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Under classical models for signal-dependent transcription in eukaryotes, DNA-binding activator proteins
regulate the recruitment of RNA polymerase II (Pol II) to a set of target promoters. However, recent studies,
as well as our results herein, show that Pol II is widely distributed (i.e., “preloaded”) at the promoters of many
genes prior to specific signaling events. How Pol II recruitment and Pol II preloading fit within a unified model
of gene regulation is unclear. In addition, the mechanisms through which cellular signals activate preloaded
Pol II across mammalian genomes remain largely unknown. We show here that the predominant genomic
outcome of estrogen signaling is the postrecruitment regulation of Pol II activity at target gene promoters,
likely through specific changes in Pol II phosphorylation rather than through recruitment of Pol II to the
promoters. Furthermore, we show that negative elongation factor binds to estrogen target promoters in
conjunction with preloaded Pol II and represses gene expression until the appropriate signal is received.
Finally, our studies reveal that the estrogen-dependent activation of preloaded Pol II facilitates rapid gene
regulatory responses which play important physiological roles in regulating estrogen signaling itself. Our
results reveal a broad use of postrecruitment Pol II regulation by the estrogen signaling pathway, a mode of

regulation that is likely to apply to a wide variety of signal-regulated pathways.

The regulation of gene expression is an important means by
which cells respond to physiological and environmental signals.
Under classical models for signal-dependent transcription,
DNA-binding activator proteins promote the recruitment of
RNA polymerase II (Pol II) to a set of target promoters (27,
39, 46, 47). An alternative, and not mutually exclusive, mech-
anism controlling gene expression involves the regulation of
Pol II activity, primarily through phosphorylation, at a step
after recruitment to target genes (42, 54). In metazoans, gene-
specific studies have provided examples of genes regulated by
either Pol II recruitment or Pol II activation postrecruitment,
although the predominant mechanism remains largely un-
known (2, 33, 51). In addition, recent genome-wide studies
have shown that Pol II localizes to the promoters of many
unexpressed genes prior to specific signaling events (i.e., Pol II
is “preloaded”) (6, 20, 23, 36, 45, 48, 65). Interestingly, pre-
loaded or stalled Pol II has recently been suggested to play
important roles in regulating promoter-proximal nucleosome
assembly and gene expression (12, 18).

A current hypothesis about the role of preloaded Pol II
across the genome suggests that it is poised for activation by
physiological or developmental signals (34, 57). The validity of
this hypothesis and the mechanisms through which specific
signaling pathways activate preloaded Pol II have not been
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studied directly at a genome-wide scale. Estrogenic hormones,
such as 17B-estradiol (E2), make a good model for signal-
regulated transcription since they act through DNA-binding
estrogen receptors (ERs) to control patterns of gene expres-
sion involved in reproduction, development, and metabolism
(13, 38). The historical model for gene activation by E2 signal-
ing, developed based on model E2-regulated genes, involves
E2-dependent chromatin modifications followed by the re-
cruitment of Pol II to target promoters (19, 35). However, the
generality of this “Pol II recruitment” model has not been
examined across the entire E2-regulated transcriptome.

The complexity of the transcription cycle provides many
opportunities for exquisite regulatory control of Pol II-depen-
dent transcriptional responses. Before transcription initiation,
Pol II forms a preinitiation complex (PIC) with general tran-
scription factors at gene promoters (9, 15). After initiation, Pol
1T is released from the promoter to enter productive elongation
through the coding region of the gene (15, 54). Phosphoryla-
tion of specific residues within the heptapeptide repeat of the
Pol II Rpbl subunit carboxy-terminal domain (commonly re-
ferred to as the Pol II CTD) marks the transition from tran-
scription initiation to transcription elongation (11). For exam-
ple, phosphorylation at serine 5 (Ser5P) of the Pol II CTD
generally occurs early in the transcription cycle. In contrast,
phosphorylation at serine 2 (Ser2P), which is catalyzed primar-
ily by the cyclin-dependent kinase 9 (Cdk9) of the positive
transcription elongation factor-b (P-TEFb), generally occurs
concomitantly with productive elongation and predominates
toward the 3’ ends of genes (39, 42, 45, 54). Transacting fac-
tors, such as the negative-elongation factor (NELF) and the
DRB-sensitivity-inducing factor (DSIF) complexes, cooperate
to repress transcription elongation and their negative effects
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can be overcome by P-TEFb (41, 44, 60, 64). However, recent
studies suggest that NELF may also play a positive role in
transcriptional regulation (18). How Pol II phosphorylation
and the functions of NELF and DSIF are regulated by cellular
signals at a genomic scale remains largely unknown.

