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A role for Chk1 in blocking transcriptional
elongation of p21 RNA during the S-phase
checkpoint
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We reported previously that when cells are arrested in S phase, a subset of p53 target genes fails to be strongly
induced despite the presence of high levels of p53. When DNA replication is inhibited, reduced p21 mRNA
accumulation is correlated with a marked reduction in transcription elongation. Here we show that ablation of the
protein kinase Chk1 rescues the p21 transcription elongation defect when cells are blocked in S phase, as
measured by increases in both p21 mRNA levels and the presence of the elongating form of RNA polymerase II
(RNAPII) toward the 39 end of the p21 gene. Recruitment of specific elongation and 39 processing factors (DSIF,
CstF-64, and CPSF-100) is also restored. While additional components of the RNAPII transcriptional machinery,
such as TFIIB and CDK7, are recruited more extensively to the p21 locus after DNA damage than after replication
stress, their recruitment is not enhanced by ablation of Chk1. Significantly, ablating Chk2, a kinase closely related
in substrate specificity to Chk1, does not rescue p21 mRNA levels during S-phase arrest. Thus, Chk1 has a direct
and selective role in the elongation block to p21 observed during S-phase arrest. These findings demonstrate for
the first time a link between the replication checkpoint mediated by ATR/Chk1 and the transcription elongation/
39 processing machinery.
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The initial stage of the eukaryotic transcription cycle is
the recruitment of the RNA polymerase II (RNAPII)
enzyme, complexed with general transcription factors
(GTFs), to the region of the transcription start site to
form a preinitiation complex (PIC) (Orphanides et al.
1996). Recent genome wide analysis of RNAPII occupancy has revealed that the PIC is preformed on a large
number of inactive genes, suggesting that the ratelimiting step for transcription activation at these loci is
the conversion of a preloaded, paused RNAPII into an
elongation-competent form (Kumar et al. 1998; Muse
et al. 2007). This mode of regulation is prevalent among
inducible genes activated by developmental cues, various
cell signaling pathways, and stress stimuli. Some, but
not all, p53 target genes are regulated in this fashion
(Espinosa et al. 2003; Gomes et al. 2006). Phosphorylation of the RNAPII C-terminal domain (CTD) heptad
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(YSPTSPS) repeats seems to play an important role in this
process. For example, phosphorylation of Ser5 within the
CTD heptad occurs at the 59 end of genes, increases upon
transcriptional activation, and is necessary for the 59
mRNA capping enzymes to bind RNAPII (Komarnitsky
et al. 2000). Protein kinases known to mediate Ser5
phosphorylation include CDK7 (associated with the
TFIIH general transcription factor), CDK8 (associated
with the Mediator complex) and CDK9 (subunit of
the positive transcription elongation factor, P-TEFb)
(Oelgeschlager 2002). The precise contribution of these
and other kinases to Ser5 phosphorylation and regulation
of early elongation steps in mammalian cells remains to
be elucidated. Chemical genetic inhibition of CDK7,
pharmacological inhibition of CDK9 with DRB, and
knockdown of CDK8 do not significantly reduce levels
of Ser5 phosphorylation in vivo, revealing the action of
multiple, possibly redundant Ser5 kinases in the cell
nucleus (Gomes et al. 2006; Larochelle et al. 2007;
Knuesel et al. 2009). This regulatory abundance may
facilitate exquisite promoter- and stimulus-specific control of gene expression after PIC assembly (Luecke and
Yamamoto 2005; Gomes et al. 2006).
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Many non-GTF proteins exist that regulate mammalian transcription at both the initiation and elongation
phases. Yamaguchi et al. (1999) have characterized the
negative elongation factors that are present at the promoters of RNAPII-transcribed genes. DRB sensitivityinducing factor (DSIF), a dimer of SPT4–SPT5, is required
for the effects of DRB inhibition on CDK9 in vitro
(Yamaguchi et al. 1999). DSIF and negative elongation
factor (NELF) function synergistically to pause RNAPII at
the promoter, and their inhibition is relieved upon
phosphorylation of DSIF by CDK9 (Yamada et al. 2006).
NELF and DSIF are also likely to play gene-specific effects
in cells (Gomes et al. 2006; Gilchrist et al. 2008). As it
progresses toward the 39 end of the gene, RNAPII
becomes phosphorylated at Ser2 of its CTD heptad repeat. CDK9 is the likely kinase responsible for this
modification (Phatnani and Greenleaf 2006). Intimate
links also exist between transcription and RNA processing (Komarnitsky et al. 2000; Pandit et al. 2008). Notably,
the phosphorylated CTD of RNAPII serves to recruit the
CstF and CPSF complexes that are necessary for mRNA
cleavage and polyadenylation (Hirose and Manley 2000;
SH Ahn et al. 2004; Proudfoot 2004).
Arguably, the p53 protein’s most important function is
to act as a transcription factor that regulates a specific
subset of the cell’s RNAPII-transcribed genes. These p53
target genes produce multiple outcomes such as cell cycle
arrest (e.g., p21, GADD45, and 14–3–3), apoptosis (e.g.,
pig3, FAS, PUMA, and NOXA), senescence (e.g., PAI-1),
autophagy (e.g., DRAM 1), and others, or, they can
regulate the p53 pathway itself (e.g., MDM2) (MurrayZmijewski et al. 2008). P53 binds as a tetramer to its
response element where it can recruit a plethora of
transcriptional coregulators such as histone modifying
enzymes, chromatin remodeling factors, and/or subunits
of the Mediator complex to modulate RNAPII activity at
target loci (Laptenko and Prives 2006).
The p53 transcriptional program is regulated in a stimulus-specific fashion (Zhao et al. 2000; Donner et al.
2007a; Murray-Zmijewski et al. 2008). Distinct subsets
of p53 target genes are induced in response to different
p53-activating agents, which may allow cells to tailor
their response to different types of stress. We reported
previously that p53 is transcriptionally impaired in
inducing certain target genes such as p21, mdm2, and
cyclin G when cells are arrested in S phase after treatment with hydroxyurea (HU), an inhibitor of the ribonucleotide reductase enzyme, or aphidicolin, that blocks
DNA polymerase (Gottifredi et al. 2001). In contrast,
these target genes are efficiently activated in response
to daunorubicin-mediated DNA damage. At the p21
locus, this phenomenon correlates with, and likely
results from, a block in transcription elongation (Mattia
et al. 2007), but the precise mechanism driving differential p21 expression remains to be elucidated.
DNA damaging agents frequently activate the PI3K
family of sensor kinases, which include ATM and ATR
(Traven and Heierhorst 2005). In response to DNA
damage, ATM/ATR activate the kinases Chk1 and
Chk2 (Niida and Nakanishi 2006). Both ATM/ATR and

