both the cycling and non- 1989 can be used as a biomarker for ATR kinase activation in
cycling cells. Although the levels of both phosphorylated ATR  non-cycling cells exposed to DNA-damaging agents and fur-
and total ATR were reduced in non-cycling cells in the absence  ther argue that ATR activation can occur in the absence of
and presence of NA-AAF, quantitative analyses from several canonical replication stress.

independent experiments comparing the induction of ATR

phosphorylation (normalized to total ATR) by NA-AAF  ATR plays a major role in DNA damage-induced protein
showed a similar 2.5-fold increase in ATR phosphorylation in phosphorylation events in non-cycling cells

both cycling and non-cycling cells (Fig. 24, bottom panel).

I next examined the kinetics of ATR phosphorylation and its
dependence on ATR kinase activity. As shown in Fig. 2B, ATR
became phosphorylated on Thr-1989 in a time-dependent X e o
manner following NA-AAF treatment. Importantly, this DNA deterfmne whether 1.\TR make§ a mgmﬁca.mt contribution to
damage-dependent response was prevented by treatment with protein phosphorylation events in non-cycling cells, I made use
the ATR kinase inhibitor VE-821 (Fig. 2, B and C). To further of a mixture of monoclonal antibodies targeting phosphorylat-
validate the effects of the pharmacological inhibitor on ATR ~ €d SQ motifs common to ATR and ATM substrate proteins
phosphorylation on Thr-1989, the inducible U20S cell lines (47) in immunoblotting experiments of lysates from NA-AAF—
expressing either the WT or KD forms of ATR were exposed to treated cells. As shown in Fig. 34, NA-AAF induced the phos-
NA-AAF. Although an increase in ATR phosphorylation was ~ phorylation of many SQ motif-containing proteins in both
observed in cells expressing ATR-WT, both background and  cycling and non-cycling cells. Consistent with earlier results,
NA-AAF-dependent Thr-1989 phosphorylation were signifi- CHK1 phosphorylation was only observed in cycling cells.
cantly reduced in cells expressing ATR-KD (Fig. 2D). More- Quantification of the total SQ motif phosphorylation from sev-
over, expression of ATR-KD also largely abrogated NA-AAF-  eral independent experiments demonstrated a 5- to 10-fold
induced phosphorylation of the ATR/ATM substrate p53. increasein protein phosphorylation and aslightly stronger total

Mass spectrometric studies have demonstrated that hun-
dreds of proteins become phosphorylated by ATM and/or ATR
in response to DNA damage in proliferating cells (45, 46). To
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Figure 4. Depletion of the nucleotide excision repair factor XPA does not prevent ATR kinase signaling in non-cycling cells exposed to NA-AAF. A,
HaCaT cells transduced with either a control or XPA shRNA-expressing vector were analyzed by Western blotting to verify knockdown of the XPA protein. B,
control or XPA shRNA-expressing HaCaT cells maintained in a non-cycling state were exposed to the indicated concentration of NA-AAF and then stained with
crystal violet to validate that the loss of XPA increases the sensitivity of the cells to NA-AAF. *, p < 0.01; indicating a significant difference in survival between
the two cell lines at the indicated doses of NA-AAF. C, control and XPA shRNA-expressing HaCaT cells were left untreated or treated with 20 um NA-AAF and
harvested for immunoblot analysis 2 h later. SQ-P, phosphorylated SQ motif. D, quantitation of three independent experiments performed as in C. Phospho-
protein signals were normalized to the NA-AAF-treated control cell sample, which was set to an arbitrary value of 100.

response in non-cycling cells than in cycling cells (Fig. 34, bot-
tom panel).

Additional analyses demonstrate that the degree of SQ motif
phosphorylation in non-cycling cells was dependent on NA-
AAF concentration and occurred at low doses of NA-AAF that
do not lead to detectable cell death (28, 48, 49) (Fig. 3B). Simi-
larly, analysis of SQ motif phosphorylation kinetics revealed
robust signaling as early as 15 min after drug administration
and continued phosphorylation over the course of at least 4 h
(Fig. 30).