In the present study, we show that a significant portion of
unexpressed genes (~20%) in the human genome have pre-
loaded Pol II prior to specific signaling events. Furthermore,
our studies reveal that the predominant genomic outcome of
estrogen signaling at target promoters is the postrecruitment
activation of preloaded Pol II, likely through phosphorylation
of the CTD, rather than recruitment of Pol II. This process
involves the E2-dependent recruitment of Cdk9. Furthermore,
our results suggest that transacting regulatory factors, such as
NELF and DSIF, function to restrain transcription by pre-
loaded Pol II until an appropriate signal, such as E2, is re-
ceived. This mode of regulation by E2 facilitates rapid gene
regulatory responses, which act in a feed-forward pathway to
regulate the overall estrogen signaling program. The results
described here, together with other recent findings, reveal a
new mode of signal-dependent gene regulation that is likely to
apply to a wide variety of signal-regulated pathways.

MATERIALS AND METHODS

Cells lines and RNA interference-mediated knockdown. MCF-7 human breast
cancer cells were kindly provided by Benita Katzenellenbogen (University of
Tllinois, Urbana-Champaign). The cells were maintained in minimal essential
medium supplemented with 5% calf serum and plated for experiments in phenol
red-free minimal essential medium supplemented with 5% charcoal-dextran
treated calf serum. NELF-B-depleted MCF-7 cells were generated by retrovirus-
mediated gene transfer of a short hairpin RNA (shRNA) sequence (5'-GACC
TTCTGGAGAAGAGCT-3') specifically targeting the NELF-B mRNA by using
the pSUPER .retro system (Oligoengine). Control cells expressing a short hairpin
RNA sequence directed against green fluorescent protein (GFP) were generated
in parallel.

Antibodies. The antibodies used in the present study were as follows: RNA Pol
II (Santa Cruz N-20 and C-21 [SC-899 and SC-900, respectively]; the antibodies
were combined in equal amounts before use), transcription factor I1IB (TFIIB;
Santa Cruz SI-1; SC-274X), Pol II Ser5-Phos CTD (Covance H14; MMS-134R),
Pol II Ser2-Phos CTD (Covance H5; MMS-129R), NELF-A (Santa Cruz A20;
SC-23599), NELF-B (mouse monoclonal) and NELF-E (rabbit polyclonal)
(kindly provided by Hiroshi Handa, Tokyo Institute of Technology), Cdk9 (Santa
Cruz H-169; SC-8338), and SPT5 (Santa Cruz H-300; SC-28678).

ChIP assays. Chromatin immunoprecipitations (ChIPs) were performed as de-
scribed previously (24). For the Ser5- and Ser2-Phos CTD ChIP assays, we used the
protocol noted above with the following modifications: (i) immune complexes were
captured using anti-mouse immunoglobulin M (p-chain specific)-agarose beads
(Sigma, A4540) after an overnight incubation with the antibodies at 4°C, and (ii)
the agarose beads were washed once with each of the following buffers: (i) 1%
Triton X-100, 0.1% sodium dodecyl sulfate, 2 mM EDTA, 20 mM Tris-HCI (pH
7.9), 150 mM NaCl, 2 mg of leupeptin/ml, and 2 mg of aprotinin/ml; (ii) 1%
Triton X, 0.05% sodium dodecyl sulfate, 2 mM EDTA, 20 mM Tris-HCI (pH
7.9), 500 mM NaCl, 2 mg of leupeptin/ml, and 2 mg of aprotinin/ml; and (iii) 1%
NP-40, 1 mM EDTA, 10 mM Tris-HCI (pH 7.9), 250 mM LiCl, 0.5% deoxy-
cholate, 2 mg of leupeptin/ml, and 2 mg of aprotinin/ml; and (iv) TE. The beads
were washed once again with Tris-EDTA and resuspended in elution buffer for
analysis, as described previously (24). The enrichment of immunoprecipitated
ChIP material relative to the input material was determined by using quantitative
real-time PCR (qPCR) with gene-specific primer sets to specified genomic re-
gions (see below). Each ChIP experiment was conduced a minimum of three
times with independent chromatin isolates to ensure reproducibility.