Chk1/Chk2 phosphorylate p53, on Ser15 and Ser20,
respectively (Bartek and Lukas 2003), although p53 can
still accumulate after HU or other treatments if Chk1
and Chk2 have been down-regulated (Ahn et al. 2003;
Jallepalli et al. 2003; Ho et al. 2006). In mammalian cells,
it is predominantly Chk1 that is activated by ATR in
response to S-phase arrest, although Chk2 has been
shown to be activated by ATR under certain conditions
(Feijoo et al. 2001; Ho et al. 2006). When activated during
S phase, Chk1 activity leads to hyperphosphorylation of
Cdc25A and the subsequent inhibition of the CDK2/
cyclin E complex (Sorensen et al. 2003; Xiao et al. 2003).
This results in decreased DNA replication origin firing,
activation of DNA repair pathways, the stabilization of
stalled replication forks, and the arrest of cells in S phase
(Chen and Sanchez 2004). Chk1-null mice die early in
development (Takai et al. 2000), indicating that the
proper regulation of these processes by Chk1 is not only
necessary in response to exogenous DNA damage, but is
also required during unperturbed S phase (Petermann and
Caldecott 2006). In addition to its well-established roles
in checkpoint control, Chk1 has been shown to have
noncanonical roles in various cellular pathways including
alternative splicing, phospho-histone H3-dependent transcriptional repression, and the suppression of a caspase-2dependent apoptotic response to IR (Katzenberger et al.
2006; Shimada et al. 2008; Sidi et al. 2008).
In this study, we establish a novel link between S-phase
arrest signaling and transcriptional elongation control at
the p21 gene. Specifically, we demonstrate that Chk1, but
not Chk2, mediates the transcriptional elongation block
at the p21 locus in response to HU treatment. Our results
demonstrate that signaling cascades triggered by different genotoxic insults regulate the p53 transcriptional
program at post-RNAPII recruitment steps.
Results
Ablation of ATR rescues p21 protein and mRNA levels
when DNA replication is blocked
We showed previously that treatment of RKO or HCT116
cells with HU or daunorubicin (dauno) induces the
accumulation of p53 protein to roughly the same level,
but p21 mRNA and protein fail to accumulate significantly after HU (Gottifredi et al. 2001) and the small
amount of p21 mRNA that does accumulate after HU is
p53-independent (Mattia et al. 2007). Since ATR is the
main sensor kinase responsible for detecting stalled
replication forks (Paulsen and Cimprich 2007), we investigated its role in our system. RKO cells were treated
with caffeine, a compound that inhibits ATR (as well as
ATM, although less specifically) followed by treatment
with either HU or dauno (Fig. 1A,B). As expected, treatment with HU alone led to markedly less p21 protein or
mRNA than seen with dauno treatment, as well as
increased levels of Chk1 phosphorylated at Ser317. On
the other hand, significantly increased levels of p21
protein and mRNA accumulated in cells that were
treated with both HU and caffeine. P21 mRNA was also
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Figure 1. ATR ablation increases p21 protein and
mRNA levels when DNA replication is stalled. (A) RKO
cells were pretreated or not with 4 mM caffeine for 1 h,
and then left untreated (N), treated with HU (HU, 1.7
mM, 24 h) or dauno (D, 0.22 mM, 8 h), lysed, and subjected
to immunoblot analysis with indicated antibodies. (B)
RKO cells were treated as in A; RNA was extracted and
subjected to qRT–PCR using primers for the p21 mRNA
transcript. Values were normalized to those of the hprt1
gene. Graphs are representative of at least six independent PCRs from three independent experiments. In all
experiments, error bars included in the graphs represent one standard deviation from the mean. (C) RKO
cells were transfected with control (Ctr) or ATR siRNA
duplexes for 36 h and then drug-treated with HU or dauno
as in A. The cells were lysed and subjected to immunoblot analysis with antibodies as indicated in the figure.
(D,E) RKO cells were treated as in C, and RNA was
extracted and subjected to qRT–PCR as in B using
primers for the p21 or ATR mRNA transcript.