To clarify the dependence of SQ motif phosphorylation on
ATR kinase activity, cells were pretreated with specific inhibi-
tors of ATR and the related DNA damage response kinases
ATM and DNA-PK. ATR inhibition reduced the level of SQ
motif phosphorylation by ~50% (Fig. 3D). However, the ATR
inhibitor alone also induced modest protein phosphorylation,
which indicates that ATR inhibition may induce genomic stress
that activates other DNA damage response kinases in non-rep-
licating cells. Nevertheless, and consistent with previous evi-
dence that ATM is activated in non-replicating cells exposed to
UV mimetics (23, 27, 28, 50), ATM inhibition also partially
reduced the extent of SQ motif phosphorylation. In contrast,
the DNA-PKinhibitor failed to significantly affect protein phos-
phorylation. These results demonstrate that both ATR and
ATM contribute to SQ motif phosphorylation in non-replicat-
ing cells exposed to NA-AAF.

USOS cells expressing the WT and KD forms of ATR were
next employed to validate that ATR kinase activity contributes
to DNA damage-dependent SQ motif phosphorylation in non-
cycling cells. As shown in Fig. 3E, NA-AAF-induced protein
phosphorylation was significantly attenuated in ATR-KD cells
in comparison with the cells expressing ATR-WT.

In summary, these results demonstrate that SQ motif phos-
phorylation occurs rapidly in non-cycling cells containing
bulky, transcription-stalling DNA adducts at non-lethal con-
centrations of NA-AAF and is mediated in large part via the
ATR kinase. Thus, in addition to ATR autophosphorylation on
Thr-1989, SQ motif phosphorylation can also serve as a con-
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venient marker for DNA damage-dependent ATR signaling in
non-cycling cells.

Reduced expression of the essential nucleotide excision repair
factor XPA does not significantly affect NA-AAF-induced ATR
kinase signaling in non-replicating cells

The nucleotide excision repair system can excise NA-AAF-
induced DNA lesions from the genome (51), and experiments
with cultured cells and defined in vitro assays with purified
proteins have indicated that excision gaps enlarged by the
endonucleolytic action of Exol are stimuli for ATR kinase acti-
vation (19, 20, 52, 53). However, these analyses of ATR activa-
tion have utilized a rather limited number of protein substrates,
such as p53 and RPA, which are not necessarily specific to ATR.
Indeed, I recently showed that the simultaneous inhibition of
both the ATR and ATM kinases was necessary to eliminate p53,
H2AX, and KAP-1 phosphorylation in non-cycling human cells
exposed to either UV light or the UV mimetic NA-AAF (28).
Thus, the extent to which excision gaps versus other stimuli
activate ATR in non-replicating cells is not known.

To determine whether ATR kinase signaling in non-cycling
cells is dependent on nucleotide excision repair, expression of
the core excision repair factor XPA was reduced by RNA inter-
ference. As shown in Fig. 44, the use of a lentivirus shRNA
targeting XPA mRNA efficiently lowered XPA protein levels by
~95%. Importantly, this degree of knockdown was sufficient to
modestly sensitize non-cycling shXPA-expressing HaCaT cells
to the short-term, toxic effects of NA-AAF (Fig. 4B).

I next examined the induction of ATR kinase signaling in
NA-AAF-treated cells by monitoring the phosphorylation sta-
tus of ATR and SQ motif-containing proteins in the cell lysates.
As shown in Fig. 4C, strong phosphorylation was observed for
both readouts of ATR activation in both control and shXPA-
expressing cells. Quantitation of four independent experiments
failed to detect a significant difference in protein phosphoryla-
tion between the two cell lines (Fig. 4D). These results suggest
that the bulk of ATR kinase signaling in NA-AAF-treated non-
replicating cells may not be the result of gaps generated by
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Figure 5. Direct DNA damage, but not general transcription stress, leads to robust activation of ATR kinase signaling in non-cycling cells. A, non-
cycling HaCaT cells were treated with DMSO or the ATR inhibitor VE-821 before exposure to 2.5 um CPT, 100 um DRB, 300 nm TPL, 20 um NA-AAF, or 30 ng/ml
ActD. Cells were harvested 4 h later and analyzed by immunoblotting. B, quantitation of ATR and p53 phosphorylation from four independent experiments
performed as in A. Signals were compared with the NA-AAF-treated samples, which were set to an arbitrary value of 100. *, p < 0.05; indicating a significant
difference in protein phosphorylation between drug-treated and DMSO-treated cells.

nucleotide excision repair. Consistent with this interpretation,
ATR kinase inhibition was shown previously to protect cells
depleted of XPA from the lethal effects of NA-AAF (28).
Thus, some other stimulus is likely responsible for the major-
ity of ATR kinase signaling in non-replicating cells exposed to
NA-AAF.