Hybridization of ChIP material to DNA microarrays. For microarray hybrid-
ization, purified ChIP DNA was blunted by using T4 DNA polymerase (New
England Biolabs), ligated to linkers, and amplified by using ligation-mediated
PCR, as described previously (24, 50). A total of 4 pg of immunoprecipitated
(IP) and input DNA were sent to Nimblegen for labeling with Cy5 or Cy3
fluorophores, respectively, using 9-mer primers. The labeled IP and input DNA
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were cohybridized to the Nimblegen HG18 RefSeq promoter microarray, which
contains ~19,000 well-characterized RefSeq genes tiled from bp —2200 to +500
from the transcriptional start site (TSS) with 50- to 75-mer probes at ~100-bp
spacing. The raw ChIP-chip data can be accessed from the National Institutes of
Health GEO website (http://www.ncbi.nlm.nih.gov/projects/geo/) using the series
accession number GSE13051.

Controls to determine the IP efficiency, the average size of the sonicated DNA,
and the efficiency of DNA amplification were performed to ensure that this
protein-DNA interaction study was of high quality and the false-positive error
rate was minimized. Gene-specific confirmation analyses showed that our ChIP-
chip experiments had false-positive error rates of ~15%, on average, which are
similar to, if not lower, than those reported for other ChIP-chip analyses (26, 29,
31, 58).

ChIP-chip statistical analyses. Statistical analysis was performed by using the
statistical software R (GNU project, Free Software Foundation) (49), and all of
the scripts that were used are available upon request. The signal ratio of IP-DNA
over input-DNA was log, transformed and Lowess normalized (55). For the
experiments comparing —E2 and +E2 conditions, the data were scaled for total
signal intensity to ensure that any differences observed were not due to variations
in overall labeling or hybridization efficiencies. The corrected data were then
analyzed by using moving average windows of 800 bp with a step of 150 bp, as
described previously (8), and visualized by using the Treeview software (53). The
Wilcoxon signed-rank test was used to ascertain whether a window average signal
was significantly higher than the mean of all window signals.

To determine significant regions of factor binding, we applied an algorithm
requiring: (i) the Wilcoxon signed-rank test P value for a certain window to be
less than 0.05, (ii) each window to contain at least five probes on the microarray,
and (iii) at least two consecutive windows to satisfy the criteria i and ii described
above. For Ser5P, we also required that the significant regions should contain Pol
II peaks, as described above. Based on gene-specific ChIP-qPCR experiments,
our estimated confirmation rate using the thresholds described above was ~85%
for RNA Pol II, ~93% for NELF-A, and ~78% for Ser5P (genes tested = 33).
Averaging analysis for several gene classes was performed by averaging the log,
(IP/input) signals of the appropriate windows across all genes within each class.
The Student ¢ test (two-tailed, unpaired homoschedastic) was applied to deter-
mine whether factor binding at a certain region was significantly different be-
tween two classes.

ChIP-gPCR. For qPCR analyses of the ChIP material, 2 pl out of 50 ul of
ChIP DNA, 1X SYBR green PCR master mix, and 250 nM concentrations of
forward and reverse primers were used in 40 cycles of amplification (95°C for 15 s
and 60°C for 1 min) using a DNA Engine Opticon detection system (MJ Re-
search) after an initial 10-min incubation at 95°C. Melting-curve analysis was
performed to ensure that only the targeted amplicon was amplified. Mock IP
(i.e., nonspecific ChIP) values were subtracted from the IP values to generate the
values shown in the graphs. The sequences of the primers used for the ChIP-
qPCR are listed in the supplemental material.