increased when cells were treated in combination with
caffeine and dauno. We tested whether this increase was
due to the ability of caffeine to also inhibit ATM that is
activated by treatment with dauno. ATR was downregulated by siRNA and cells were then treated with
HU or dauno as above. The efficiency of ATR knockdown
was measured both by the reduction in Chk1 phosphorylation at Ser317 (Fig. 1C) and the decrease in steady-state
ATR mRNA levels (Fig. 1D). While levels of Chk1 were
consistently reduced after ATR knockdown, p53 accumulation after HU or dauno was unaffected by ATR ablation,
and p21 protein (Fig. 1C) and mRNA (Fig. 1E) levels
increased significantly after the combination of HU treatment and ATR ablation. Similar results were obtained in
HCT116 cells (data not shown). Note that although there
was more p21 mRNA in untreated cells containing ATR
siRNA compared with the control, the relative increase
was considerably greater when cells were also treated
with HU. Markedly, the combination of ATR ablation and
dauno treatment did not cause an increase in p21 mRNA
over and above treatment with dauno alone.
These results imply a specific role for ATR, but not
ATM, in negatively regulating p21 transcription.
Chk1 ablation rescues p21 protein and mRNA levels
during the S-phase checkpoint
When DNA replication is blocked, ATR activates Chk1
by phosphorylating it on Ser317 and Ser345 leading to
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S-phase arrest (Liu et al. 2000; Zhao and Piwnica-Worms
2001). To determine whether ATR’s role in negatively
regulating p21 transcription was dependent on Chk1,
HCT116 cells were pretreated with the Chk1 inhibitor
Gö6976 (Kohn et al. 2003), followed by treatment with
HU or dauno. Gö6976 did inhibit Chk1 activity as
assayed by the phosphorylation status of Cdc25C at
Ser216 (Supplemental Fig. S1), a substrate of Chk1 even
in the absence of DNA damage (Kaneko et al. 1999). P53
accumulation after HU or dauno was virtually unaffected
by pretreatment with Gö6976. Treatment of cells with
Gö6976 along with HU, however, resulted in dramatic
increases in the levels of p21 protein (Fig. 2A) and mRNA
(Fig. 2B). Note that while HCT116 cells show a slightly
stronger p21 response to HU than RKO cells (Fig. 1A–D),
at equivalent levels of p53, the p21 response in HCT116
cells is significantly impaired when compared with the
response to daunorubicin treatment (Fig. 2A,B). Note that
the level of p21 mRNA was unchanged when pretreatment with Gö6976 was combined with dauno treatment
(Fig. 2B), presumably because dauno leads to the activation of the ATM/Chk2 signaling cascade, and thus the
inhibition of Chk1 would have little effect in this case.
RKO cells provided essentially similar results (Supplemental Fig. S2A,B). Chk1 inhibition by Gö6976 did not
cause significant p21 mRNA or protein accumulation in
p53-null HCT116 cells, indicating that this rescue was
p53-dependent (Supplemental Fig. S3A,B). In HCT116
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Figure 2. Chk1 ablation rescues p21 protein and mRNA levels
during S-phase arrest in HCT116 cells. (A) HCT116 cells were
pretreated with DMSO or 1 mM Gö6976 for 1 h, and then left
untreated (N), treated with HU (HU, 1.7 mM, 24 h) or dauno (D,
0.22 mM, 8 h), lysed, and subjected to immunoblot analysis with
antibodies as indicated in the figure. (B) HCT116 cells were
treated as in A; RNA was extracted and subjected to qRT–PCR
using primers for the p21. Values were normalized to those of
the hprt1 gene. (C) HCT116 cells were transfected with control
(Ctr) or Chk1 siRNA duplexes for 36 h and then drug-treated
with HU or dauno as in A. Cells were lysed and subjected to
immunoblot analysis with antibodies as indicated in the figure.
(D) HCT116 cells were treated as in C, RNA was extracted and
subjected to qRT–PCR as in B. (E) FACS analysis was performed
on HCT116 cells that were subjected to different combinations
of drug treatments as in A and the data was analyzed using the
ModFit program.

cells, HU but not dauno treatment induced phosphorylation of Chk1 on Ser317, which was further increased after
Gö6976 treatment (Fig. 2A), in line with other reports
that Chk1 inhibition leads to decreased activity of the
Chk1-activated PP2A phosphatase (Leung-Pineda et al.
2006).
We next sought to support these results with Chk1 pharmacological inhibition by using RNAi. Down-regulation
of Chk1 by siRNA led to a ;90% decrease in protein
levels (Fig. 2C). Chk1 ablation did not affect p53 accumulation after treatment with HU or dauno, but, as with
Chk1 pharmacological inhibition, p21 protein (Fig. 2C)
and mRNA (Fig. 2D) levels were increased when Chk1
ablation was combined with HU treatment. Similar
results were obtained in RKO cells (Supplemental Fig.
S2C,D).

Notably, our results with Chk1 inhibition were supported by cell cycle profiles of the various treated cells.
HU-treated HCT116 cells arrest at the G1/S transition
while dauno arrests cells in G2 (Gottifredi et al. 2001).
Here we found that pretreatment of HCT116 cells with
Gö6976 and subsequent treatment with HU led to
a significant increase in apoptosis as measured by the
subG1 population of cells. Apoptosis was much less
pronounced when Chk1 inhibition was combined with
dauno treatment (Fig. 2E). Upon treatment with HU and
subsequent release by removal of this inhibitor, cells with
low levels of p21 can proceed normally through the cell
cycle, whereas cells with high levels of p21 in S phase are
unable to do so (Gottifredi et al. 2004). Since Chk1
inhibition in combination with HU treatment induced
high levels of p21 protein in S phase (Fig. 2A), we wanted
to determine whether cells with chemically inactivated
Chk1 could recover from S-phase arrest. Others have
reported that Chk1 is necessary for cells to recover from
double thymidine block (Rodriguez and Meuth 2006). In
line with this, RKO cells pretreated with the Chk1
inhibitor Gö6976 could not recover from an HU-induced
S-phase block once HU had been removed, as measured
by the population of cells able to proceed to G2 phase
(Supplemental Fig. S5).
These results strongly implicate Chk1 as being critical
for the blunting of the p53 response that occurs when
DNA replication is stalled.
Unlike Chk1, Chk2 exerts a positive effect on p21
transcription in stressed cells
Chk1 and Chk2 have similar (but not identical) phosphorylation consensus sequences (O’Neill et al. 2002)
and in certain scenarios, replication stress has been
shown to activate the Chk2 pathway in addition to the
ATR–Chk1 pathway (Feijoo et al. 2001; Ho et al.
2006). Therefore, we examined Chk2’s contribution to
the block to p21 transcription during S-phase arrest by
ablating Chk2 by siRNA or using HCT116 cells in which
both alleles were deleted. Chk2 siRNA resulted in significant reduction of Chk2 protein levels and did not
significantly affect p53 levels when cells were treated
with HU or dauno (Fig. 3A). Yet, in marked contrast to our
results with Chk1 inhibition, Chk2 siRNA did not rescue
p21 protein (Fig. 3A) or mRNA (Fig. 3B) accumulation after HU treatment. Even more compellingly, in
HCT116 cells in which both Chk2 alleles have been
disrupted by homologous recombination (Jallepalli et al.
2003), there was again no increase in p21 mRNA accumulation after replication stress (Fig. 3D, cf. lanes 2 and
8). Indeed, Chk2 was apparently required for full activation of the p21 gene since in the HCT116 Chk2-null cells,
accumulation of p21 mRNA was impaired after both
HU and dauno, regardless of Chk1 inhibition status (Fig.
3D). Importantly, when both Chk1 and Chk2 were
inhibited (by treating Chk2-null cells with Gö6976), the
p21 transcriptional response was muted after treatment
with HU (with respect to the HCT116 Chk2+/+ cells) (Fig.
3D, cf. lanes 5 and 11), but levels of p21 mRNA were still
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Figure 3. Unlike Chk1, Chk2 exerts a positive effect on
p21 transcription. (A) HCT116 cells were transfected
with control or Chk2 siRNA duplexes for 36 h, and then
left untreated (N), treated with HU (HU, 1.7 mM, 24 h)
or dauno (D, 0.22 mM, 8 h), lysed, and subjected to
immunoblot analysis with antibodies as indicated in the
figure. (B) HCT116 cells were treated as in A, and RNA
was extracted and subjected to qRT–PCR using primers
for p21. Values are normalized to those of hprt1. (C)
HCT116 Chk2+/+ or Chk2-null cells were treated as in
Figure 1A, lysed, and subjected to immunoblot analysis
with the indicated antibodies. Note that the extra band
in the dauno-treated Chk2-null cells is nonspecific. (D)
HCT116 Chk2+/+ or Chk2-null cells were treated as in C
and RNA was extracted and subjected to qRT–PCR using
primers for p21 as in B.