Direct DNA damage, but not general transcription stress, leads
to robust activation of ATR kinase signaling in non-cycling
cells

To further examine the mechanism of ATR kinase activation
in non-replicating cells, non-cycling HaCaT cells were treated
with various compounds that interfere with transcription.
Camptothecin (CPT) causes direct DNA damage through the
stabilization of transient topoisomerase I-DNA cleavage com-
plexes that normally help to resolve superhelical tension that is
generated in DNA during gene transcription. As shown in Fig.
5A, camptothecininduced a nearly 3-fold increase in ATR phos-
phorylation on Thr-1989 in a manner similar to NA-AAF.
Treatment with the ATR inhibitor VE-821 largely blocked this
response. In contrast, additional transcription inhibitors that
ultimately cause cell death (28) but do not directly cause
DNA damage failed to stimulate ATR autophosphorylation.
These transcription inhibitors included triptolide (TPL), 5,6-
dichloro-1-B-p-ribofuranosyl-1H-benzimidazole (DRB), and
actinomycin D (ActD). Importantly, TPL, DRB, and ActD act
via different mechanisms and at different stages of transcrip-
tion (54). As a DNA intercalator, ActD directly inhibits the
movement of RNA polymerases (54). In contrast, DRB specifi-
cally inhibits the CDK9 kinase activity of the positive transcrip-
tion elongation factor P-TEFb, which normally phosphorylates
RNA polymerase Il and facilitates the transition of the polymer-
ase from its initiated to its elongating state. Lastly, TPL forms a
covalent complex with the XPB subunit of TFIIH, which inac-
tivates the ATPase activity of the enzyme and prevents the ini-
tiation of transcription (55).

Because some of these agents have been shown to lead to
either p53 phosphorylation and/or stabilization in fibroblasts
(24, 56-59), I also monitored the phosphorylation of p53 on
Ser-15 (an ATM/ATR target site) in non-cycling HaCaT cells.
Strong ATR-dependent p53 phosphorylation was observed in
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cells treated with CPT and NA-AAF (Fig. 54). However, the
extent of p53 phosphorylation induced by DRB, TPL, and ActD
was relatively weak in comparison with that induced by CPT
and NA-AAF. These data, which are quantified in Fig. 5B, sug-
gest that direct damage to the DNA template is necessary for
robust ATR activation in non-cycling cells and that general
inhibition of transcription is insufficient to elicit a significant
response.

Inhibition of the XPB subunit of TFIIH abrogates ATR kinase
activation and prevents RPA loading onto chromatin

Although the general transcription inhibitors failed to
induce significant ATR kinase signaling in non-cycling cells,
the results allowed me to examine whether the collision of RNA
polymerases with a DNA lesion may be required to induce ATR
activation (24 —-26, 60). Thus, according to this hypothesis, the
stalling of RNA polymerase movement prior to exposure to
NA-AAF or CPT should prevent the activation of ATR.

Therefore, HaCaT cells were treated with different tran-
scription inhibitors before exposure to NA-AAF. As shown in
Fig. 6A, NA-AAF treatment resulted in a clear increase in ATR,
p53, and SQ motif protein phosphorylation in cells treated with
DMSO, ActD, or DRB. Furthermore, quantitation of several
independent experiments revealed that ActD and DRB actually
caused modest potentiation of NA-AAF-induced ATR signal-
ing (Fig. 6B). These results indicate that interfering with tran-
scription elongation prior to DNA damage formation does not
negatively impact the subsequent activation of the ATR kinase.

In striking contract, TPL treatment instead caused strong
inhibition of ATR, p53, and SQ motif phosphorylation follow-
ing exposure to NA-AAF (Fig. 6, A and B), which indicates that
the effect of TPL on DNA damage processing and ATR activa-
tion occurs through a distinctly different mechanism than that
of the transcription inhibitors DRB and ActD. Nevertheless, to
further confirm this finding, I next examined the effect of TPL
on CPT-induced ATR kinase activation. Quantitation of these
results is provided in Fig. 6C and shows that the activation of
ATR signaling in non-cycling cells treated with CPT is largely
attenuated by prior treatment with the TFIIH inhibitor TPL.