Expression microarray analyses. To determine the expression status of genes,
we used previously published expression microarray data from MCF-7 cells
treated with or without 100 nM E2 for 3 h (24) (GEO accession numbers
GSM234903 through GSM234908). The raw data from three independent rep-
licates were processed by Affymetrix GCOS software to obtain “present” or
“absent” detection calls for each gene on the microarray. To account for the
uncertainty due to variations within microarray data, we required a gene to have
“present” or “absent” calls in all three replicates to be defined as unambiguously
“expressed” or “unexpressed,” respectively. Genes with ambiguous expression
status were eliminated from further analysis.

To define the E2-regulated transcriptome, the raw data were processed by
Affymetrix GCOS software to obtain detection calls and signal values and then
normalized by scaling. Only probe sets having “present” calls on at least two of
the three arrays were included for further analysis; those signals were log,
transformed and median centered. The ¢ test was applied to the normalized data
matrix to identify differential genes between the E2-treated and untreated con-
trol samples. A significance level cutoff of 0.05 was applied to select each dif-
ferential gene set and gene regulation was considered significant if the observed
change was >1.5-fold.

Gene expression analyses by reverse transcription-qPCR. MCF-7 cells were
maintained in estrogen-free medium as described above and treated with ethanol
or 100 nM E2 for 1, 3 and 6 h. For the 5,6-dichloro-1-p-ribofuranosyl-benzimi-
dazole (DRB) gene expression analyses, MCF-7 cells were pretreated with ve-
hicle (dimethyl sulfoxide) or 50 pM DRB (MP Biomedicals, catalog no. 157639)
for 1 h prior to E2 treatment. Total RNA was isolated by using RNeasy columns
and treatment with RNase-free DNase I (Qiagen) according to the manufactur-
er’s specifications. First-strand cDNA synthesis was performed with 400 ng of
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total RNA, 1 pg oligo(dT), and 400 U of Moloney murine leukemia virus reverse
transcriptase (Promega) in a 50-pl reaction, as described previously (1, 24). The
resulting cDNA from each sample was then diluted 1:10 and analyzed by real-
time PCR. Each real-time PCR consisted of 2 pl of cDNA, 1X SYBR green PCR
master mix, and 0.25 wM concentrations each of the forward and reverse primers
for a total reaction volume of 20 pl. Reactions were carried out in duplicates
using a 96-well DNA Engine Opticon (MJ Research) or a 384-well Prism 7700
(ABI) real-time PCR thermocycler for 45 cycles (95°C for 15 s and 60°C for 1
min) after an initial 10-min incubation at 95°C. The change in the expression of
each gene was calculated by using a standard curve of diluted cDNA from
untreated samples (1:1, 1:10, 1:100) and normalized against the change of ex-
pression of the TBP gene, a housekeeping gene used as an internal control.
Melting-curve analyses were performed to ensure that only the targeted ampli-
con was amplified. The sequences of the primers used for real-time PCR are
listed in the supplemental material.

RESULTS

Pol II occupancy does not necessarily correspond with gene
expression. To explore the global mechanisms of signal-regu-
lated transcription in human cells, we used ChIP coupled with
genomic microarrays (i.e., ChIP-chip) to determine the local-
ization of Pol II at ~18,900 promoters in MCF-7 human breast
cancer cells under basal, estrogen-free growth conditions. Us-
ing rigorous peak-finding criteria with a low false discovery
rate, we found that Pol IT was bound to and peaked at the TSSs
of about half (i.e., 8,678) of the promoters on the array (see
Fig. S1A in the supplemental material), in agreement with
previous results (20, 23). Next, we matched the Pol II binding
data with expression information for ~14,000 of these promot-
ers using microarray analyses in triplicate. By our criteria,
genes having “present” calls in all three replicates were defined
as unambiguously “expressed,” whereas those having “absent”
calls in all three replicates were defined as unambiguously
“unexpressed.” Genes with an ambiguous expression status in
the microarray analyses were eliminated from further consid-
eration. The expression status of several “expressed” and “un-
expressed” genes was confirmed by quantitative reverse tran-
scription-PCR (see Fig. S2 in the supplemental material). Our
definition of unambiguously “unexpressed” does not, of
course, exclude the possibility that low-level or unannotated
transcripts, which escape detection by microarrays, are ex-
pressed from the promoters analyzed in our study. Nonethe-
less, it provides a useful working definition.