increased about twofold when compared with Chk2-null
cells treated with HU alone (Fig. 3D, cf. lanes 8 and 11).
Thus, Chk1 ablation rescued the transcriptional defect
seen with HU even in the background of Chk2 deprivation.
It is acknowledged that when Chk2 siRNA was used
with HCT116 cells there was only a modest decrease in
p21 mRNA accumulation (Fig. 3B), and there was no
reduction at all in Chk2 siRNA-treated RKO cells (data
not shown). This could be due to the inability to fully
ablate Chk2 using siRNA and may reflect cell typespecific differences as well.
Double-strand breaks caused by various agents activate ATM, leading to phosphorylation of Chk2 at Thr68,
after which Chk2 can oligomerize and phosphorylate
itself in cis or in trans (Schwarz et al. 2003; J Ahn et al.
2004). As previously shown (Ho et al. 2006), phosphorylation of Chk2 on Thr68 was similar after replication stress and DNA damage (Fig. 3C; Supplemental
Fig. S4). Chk2 Thr68 phosphorylation was increased
when either treatment was combined with Chk1 inhibition (Fig. 3C; Supplemental Fig. S4), or when cells were
treated with HU and dauno in combination (Supplemental Fig. S4). This is perhaps reflective of the increased
levels of DNA damage in these cells. Note also that
treating cells with HU and dauno in combination did
not increase levels of p21 protein (Supplemental Fig.
S4) or RNA (Mattia et al. 2007) above the levels seen
with treatment with HU alone. Thus, activation of Chk2
alone is not sufficient to induce strong transcription of
p21.
We conclude that Chk2 activity is not responsible for
the block to p21 expression when cells are arrested in
S phase, rather our data indicate that, at least in some
cells, Chk2 activation is necessary, but not sufficient, for
full transcriptional induction of the p21 gene.
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Association of p53 with the p21 promoter is not
affected by Chk1 inhibition
A possible explanation for the increased levels of p21
transcription after Chk1 inhibition in S-phase-arrested
cells could be increased p53 recruitment to the p21
promoter. We showed previously that in RKO cells, p53
recruitment to p21, and also to other p53 target genes, is
equivalent after treatment with HU or dauno (Mattia
et al. 2007). Here, HCT116 cells treated or not with
Gö6976 and either HU or dauno were analyzed by
quantitative chromatin immunoprecipitation (q-ChIP)
using p53-specific antibodies. DNA was amplified for
both p53-binding sites on p21 ( 2285 and 1391) and
a region 39 to the p21 polyadenylation signal (+11,443)
was used as a negative control. Figure 4A depicts the
location of the primers used on the p21 locus in this and
subsequent experiments. Consistent with other reports
(Espinosa et al. 2003; Mattia et al. 2007), the distal p21binding site recruited ;2.5-fold more p53 than the
proximal binding site (Fig. 4B). In either case p53 recruitment was unaffected by Chk1 inhibition. Thus,
enhanced p53 recruitment to the p21 promoter is not
responsible for the increase in p21 transcription seen after
the combination of Chk1 inhibition and HU treatment.
Chk1 inhibition stimulates distal transcription
elongation on the p21 promoter after HU treatment
After certain types of stress, such as UV, global transcription initiation is blocked due to the depletion of the pool
of unphosphorylated RNAPII molecules that are competent for PIC formation (Heine et al. 2008). We showed in
both a semiquantitative fashion (Mattia et al. 2007) and
by q-ChIP (Supplemental Fig. S6A) that RNAPII is
roughly equivalently recruited to the p21 promoter after
HU or dauno treatment, indicating that if this global
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Figure 4. Chk1 inhibition does not affect p53 recruitment to the p21 promoter. (A) Diagram depicting the
primers used to amplify the different regions of p21 for
ChIP and nascent RNA transcript analyses. (B) ChIP
was performed in HCT116 cells following drug treatment as in Figure 2A. In all ChIP experiments, cells
were cross-linked in 1% formaldehyde, lysed in RIPA
buffer, and sonicated to produce chromatin fragments of
;500 base pairs. Samples were then immunoprecipitated with anti-p53 monoclonal antibodies (1801 and
DO-1). Five percent of the input protein was subjected
to immunoblot analysis. ChIP-enriched DNA was quantified by qRT–PCR using the indicated amplicons on
p21. Values are expressed as percentage of input DNA
immunoprecipitated, normalized to the highest immunoprecipitation signal. For all qChIPs, graphs represent
at least six independent PCRs from three separate
immunoprecipitations and cell cultures.

block to transcription initiation occurs after HU treatment, it is not affecting p21. Furthermore, Chk1 inhibition did not significantly affect RNAPII recruitment to
p21 after HU or dauno, although it did increase the basal
levels of RNAPII recruited to this promoter, possibly
because Chk1 depletion itself may be a form of stress to
cells (Supplemental Fig. S6A).
We next determined whether impaired promoter clearance could account for the weak p21 response seen when
cells are blocked in S phase. Phosphorylation of the CTD
at Ser5 is a hallmark of promoter clearance (Kumar et al.
1998). Using a high-resolution q-ChIP tiling array of the
p21 locus with an antibody against this modification, we
found that levels of RNAPII Ser5P at the p21 promoter
were equivalent after both drug treatments and were
unaffected by Chk1 inhibition in either case (Fig. 5A).
As RNAPII transits a gene locus, it becomes increasingly phosphorylated on Ser2 of its CTD heptad repeats.
Using a similar tiling array as for examination of RNAPII
Ser5P, we found that after dauno treatment, the amount
of RNAPII phosphorylated at Ser2 progressively increased
along the p21 locus (Fig. 5B). In marked contrast, after HU
treatment, levels of Ser2-phosphorylated RNAPII failed
to increase along the length of the gene (Fig. 5B). As
a result, the elongating, Ser2-phosphorylated form of
RNAPII was significantly less abundant at the very distal
p21 region (39 to approximately +6000 kb) after HU
treatment when compared with cells treated with dauno
(Fig. 5B, cf. solid red line and solid green line). This
was not due to a change in the overall levels of Ser2phosphorylated RNAPII (Fig. 5C). Most importantly, the
progressive increase in Ser2-phosphorylated RNAPII ob-