Triptolide forms a covalent complex with the XPB subunit of
TFIIH (55), which inhibits the ATPase activity of XPB that is
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Figure 6. Inhibition TFIIH with triptolide abrogates the bulk of ATR kinase signaling in response to DNA damage in non-cycling cells. A, non-cycling
HaCaT cells were pretreated with DMSO or the indicated transcription inhibitor for 30 min prior to exposure to 20 um NA-AAF. Cells were harvested 2 h later and
analyzed by immunoblotting. B, quantitation of ATR, p53, and ATM/ATR substrate (SQ-P) phosphorylation from four independent experiments performed as
in A. The phosphoprotein samples from cells treated with DMSO + NA-AAF were set to an arbitrary value of 100, and all other samples were compared with this
value. C, non-cycling HaCaT cells were treated and analyzed as in A and B, except that cells were treated with camptothecin instead of NA-AAF. *, p < 0.05l;
indicating a significant difference in protein phosphorylation between drug-treated and DMSO-treated cells. D, cells were treated as in A, except that cells were
harvested 1 h after NA-AAF administration and then fractionated to isolate chromatin-associated proteins. The graph shows the relative level of chromatin-
associated RPA70 (normalized to Ponceau staining) from three independent experiments. *, p < 0.05; indicating a significant difference in RPA chromatin level

between TPL- and DMSO-treated cells.

required for TFIIH to unwind DNA during the initiation of
transcription so that previously loaded RNA polymerase II can
synthesize mRNA. Thus, TPL acts in a different manner than
ActD or DRB, which instead inhibit transcriptional elongation
via intercalation into DNA and by preventing RNA polymerase
II phosphorylation (54), respectively. Given that ssDNA coated
with RPA is generally considered to be a prerequisite for ATR
kinase recruitment and activation in response to replication
stress and other genotoxic stimuli (2, 3, 61, 62), I next examined
whether TPL affected the accumulation of RPA on the chroma-
tin fraction of cells following generation of DNA damage.
Although NA-AAF treatment led to a 2.5- to 3-fold increase in
RPA protein levels on chromatin in cells treated with DMSO,
DRB, or ActD (Fig. 6D), TPL instead completely blocked the
DNA damage—dependent enrichment of RPA on chromatin.
These findings therefore complement the ATR kinase signaling
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defects induced by TPL and indicate an important role for
TFIIH in generating a most widely recognized signal for ATR
kinase activation in non-replicating cells.

Although the use of TPL specifically implicates a role for the
XPB subunit of TFIIH in ATR activation, TFIIH is a multisub-
unit enzyme with several distinct biochemical activities that are
potentially relevant to transcription and associated genotoxic
stress responses (63). Thus, to further determine whether the
XPB subunit of TFIIH is specifically required for ATR kinase
activation in response to DNA damage in non-replicating cells,
I next examined how two additional small-molecule inhibitors
of TFIIH affected DNA damage-induced ATR activation in
non-replicating cells. These compounds included spironolac-
tone and THZ1. Spironolactone (SP) induces rapid and specific
proteolytic degradation of the XPB subunit of TFIIH while leav-
ing the remaining subunits of TFIIH largely intact (64). THZ1 is
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Figure 7. The XPB subunit of TFlIH is required for ATR kinase activation in response to DNA damage in non-cycling cells. A, non-cycling HaCaT cells were
pretreated with DMSO, 1 um TPL, 10 um SP, or 1 um THZ1 for 30 min prior to exposure to 15 um NA-AAF. Cells were harvested 2 h later and analyzed by
immunoblotting. The graph shows the quantitation of SQ motif protein phosphorylation (SQ-P) from at least three independent experiments. *, p < 0.05;
indicating a significant difference in protein phosphorylation between drug-treated and DMSO-treated cells. B, HaCaT cells were transfected with control or
XPB siRNAs prior to treatment with NA-AAF as in A. Cell lysates were analyzed by immunoblotting to verify XPB knockdown and SQ motif phosphorylation. The
graph shows the relative level of SQ motif-containing protein phosphorylation from three independent experiments. *, p < 0.05; indicating a significant

difference between control and XPB siRNA-transfected cells.

a specific inhibitor of the CDK?7 kinase component of TFIIH
(65) that phosphorylates RNA polymerase II to promote tran-
scription elongation. As shown in Fig. 74, TPL and SP abro-
gated SQ motif phosphorylation by 55-70% in non-replicating
cells treated with NA-AAF. In contrast, THZ1 modestly stim-
ulated SQ motif phosphorylation following NA-AAF exposure.
This potentiation is analogous to the effect of DRB (Fig. 6B),
which similarly inhibits RNA polymerase II phosphorylation
(54). Importantly, similar results were obtained when cells were
treated with the DNA-damaging agent CPT (data not shown).