Using these stringent criteria, we identified 5,104 unambig-
uously “expressed” and 3,632 unambiguously “unexpressed”
genes in MCF-7 cells under basal, estrogen-free growth con-
ditions (see Fig. SI1B in the supplemental material). As ex-
pected, the majority of the expressed genes contained Pol II at
their promoters (expressed Pol "), whereas the majority of the
unexpressed genes were devoid of Pol II (unexpressed Pol )
(Fig. 1A and B, top and middle). Surprisingly, however, a
subset of the Pol II-bound genes was not expressed under the
conditions tested (unexpressed Pol™; Fig. 1A and B, bottom).
These findings indicate that the loading of Pol II at target
promoters does not necessarily correlate with gene expression
or Pol II activity.

Preloaded Pol II at unexpressed genes can undergo tran-
scription initiation. Pol II at the promoters of unexpressed
genes may be associated with general transcription factors as
part of a PIC. In this case, the CTD of the Pol II Rpb1 subunit
should be largely unphosphorylated at both Ser2 and Ser5 of
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the heptapeptide repeat (15, 42). Alternatively, Pol II may be
paused promoter-proximally at an early postinitiation/elonga-
tion stage, unable to progress into productive elongation (51,
54). In this case, the CTD of the Pol II Rpb1 subunit should be
preferentially phosphorylated at Ser5 but not at Ser2 (7, 42, 52)
(Fig. 1C). To explore these two possibilities in relation to our
Pol II promoter binding results, we performed ChIP-chip using
an antibody specifically recognizing the Ser5 phosphorylated
form of the Pol II CTD (Ser5P) (Fig. 1B). As expected, Ser5P
peaked at the TSS of expressed genes coincident with Pol II
binding (Pol™), while little Ser5P was detected at the TSS of
unexpressed Pol™ genes (Fig. 1B, top and middle). The Ser5P
status at the promoters of unexpressed Pol™ (i.e., “preloaded”)
genes could be used to segregate the genes into two distinct
groups. About two-thirds of the genes showed little Ser5P at
the promoters (SerSP™; perhaps representing PIC-bound pro-
moters), while the remainder showed a peak of Ser5P at the
TSS (Ser5P*; perhaps representing Pol II paused at an early
elongation stage) (Fig. 1D). These results suggest that pre-
loaded Pol II at the promoters of unexpressed genes may be
poised at either the preinitiation or early elongation stages of
transcription. Consistent with this observation, gene-specific
ChIP analyses revealed the presence of Pol IT and TFIIB at the
TSS, but not the downstream (+1-kb) regions, of unexpressed
Pol™* Ser5P~ and unexpressed Pol™ Ser5P™ genes (Fig. 1E and
see Fig. S3 in the supplemental material).

The majority of estrogen-regulated promoters contain Pol I1
prior to E2 treatment. Although current models suggest a role
for the postrecruitment activation of preloaded Pol II in signal-
regulated gene expression (3, 7, 36, 48), the extent to which
specific cellular signals can regulate Pol II activity postrecruit-
ment has not been studied on a genome-wide scale. To explore
this in higher eukaryotes, we examined the mechanisms
through which estrogen, a developmentally and physiologically
important signaling molecule, regulates Pol II occupancy and
activity at target promoters. First, we defined the target genes
for estrogen signaling by using expression microarray analyses
from MCF-7 cells with or without a 3-h E2 treatment (24). This
analysis revealed 560 genes whose expression changed signifi-
cantly upon E2 treatment; 291 were stimulated and 269 were
repressed, a finding consistent with previous reports (25)
(Fig. 2A).