served in HU-treated cells was completely restored when
Chk1 inhibition was combined with replication stress
(Fig. 5B, cf. solid and dashed red lines). Similar results
were observed using Chk1 siRNA, although the effect
was not as dramatic, most likely due to the residual levels
of Chk1 protein that remained after knockdown by
siRNA (Supplemental Fig. S6B).
To confirm that the defect in p21 mRNA accumulation
was well correlated with a deficiency in RNA elongation,
we assessed the presence of specific regions of the nascent
p21 RNA transcript after the combinations of drug treatments described above. Total RNA from HCT116 cells
was amplified for regions that are exclusively present in
the nascent p21 transcript (i.e., introns that are spliced
out of mature p21 mRNA). Short p21 nascent transcripts,
as assayed for by an amplicon close to the transcription
start site but within the first intron of the gene (+507),
were equally present after HU or daunorucibin treatment
and little affected by Go6976 treatment (Fig. 5D). Note
that we do not believe the +507 amplicon is significantly
present in the longer nascent transcripts due to cotranscriptional splicing. However, longer p21 RNA transcripts, as assayed for by an amplicon in p21 located
just before the third exon (+7011), weakly accumulate
after HU treatment, but are strongly induced after the
combination of Gö6976 and HU treatment (Fig. 5D). A
region not expected to be present in either the nascent or
mature mRNA transcript of p21 (+11,443, after the
polyadenylation site) was amplified as a negative control.
As a positive control, an amplicon was assayed that is present in the mature p21 mRNA transcript (+8566). As expected, the signal from the positive control was ;100-fold
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Figure 5. Chk1 inihibition stimulates distal transcription elongation on the p21 locus after HU
treatment. (A–C) ChIP was performed in HCT116
cells following treatment as in Figure 2A. Cells
were cross-linked in 1% formaldehyde, lysed in
RIPA buffer, and sonicated. Lysates were precleared and then immunoprecipitated with antibodies recognizing RNAPII phosphorylated at Ser5
(A) or Ser2 (B) of its heptad repeat, as indicated in
the figure. Solid lines refer to samples pretreated
with DMSO; dashed lines refer to samples pretreated with Gö6976. Quantification of ChIPenriched DNA and replicates were performed as
in Figure 4. (C) Five percent of the input protein was subjected to immunoblot analysis. (D)
HCT116 cells were treated as above; RNA was
extracted and subjected to qRT–PCR using primers
recognizing different regions of the nascent p21
transcript. Values were normalized to those of
hprt1.

stronger than the signals from the primary transcript
amplifications (data not shown).
Taken together, these data imply that Chk1 functions
to block p21 transcription elongation specifically at the
distal end of the gene.
Chk1 inhibition does not affect assembly of general
transcription initiation factors at the p21 promoter
when cells are blocked in S phase
It is conceivable that the increased transcription resulting
from the combination of Chk1 inhibition and HU treatment is caused by augmented PIC assembly at the p21
promoter, which could indicate a greater ability for
RNAPII to reinitiate transcription. Indeed, two components of the PIC, TFIIB and TFIIH/CDK7, were strongly
recruited to the p21 promoter after dauno but not HU
treatment (Fig. 6A,B, respectively), although their levels
in cells were unchanged under the two conditions (data
not shown). Nevertheless, in neither case was their
differential recruitment rescued by Chk1 inhibition.
Other components of the PIC, such as TBP, showed little
difference in recruitment after either HU or dauno
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(Mattia et al. 2007). Since neither TFIIB nor TFIIH recruitment was affected after the combination of HU
treatment and Chk1 inhibition, it is unlikely that other
components of the basal transcription machinery are
responsible for these increased levels of p21 mRNA.
CDK7 is the canonical kinase that phosphorylates the
CTD of RNAPII at Ser5. RNAPII Ser5P levels were
equivalent at the p21 promoter region after HU and
dauno, and were unaffected by Chk1 inhibition (Fig.
5A). Yet TFIIH/CDK7 was not significantly recruited to
p21 after HU treatment, in contrast to its increased
presence after dauno treatment (Fig. 6B). This implies
that another kinase substitutes for CDK7 at p21 after HU
treatment. One such kinase reported to phosphorylate
RNAPII at Ser5, CDK8, was also strongly recruited to the
59 region of the p21 locus after dauno but not HU
treatment; however, unlike CDK7, CDK8 recruitment
was increased after inhibiting Chk1 and treating cells
with HU (Fig. 6C). This is consistent with another report
that recruitment of CDK8 correlates positively with
strong p21 transcription (Donner et al. 2007b). Nevertheless, since there was no difference in Ser5 phosphorylation under the different conditions tested, it is unlikely
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Figure 6. Chk1 inhibition does not affect PIC assembly at the
p21 promoter when cells are blocked in S phase. (A–C) ChIP was
performed in HCT116 cells following treatment as in Figure 2A.
Cells were cross-linked in 1% formaldehyde, lysed in RIPA
buffer, and sonicated. Lysates were precleared and then immunoprecipitated with antibodies as indicated in the figure. Five
percent of the input protein was subjected to immunoblot
analysis. Quantification of ChIP-enriched DNA and replicates
were performed as in Figrue 4.