To further validate that XPB is important for ATR activation
in response to DNA damage in non-replicating cells, RNA
interference was used to reduce XPB protein levels prior to
exposure of cells to NA-AAF. Similar to the effects of TPL and
SP, the XPB siRNAs partially blocked NA-AAF-induced SQ
motif phosphorylation in non-replicating cells (Fig. 7B).
Together, the genetic and pharmacological approaches reveal
an unanticipated role for the XPB DNA translocase component
of TFIIH in the activation of ATR in non-replicating cells
exposed to DNA-damaging agents.

Discussion

The functions of the ATR kinase in promoting cell survival in
response to replication stress are well documented (2, 3, 5, 6). In
contrast, little is known regarding the role of ATR in response
to DNA damage in cells that are not actively replicating DNA.
Here I have extended the previous finding that ATR can pro-
mote an apoptotic form of cell death in response to UV light,
UV mimetics, and other transcriptional stressors (28) by pro-
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viding complementary pharmacological and genetic data show-
ing that inhibition of ATR kinase activity protects non-cycling
cells from DNA damage—induced lethality (Fig. 1). Thus, ATR
kinase inhibition can have completely opposite functional
effects on cell survival that depend not on the DNA-damaging
agent but, instead, on the proliferation status of the cell and the
related genomic stress that is encountered. Because the over-
whelming majority of cells in the human body are in a differen-
tiated, quiescent, or slowly cycling state, this phenomenon has
important implications regarding our understanding of physi-
ological responses to DNA damage, including in epithelial cells,
which are at greatest risk of exposure to dietary, occupational,
and environmental carcinogens.

These findings are also relevant to the use of ATR kinase
inhibitors in cancer chemotherapy regimens (7, 8, 10). In addi-
tion to facilitating cell death of rapidly proliferating cancer cells,
the results suggest that ATR inhibitors may provide protection
to other cell types that are not actively undergoing DNA synthesis.
Consistent with this hypothesis, a recent study indicated that the
ATR inhibitor AZD6738 may be radioprotective in certain con-
texts within intestinal crypt cells in mice exposed to total-body
ionizing irradiation (66).

Determining the mechanism of ATR activation in non-cy-
cling cells and its downstream functional targets are therefore
important issues for improving cancer chemotherapy protocols
and for understanding how DNA damage promotes mutagen-
esis and carcinogenesis. The use of ATR autophosphorylation
and SQ motif phosphorylation shown here (Figs. 2 and 3)
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should facilitate such analyses of ATR signaling by providing
readily employable biochemical readouts for ATR activation in
cells that are not actively replicating DNA.

The predominant model for ATR kinase activation involves
its recruitment to ssDNA coated by RPA (62), which, during the
replicative phase of the cell cycle, is thought to occur when
DNA damage or a lack of dNTP precursors causes DNA heli-
case and DNA polymerase activities to become uncoupled (1).
Whether a similar scenario takes place in non-replicating cells
in response to RNA polymerase stalling is not clear, and it was
therefore somewhat surprising that the inhibition of transcrip-
tional elongation with DRB and ActD did not lead to robust
ATR activation (Fig. 6). This finding indicates that the struc-
tural requirements for ATR recruitment and activation (4) are
not satisfied in non-replicating cells in the absence of overt
DNA damage caused by compounds such as NA-AAF and CPT.