Next, to determine the Pol IT occupancy at the promoters of
these E2-regulated genes, we performed ChIP-chip for Pol II
in MCF-7 cells with or without a 45-min E2 treatment (Fig.
2B). We used a short E2 treatment to facilitate detection of
direct, rather than secondary, effects. Surprisingly, in contrast
to the historical “Pol II recruitment” model for gene activation
by E2-liganded ERs (19, 35), the majority (171 of 291 [~59%])
of E2-stimulated genes had elevated levels of Pol II at their
promoters prior to E2 treatment (including two of the best
studied mammalian “paused Pol II” genes, MYC and FOS [43,
56]; Fig. 2B, top). These levels either increased (i.e., Pol II
prebound and further recruited) or stayed the same (i.e., Pol II
prebound and unchanged) upon E2 treatment (collectively
“Pol II preloaded” genes) (Fig. 2C and D). Similar trends were
observed for the set of E2-repressed genes, with the majority of
them containing Pol II both before and after E2 treatment
(Fig. 2B, bottom, and C). We focused our remaining studies on
the mechanisms regulating E2-dependent gene activation,
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FIG. 1. The promoters of many unexpressed genes are preloaded with Pol II, which in many cases is prephosphorylated at Ser5 of the CTD.
(A) Heat map of ChIP-chip binding analyses for Pol II at the promoters of expressed and unexpressed genes in MCF-7 cells. (B) Averaging of Pol
II (blue) and Ser5P (green) promoter ChIP-chip signals for expressed, unexpressed Pol~, and unexpressed Pol" genes. (C) Flowchart outlining
the identification of promoters where Pol II is regulated at a postrecruitment level. (D) Averaging of Pol II (blue) and SerSP (green) promoter
ChIP-chip signals for unexpressed Pol™ genes with classification based on Ser5P status. (E) Gene-specific ChIP analyses of Pol I1, TFIIB, and Ser5P
binding at TSS (black) and downstream regions (+1 kb) (yellow) for a set of representative genes. Each bar represents the mean plus the standard

error of the mean (SEM) (n = 3).

which are better understood than E2-dependent gene repres-
sion. The presence of Pol II at the promoters of Pol II pre-
loaded genes prior to E2 treatment was confirmed by nuclear
run-on assays for selected target genes (see Fig. S4 in the
supplemental material).

Together, our gene expression and Pol II ChIP-chip results
suggest that for the majority of E2-regulated genes, changes in
Pol II promoter occupancy are not sufficient to explain the
changes in gene expression upon E2 treatment. In this regard,
all of the “constitutively” Pol II preloaded genes (126 out of
171 total) show a significant increase in expression upon E2
treatment without a significant increase in Pol IT occupancy at
their promoters (Fig. 2D). Our present studies, which used an
microarray platform containing all RefSeq promoters, have
provided a higher estimate for the percentage of E2-regulated
promoters containing preloaded Pol II than our previous study
(24). This is likely due to the use of a smaller and more biased
microarray platform used in our previous study.

Preloaded Pol II moves into the body of the gene in the
presence of E2. The presence of preloaded Pol II at the pro-
moters of E2-stimulated genes prior to E2 exposure suggests a
role for E2 signaling in regulating Pol II activity postrecruit-
ment. For example, E2 may promote transcriptional elonga-
tion by Pol II into the body of the gene. To test this, we
compared Pol IT occupancy at the TSS to Pol II occupancy in
the downstream region with or without E2 for all E2-stimu-
lated Pol II preloaded genes identified in our ChIP-chip stud-
ies. Prior to E2 treatment, Pol II occupancy downstream was
significantly lower than occupancy at the TSS (P = 2 X 1077)
(Fig. 3A, left). After E2 treatment, Pol II occupancy down-
stream increased to levels similar to those observed at the TSS
(Fig. 3A, right), suggesting that E2 treatment promotes the
movement of preloaded Pol II through the gene. To validate
these results, we analyzed by ChIP-qPCR the occupancy of Pol
II at the TSS and +1-kb regions of 12 E2-stimulated genes
identified in our ChIP-chip experiments (Fig. 3B and C and
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FIG. 2. The majority of estrogen-regulated promoters are preloaded with Pol II prior to E2 treatment. (A) Gene expression microarray analysis
in MCF-7 cells with (+) or without (—) E2 (3 h). (B) ChIP-chip analyses for Pol II at the promoters of all E2-regulated genes in MCF-7 cells +
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min). (D) Averaging of Pol II promoter ChIP-chip signals for three classes of E2-stimulated genes with (+) or without (—) E2 (45 min).