that differential recruitment of CDK8 affects p21 transcription via modification of this residue. It is unclear at
this point how CDK8 may contribute to Ser2 phosphorylation and late elongation steps at this gene locus.
These data together indicate that on the p21 gene, Sphase arrest affects PIC formation in a Chk1-independent
fashion, and that a kinase other than CDK7 or CDK8
phosphorylates RNAPII at Ser5 after HU treatment.
Chk1 inhibition selectively alters the recruitment of
key factors to the 39 end of the p21 gene during
S-phase arrest
We asked whether increased RNAPII pausing at the
transcription initiation region of the p21 promoter was

responsible for the decreased transcription from this
locus after HU treatment. In unstressed cells, low
amounts of RNAPII are poised in the p21 TATA region,
which facilitates rapid transcription of this gene upon
DNA damage (Espinosa et al. 2003). In the absence of
stress, Spt5/DSIF functions, in concert with NELF, to
pause RNAPII at certain promoters such as hsp70, jun-B,
and p21 (Wu et al. 2003; Aida et al. 2006; Gomes et al.
2006). Recent work has also demonstrated a positive role
for DSIF, but not NELF, in the regulation of transcription
elongation where, upon phosphorylation by P-TEFb, Spt5
travels into the body of the gene with RNAPII (Cheng and
Price 2007). In our experiments, neither Spt5 (Supplemental Fig. S6C) nor NELF (data not shown) were
differentially recruited to the p21 TATA region under
any combination of stresses examined. Thus, after HU
treatment increased transcriptional pausing of RNAPII in
the TATA region of p21 is not responsible for the block to
p21 transcription.
Despite the equivalent recruitment of Spt5 to the p21
promoter after HU and dauno, at the distal end (+8566) of
the p21 gene its presence was significantly reduced after
HU treatment, and this reduction was attenuated in the
presence of Chk1 inhibition (Fig. 7A). As Spt5 tracks with
RNAPII, this is perhaps reflective of the increased transiting of the polymerase through this region under these
conditions.
Phosphorylation of RNAPII at Ser2 of its CTD heptad
repeat has been shown to provide a docking point for
several proteins that regulate transcription elongation
(Hampsey and Reinberg 2003). One such example is the
Set2 methyltransferase, which trimethylates histone H3
on Lys36. In metazoans high levels of this modification
are a mark of efficiently transcribed genes (Bannister et al.
2005). Consistently, this histone modification was increased in cells ablated for Chk1 that were treated with
HU (Supplemental Fig. S6D).
Because the block to p21 transcription elongation after
HU was limited to the far distal region of the gene within
1–2 kb of the polyadenylation site, we determined
whether Chk1 had any effect on the localization of 39
mRNA processing factors to this region. Certain subunits
of the metazoan CPSF and CstF components of polyadenylation complexes—for example, CPSF-100 and CstF64—can be recruited to active promoters via interaction
with general transcription factors (such as TFIID) and
then remain associated with RNAPII as it traverses
through the gene (Dantonel et al. 1997; Calvo and Manley
2003; Glover-Cutter et al. 2008). When we examined
CstF-64 association with p21, we found that it was
recruited equivalently to the TATA region after HU and
dauno treatment, and that its recruitment to this region
was unaffected by Chk1 inhibition (Fig. 7B). In contrast,
at the distal region of p21 (i.e., beginning at approximately +7 kb from the transcription start site and
extending to 1 kb downstream from the polyadenylation
site), there was a significant increase in association of
CstF-64 in dauno-treated cells, while there was no such
increase in CstF-64 detected after HU treatment (Fig. 7B).
This could not be attributed to differing cellular levels of

GENES & DEVELOPMENT

1371

Downloaded from genesdev.cshlp.org on September 17, 2009 - Published by Cold Spring Harbor Laboratory Press

Beckerman et al.

Figure 7. Chk1 inhibition selectively alters the recruitment of certain factors to the 39 end of the p21 gene after
HU treatment. (A–D) ChIP was performed in HCT116
cells following treatment as in Figure 2A. Cells were
cross-linked in 1% formaldehyde, lysed in RIPA buffer,
and sonicated. Lysates were precleared and then immunoprecipitated with antibodies as indicated in the figure.
Five percent of the input protein was subjected to
immunoblot analysis. Quantification of ChIP-enriched
DNA and replicates were performed as in Figure 4.

CstF-64 (Fig. 7C). Furthermore, CstF-64 localization to
this distal region on p21 was significantly enhanced in the
HU-treated cells after Chk1 inhibition (Fig. 7B). Similar
results were seen with two components of the CPSF
complex, CPSF-100 (Fig. 7D) and CPSF-73 (data not
shown). Thus, our results indicate that when cells are
blocked in S phase, Chk1 has a role in regulating the
localization of polyadenylation factors at the p21 distal
region.
Discussion
Here we report a crucial link between the regulation of
p21 transcriptional elongation and Chk1 kinase signaling.
When cells are arrested in S phase and Chk1 is ablated,
the levels of p21 mRNA are increased, and this upregulation is strongly linked to increased elongation
through the distal region of the gene. Our findings are
summarized in Figure 8.
Two explanations can be proposed for why downregulating Chk1 increases p21 transcription elongation:
Chk1 itself may be performing an active role in repressing
p21 transcription elongation after HU treatment, or the
ablation of Chk1 may lead to the activation of a secondary
pathway that is not normally functioning in cells arrested
in S phase. As an example of the latter possibility, Chk1 is
known to stabilize stalled replication forks, and its
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absence may lead to the processing of these forks into
DNA double-stranded breaks leading to activation of the
ATM/Chk2 pathway (Paulsen and Cimprich 2007). Two
lines of evidence exclude this latter scenario. First, when
HU treatment and dauno treatment are combined, p21
mRNA is significantly decreased when compared with
treatment with dauno alone, indicating that HU treatment activates a dominant pathway that actively represses p21 transcription (Mattia et al. 2007). The fact
that Chk1 is significantly more phosphorylated after HU
than after dauno supports an active role for this kinase
after replication stress (Figs. 1A, 2A). Second, after HU
treatment, Chk2 is activated to a comparable level as
seen after dauno treatment (as measured by levels of
Chk2 phosphorylated at Thr68), indicating that Chk2
activation is not in itself sufficient to mediate full
transcriptional induction of p21 after replication stress.
Indeed, using Chk2-null HCT116 cells our data suggest
that Chk2 activity is necessary for full activation of p21
transcription after HU or dauno. This is in agreement
with findings that p53-mediated transcription of multiple
target genes is compromised in Chk2-null mice (Takai
et al. 2002). It is interesting that Chk2 activity may be
required for full p21 transactivation while Chk1 activity
appears to negatively regulate p21 transcriptional elongation. Although these two kinases have generally similar consensus sequences for phosphorylation (O’Neill
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Figure 8. A model for Chk1 function in the
transcription elongation block to p21 during
S-phase arrest. In cells treated with replication stress, p53 and HAT assembly at the
upstream region of the p21 promoter is unaffected. When cells are blocked in S phase,
a Chk1-independent differential PIC assembly at p21 is observed, which excludes TFIIB,
CDK7, and CDK8 and possibly other components. RNAPII is efficiently recruited to the
TATA region of p21 under these conditions,
and upon phosphorylation of its Ser5 residue
by an unknown kinase (circle with question
mark, which is neither CDK7 nor CDK8), it
is able to clear the promoter. RNAPII then
transits the p21 gene, becoming minimally
phosphorylated on Ser2 of its CTD heptad
repeats, until it reaches the distal end of
the gene (approximately +5 kb to +7 kb),
whereupon it encounters a specific, Chk1regulated, block to elongation. This block
correlates with the decreased recruitment
of DSIF, CPSF-100, CstF-64 to the distal region on p21. H3K36 trimethylation in this region is also blocked. These conditions
lead to greatly reduced p21 mRNA production.