Interestingly, the dramatic abrogation of DNA damage-de-
pendent ATR signaling by the TFIIH/XPB inhibitors triptolide
and spironolactone (Fig. 6 and 7) was also surprising. However,
given the role of TFIIH, and specifically its XPB subunit, in
unwinding DNA during transcription initiation (63, 67), its
apparent function in promoting ATR kinase activation may
therefore be analogous to that of the minichromosome main-
tenance helicase when DNA damage is encountered during
DNA synthesis (1). TPL is known to form a covalent complex
with Cys-342 of XPB and inhibits its ATPase activity (55, 68),
which is required for DNA translocation. Thus, the demonstra-
tion that TPL interferes with RPA accumulation on damaged
chromatin (Fig. 6D) is consistent with such a role for XPB/
TFIIH in generating ssDNA necessary for ATR recruitment
and/or activation. However, further studies are needed to test
this hypothesis. Although XPB ATPase activity is also necessary
for nucleotide excision repair (67), the demonstration that
reduced expression of the essential excision repair factor XPA
does not significantly impact ATR kinase signaling in non-cy-
cling cells (Fig. 4) and the fact that topoisomerase I inhibition
also activates ATR (Fig. 5 and 6) suggest that a transcription-
associated function of TFIIH is more relevant to ATR signaling
here. Whether this is strictly a transcription initiation event or
is instead associated with TFIIH acting at RNA polymerases
stalled at DNA lesions to generate ssDNA in other contexts will
need to be more clearly resolved. Detailed biochemical studies
with purified protein components and defined DNA substrates
will therefore be critical to characterizing this new mode of
ATR kinase activation. Finally, interfering with XPB expression
and function does not completely eliminate DNA damage— de-
pendent ATR signaling, and thus there are likely other modes of
ATR activation in non-cycling cells.

Furthermore, although the use of non-cycling cells in this
report was borne out of a desire to uncover replication- and cell
cycle—independent functions of the ATR kinase, this TFIIH-de-
pendent mode of ATR activation probably also occurs in
cycling and replicating cells to some extent. Consistent with
this hypothesis, TFIIH subunits were found by mass spectrom-
etry to accumulate on nascent DNA at stalled replication forks
(69). Preliminary studies using a sensitive assay for detecting
the small excised oligonucleotide products of nucleotide exci-
sion repair (70 —73) have so far indicated that TFIIH function in
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this context is likely independent of nucleotide excision repair.?
Thus, I speculate that TFIIH may help to resolve transcription
problems or replication—transcription collisions in replicating
cells in part through activation of a specific ATR signaling
cascade.

In summary, the results presented here indicate that ATR
activation occurs in non-cycling cells through a mechanism
that may be analogous to the one that takes place in response to
replication stress, in which ssDNA generated by DNA unwind-
ing and coated by RPA plays a crucial role in recruiting and
activating ATR (1, 2, 4, 61). So far, the only known function for
ATR in non-replicating cells is promotion of an apoptotic form
of cell death. However, it is also possible that the reduced apo-
ptosis and cell death that is observed in cells exposed to ATR
inhibitors is an indirect consequence of an abnormal DNA
damage response that causes alterations to global gene expres-
sion. Along these lines, a recent report demonstrated that ATR
regulates alternative splicing in UV-irradiated cells and that
more than 80 genes involved in apoptosis undergo significant
alternative splicing in response to UV-induced cyclobutane
pyrimidine dimers (74). Nevertheless, given the broad diversity
of ATR and ATM substrate proteins that have been identified
by phosphoproteomics (45, 46), other functions for ATR in
non-cycling cells are expected. Additional studies will therefore
be necessary to fully define this new mechanism of ATR activa-
tion and its functions in non-replicating cells.

Experimental procedures
Cell lines

U20S cell lines expressing wild-type and kinase-dead forms
of FLAG-ATR (GW33 and GK41) in a tetracycline-inducible
manner were obtained from Paul Nghiem (40 —42). The U20S
cell lines and HaCaT keratinocytes were maintained in DMEM
supplemented with 10% FBS, 6 mMm L-glutamine, 100 units/ml
penicillin, and 100 ug/ml streptomycin at 37 °C in a 5% CO,
humidified incubator. Subconfluent cells grown under these
conditions are referred to as cycling cells throughout this man-
uscript. Cells were brought to a non-cycling state following
plating at 40—60% confluence, growth for 2 days in normal
medium until the cells reached confluence, and then a medium
change to DMEM containing 0.5% FBS for 2-3 days prior to
experimentation. Measurement of BrdU incorporation into the
genomic DNA of the cells grown under these two conditions
was performed as described previously (28) and was used to
validate that the cells were either cycling (replicating DNA) or
non-cycling (not replicating DNA). FLAG-ATR expression was
induced in GW33 and GK41 U20S cell lines by addition of 1
pg/ml of tetracycline to the culture medium for 48 h.