et al. 2002), they can differentially phosphorylate sites
within the C terminus of p53 (Shieh et al. 2000). This may
not only result in a selective impact on p53; perhaps key
components of the transcription machinery are also
differentially recruited or phosphorylated by these two
checkpoint kinases.
While our results implicate the ATR/Chk1 signaling
cascade in regulating p21 transcription elongation during
S-phase arrest, the participation of parallel signaling
pathways cannot be ruled out. For example, treating
mouse embryonic stem cells with Chk1 inhibitors such
as UCN-01 activates the p38 MAP kinase pathway
(Rodriguez-Bravo et al. 2007; Vitale et al. 2008). Moreover, ATR itself has been shown to activate the p38–
MAPK pathway under certain conditions (Im and Lee
2008), and p53-deficient cells rely on the p38–MAPK
pathway for survival after DNA damage (Reinhardt
et al. 2007). A DNA replication checkpoint response that
is dependent on Chk1 and claspin, but not on ATR, ATM,
p38, or Rad17, has been described in HeLa cells but not
HCT116 cells (Rodriguez-Bravo et al. 2006). These findings together mandate further investigation of the role of
p38 signaling in the block to p21 transcription during
S-phase arrest.
The signaling activity downstream from Chk1 should
also be considered. Upon activation of the S-phase checkpoint, Chk1 inhibits CDK2/cyclin E activity by triggering
the degradation of the cdc25A protein (Xiao et al. 2003;
Sorensen et al. 2004). Ablating Chk1 thus restores CDK2
activity. Since many proteins are substrates of CDK2/
cyclin E, further work is necessary to define the role, if
any, of the downstream effectors of Chk1 in the transcription elongation block to p21 during S phase.
Although the initiation phase of transcription was
originally thought to be the stage at which most regulatory events occur, more recent findings show transcrip-

tion elongation can also be an important point of control
(Sims et al. 2004). In line with this, we showed that
elongation is specifically regulated by ATR and Chk1. We
also found that the recruitment of certain PIC components, namely, TFIIB and CDK7, to the p21 promoter is
reduced after HU but not dauno treatment, although their
recruitment is not rescued after Chk1 inhibition. This
indicates that while HU treatment certainly impacts PIC
assembly, this occurs in a Chk1-independent fashion.
Further, this result supports our conclusion that transcription initiation is not the sole determinant of the
extent of p21 transcription (see model; Fig. 8). Although it
is possible that sustained levels of TFIIB and CDK7
contribute to increased reinitiation from the p21 promoter after dauno treatment (Espinosa et al. 2003), high
levels of TFIIB at the promoter do not directly correlate
with strong p21 mRNA induction (JM Espinosa, unpubl.).
Moreover, the amount of RNAPII loaded at the p21
promoter does not reflect the differential PIC assembly
that we observe.
Intriguingly, as mentioned before, given the occupancy
profiles of the cyclin-dependent kinases at p21 after HU
treatment, our data imply that neither CDK7 nor CDK8
is responsible for phosphorylating Ser5 of RNAPII at this
locus after replication stress. In the past, CDK7 was
thought to be the main RNAPII Ser5 kinase. However,
recent chemical genetic experiments discourage this
notion (Larochelle et al. 2007). Other kinases have been
implicated in Ser5 phosphorylation, including CDK8 and
CDK9, as well as DNA-PK, ERK1/2 (Oelgeschlager 2002).
Of these, CDK1 is unlikely to be required to phosphorylate Ser5 when cells are arrested in S phase because it is
only active in the G2/M phase of the cell cycle (Clute and
Pines 1999). More likely, either ERK or DNA-PK modifies
RNAPII Ser5 after HU, as both kinases have been shown
to be activated by S-phase block (Wu et al. 2006). Further
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work is required to determine whether either kinase is
phosphorylating RNAPII Ser5 when DNA replication is
blocked.
The data presented here link the failure to induce p21
transcription after HU treatment with a defect in transcription elongation, as assayed for by ChIPs that detect
RNAPII phosphorylated at Ser2 (Fig. 5B; Supplemental
Fig. S5C). How is this elongation block accomplished?
Two possibilities exist: In the first case, the polymerase
would fail to efficiently escape the promoter, leading to
decreased density of RNAPII throughout the entire p21
gene. Alternatively, the polymerase would escape the p21
promoter region normally but would stall upon encountering one or more distal blocks to transcription. ChIPs
for RNAPII phosphorylated at Ser5 (which assays promoter escape) strongly support the latter mechanism (see
model in Fig. 8). It should be mentioned, however, that
phosphorylation of RNAPII at Ser2 is not required for p21
mRNA accumulation, based on its resistance to DRB
treatment (Gomes et al. 2006). Nevertheless, while phosphorylation of RNAPII at Ser2 may not be essential for
p21 transcription or RNA processing, the absence of this
modification is certainly correlated with the decrease in
p21 mRNA levels when DNA replication is blocked.
In this study, we establish a previously unknown link
between the polyadenylation machinery and a DNA
damage effector kinase. What is perhaps most striking
about our results is that several proteins (DSIF, CPSF-100,
and CstF-64) show no difference in recruitment to the
TATA region of the p21 promoter after HU, but show
a progressive loss in occupancy (relative to the sharp
increase brought about by dauno treatment) as the p21
gene is traversed by RNAPII. This is most pronounced at
or downstream from the poly(A) site (see model in Fig. 8).
DSIF, CPSF-100, and CstF-64 have all been shown to
associate with RNAPII along the gene, and treatment of
cells with DRB, which inhibits RNAPII phosphorylation
at Ser2, decreases the association of CstF and CPSF
subunits with distal regions of p21 (Glover-Cutter et al.
2008). Therefore, we cannot at this point rule out that the
decreased recruitment of these processing factors at the 39
end of p21, and their subsequent rescue by Chk1 inhibition, does not simply reflect the decrease in Ser2phosphorylated RNAPII under these conditions. However, a more interesting hypothesis is that these polyadenylation factors are regulated by Chk1 in such a way
as to affect the efficiency of transcription elongation.
Several reports have shown that polyadenylation factors
impact transcription, especially elongation and termination (Calvo and Manley 2003; Buratowski 2005; Rosonina
et al. 2006), and several SR proteins have been shown to
stimulate transcription elongation (Dermody et al. 2008;
Lin et al. 2008). Intriguingly, our preliminary data indicate that Chk1 is recruited to the TATA region of p21
after HU treatment (Supplemental Fig S7). This provides
further support for a direct role for Chk1 in regulating
transcription elongation at this locus. In future experiments
we hope to determine whether Chk1 directly phosphorylates CstF and CPSF subunits and if so, whether this affects transcription elongation.

1374

GENES & DEVELOPMENT

Others have shown that the role of Chk1 differs in
tumor and nontumor cell lines. While Chk1 is essential
in maintaining genomic integrity during S-phase block in
tumor cell lines such as HCT116, this is not the case in
nontransformed cell lines such as NRK, NIH3T3, and
MDCK cells (Rodriguez-Bravo et al. 2007). This observation has obvious implications for cancer therapy. It will
be of great interest to determine whether the Chk1dependent block to p21 transcription elongation is also
conserved in nontransformed cell lines, and if not,
whether this is the mechanism that accounts for the
differential responses of tumor and nontumor cell lines to
Chk1 inhibition.
Materials and methods
Cell culture, FACS analysis, and drugs
RKO cells and HCT116 colon carcinoma cells (wild type, p53 / ,
and Chk2 / ) were grown in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum at 37°C. Drugs used in
this study are as follows: 1.7 mM HU (Sigma), 0.22 mM dauno
(Sigma), 1 mM Gö6976 (Sigma), and 4 mM caffeine (Sigma). For
FACS analysis, cells were treated as described in the figure
legends, trypsinized, and centrifuged at 1500 rpm. The pellet
was resuspended in 200 mL of PBS and then fixed with 200 mL of
ice-cold ethanol for at least 30 min at 4°C. The fixed cells were
then centrifuged and washed in 400 mL of cold PBS. The cells
were resuspended in 250–400 mL of PBS solution containing
RNase A (50 mg/mL) and propdium iodide (60 mg/mL; Sigma).
The cells were analyzed in a fluorescence-activated cell sorter
(FACSCalibur, Becton Dickinson) for DNA content, and cell
cycle stages were analyzed by using the ModFit LT version 3.0
program.
siRNA
siRNA duplexes were synthesized by Qiagen Inc. The negative control siRNA was the Qiagen All-stars duplex, and the
ATR siRNA oligos were designed by Qiagen. Chk1 and Chk2
siRNA oligos have been described previously (Urist et al. 2004;
Rodriguez and Meuth 2006). For RNAi experiments, HCT116 or
RKO cells were plated at 30% confluency and transfected with
50 nM siRNA duplex using Dharmafect I (Dharmacon). Fresh
media was added to the cells 6 h after transfection. The cells were
then left untreated or exposed to 0.22 mM dauno or 1.7 mM
hydroxyurea as indicated in the figure legends. Cells were lysed
in TEGN buffer buffer (10 mM Tris at pH 8; 1 mM EDTA; 10%
glycerol; 400 mM NaCl; 1% NP-40; 0.5 mM phenylmethylsulfonyl fluoride, protease inhibitors [1 mM benzamidine, 3 mg/mL
leupeptin, 0.1 mg/mL bacitracin, 1 mg/mL macroglobulin]) for
immunoblotting, pelleted and frozen in liquid N2 for RNA
extraction, or cross-linked and lysed in RIPA buffer (150 mM
NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl
sulfate [SDS], 50 mM Tris at pH 8, 5 mM EDTA, protease
inhibitors as described for TEGN buffer) for ChIP analysis.
Protein extraction and immunoblotting
Cells were lysed using TEGN buffer. Lysates were centrifuged to
remove cellular debris, and the whole-cell extract was subjected
to SDS–polyacrylamide gel electrophoresis followed by transfer
to nitrocellulose. Membranes were blocked in 5% milk and then
probed using the antibodies described in Supplemental Table S1.
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Anti-mouse or anti-rabbit secondary antibodies conjugated to
IRDye 800 or 680 (Licor) were incubated with membranes and
detected by the Odyssey fluorescence system (Licor).
RNA extraction and quantitative RT–PCR
(qRT–PCR) analysis
RNA was harvested using a Qiagen RNeasy Mini kit, and firststrand cDNA synthesis was performed with the SuperScript III
Supermix for qRT–PCR kit (Invitrogen) according to the manufacturers’ specifications. A ‘‘No-RT’’ reaction, in which RNA was
subjected to the conditions of cDNA synthesis without reverse
transcriptase enzyme, was included as a negative control in all
RT–PCR experiments to confirm the purity of RNA samples.
Samples were analyzed by quantitative real-time PCR on an ABI
7300 real-time PCR instrument using the DDCT method. PCR
reaction mixtures contained 2 ng of cDNA, 13 SYBR Green Mix
(Applied Biosystems), and 100 nM primers. Values were normalized to those of the hprt1 housekeeping gene. All primer sequences are available upon request.
ChIP
The antibodies used for ChIP are described in Supplemental
Table 1. In all ChIP experiments, conditions that allow at least
90% immunodepletion of the epitope were used, and a noantibody control confirmed the specificity of the immunoprecipitation. In cases where immunoprecipitations were performed
using antibodies against the phosphorylated form of RNAPII
(anti-Pol II-CTD Ser 2P or Ser 5P), a mixture of phosphatase
inhibitors (Calbiochem) was added to the lysis buffer to protect
against phosphatase activity. ChIP assays were performed essentially as described (Gomes et al. 2006) with the following
modification: ChIP DNA was purified using the Qiaquik PCR
Purification Kit (Qiagen). PCR reaction mixtures containing 13
SYBR Green Mix (Applied Biosystems), 1/50th fraction of ChIPenriched DNA, and 100 nM primers in a total volume of 20 mL
were set up for analysis by real-time PCR. Standard curves from
0.1–100 ng of sonicated genomic DNA were run along with the
ChIP samples. All primer sequences are available upon request.
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