Chemicals and reagents

NA-AAF was purchased from the MRIGlobal Chemical Car-
cinogen Repository and resuspended in 95% ethanol. BrdU,
TPL, DRB, CPT, ActD, caffeine, and tetracycline were obtained
from Sigma. Inhibitors of the DNA damage response kinases
ATR (VE-821 and AZD6738), ATM (KU55933), and DNA-PK

3 M. G. Kemp, unpublished data.
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(NU7441) were purchased from Selleckchem. SP and THZ1
were obtained from APExBio.

RNA interference

The plasmid pLKO.1 and an XPA shRNA-containing deriv-
ative were from the Open Biosystems TRC1 shRNA library
(75). HEK293T cells were used to generate lentiviral DNA par-
ticles by co-transfection of the packaging plasmid psPAX2 and
the envelope plasmid pMD2.G with the appropriate pLKO.1
vector and Lipofectamine 2000. Control siRNA-A and TFIIH
p89 (XPB) siRNA were purchased from Santa Cruz Biotechnol-
ogy and diluted in Opti-MEM for transfection with Lipo-
fectamine RNAIMAX (Invitrogen) at a final concentration of 25
nM. Cells were transfected once when the cells were ~60% con-
fluent and then again 24 h later. Culture medium was replaced
with low serum— containing medium 6 h after the second trans-
fection, and experiments were performed 36 h later.

Immunoblotting

Cells were washed with cold PBS, scraped from the plate, and
pelleted by gentle centrifugation. Cells were then lysed for 20
min on ice in 20 mMm Tris-HCI (pH 7.4), 150 mm NaCl, 1 mm
EDTA, 1 mm EGTA, and 1% Triton X-100. Following centrifu-
gation in a microcentrifuge for 10—15 min at maximum speed,
the soluble cell lysates were transferred to new tubes. Chroma-
tin-associated proteins were enriched from cells following two
extractions with a modified cytoskeletal buffer (10 mm Tris-
HCI (pH 7.4), 100 mm NaCl, 3 mm MgCl,, 1 mm EDTA, 1 mm
Naz;VO,, 10 mm NaF, and 0.1% Triton X-100). Equal amounts
of cell lysates were separated by SDS-PAGE, transferred to
nitrocellulose, and then probed by immunoblotting using stan-
dard procedures. All blots were stained with Ponceau S, and
images were obtained for later quantitative purposes. Primary
antibodies included antibodies against ATR (sc-1887), CHK1
(sc-8408), actin (I-19), and XPA (sc-853) from Santa Cruz Bio-
technology and phospho-CHK1 (Ser-345, 2348), phospho-p53
(Ser-15, 9284), and phospho-ATM/ATR substrate (SQ, 9607).
The phospho-ATR (Thr-1989, GTX128145) antibody was from
GeneTex, and the RPA70 antibody was from Bethyl Laborato-
ries (A300-421A). All primary antibodies were used at 1:1000 or
1:2000 dilution in 1X TBST (50 mm Tris-HCI (pH 7.4), 135 mm
NaCl, and 0.1% Tween 20). Secondary antibodies included
horseradish peroxidase-linked anti-rabbit IgG, anti-mouse
IgG, and anti-goat IgG. Chemiluminescence was visualized
with Clarity Western ECL substrate (Bio-Rad), West Femto
substrate (Thermo Scientific), or ECL Prime Western blotting
detection reagent (GE Healthcare/Amersham Biosciences)
using the Molecular Imager Chemi-Doc XRS+ or MP imaging
systems (Bio-Rad). Ponceau-stained membranes and chemilu-
minescent signals within the linear range of detection were
quantified using Image Lab (Bio-Rad) or ImageQuant software
(GE Healthcare). For each immunoblot, the phosphoprotein
signal was quantified and normalized to ATR or the total Pon-
ceau S stain. The maximum signal for each blot was set to an
arbitrary value of 100, and all other phosphoprotein/total pro-
tein ratios were then normalized to this value for each immu-
noblot. All experiments analyzing DNA damage response sig-
naling were repeated two to four times, as indicated, and the
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average (and standard error) of the phosphoprotein/total pro-
tein ratios were determined and plotted. ¢ tests were used to
determine statistically significant differences between treat-
ment groups.

Cell survival assays

Cell survival assays were performed as described previously
using crystal violet staining and quantitation of the solubilized
dye with a spectrophotometer (28). The absorbance values of
the untreated samples were set to an arbitrary value of 1 for
each experiment, and all treatment samples were normalized to
this value. All cell survival experiments were performed at least
three times.
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