data not shown). These experiments confirmed the ChIP-chip
results and showed that E2-stimulated genes can be divided in
two broad classes based on the regulation of Pol II binding at
their promoters: (i) Pol II preloaded genes (n = 171), where
Pol I1 is present primarily at the TSS prior to E2 treatment and

moves into the body of the gene upon E2 treatment (e.g.,
CYPIBI, MYC, CEBPB, SIAH2, PMAIPI, FOS, MDM?2, and
STC2; Fig. 3B and data not shown), and (ii) Pol II recruited
genes (n = 42), where Pol II is absent prior to E2 treatment
and becomes recruited upon activation (e.g., TFFI, GREBI,
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KRT13, and HOXCS; Fig. 3C and data not shown). Together,
our ChIP-chip and gene-specific studies indicate that in most
cases, E2 controls target gene expression by regulating the
activity, not the recruitment, of Pol II.

E2 stimulates the phosphorylation of preloaded Pol II. To
explore the mechanisms by which E2 signaling regulates Pol II
activity, we determined the effects of E2 on phosphorylation of
the Pol IT CTD at E2 target genes by ChIP-qPCR. Prior to E2
treatment, preloaded Pol II at the TSS was phosphorylated at
Ser5, but showed little phosphorylation of Ser2 (Fig. 4A and
B). After E2 treatment, Ser5P and Ser2P increased at the TSS
and downstream regions of both Pol II preloaded and Pol 11
recruited genes, indicating the movement of Ser5/Ser2-
phoshorylated Pol II through the gene (Fig. 4A and B). These
results, which are consistent with and extend the results of our
previous study (24), suggest that preloaded Pol II may initiate
transcription, but fails to enter productive elongation, before
E2 treatment. Furthermore, they suggest that E2-induced Pol
II phosphorylation, primarily Ser2P, is the trigger that stimu-
lates the elongation activity of preloaded Pol II.

To investigate further how E2 stimulates the phosphoryla-
tion and elongation activity of Pol II, we analyzed the local-
ization of Cdk9 at the TSS and +1-kb regions of E2-stimulated
genes. Cdk9, a subunit of P-TEFb, is the kinase primarily
responsible for the phosphorylation of Ser2 in the Pol II CTD,
as well as productive elongation (41, 44). Interestingly, Cdk9
was recruited to E2-stimulated genes in an E2-dependent man-

ner and, for most of the genes, Cdk9 occupancy was higher in
the +1-kb region, a finding consistent with its ability to travel
with Pol II through the gene (7) (Fig. 4C). In this regard,
inhibition of the activity of Pol II kinases (e.g., Cdk9) by DRB
blocked the E2-dependent induction of representative Pol II
preloaded and Pol II recruited genes (e.g., CYPIBI and TFF1,
see Fig. S5 in the supplemental material). Collectively, our
findings present evidence connecting E2 signaling with Cdk9
recruitment, Pol II CTD phosphorylation, and transcriptional
activation of E2-stimulated genes.

NELF binds to Pol II preloaded promoters and represses
gene expression prior to E2. In addition to the mechanisms
regulating E2-induced Pol II activation, we also studied the
mechanisms preventing preloaded Pol II from transcribing
through the body of genes prior to E2 treatment. The NELF
and DSIF complexes are two coregulators which cooperate to
repress transcription elongation and establish paused Pol II at
promoters (41, 60, 64). Thus, we examined a potential role of
NELF and DSIF in the regulation of preloaded Pol II at
E2-regulated promoters. We determined the binding of the
NELF-A subunit to E2-stimulated promoters prior to E2 treat-
ment by ChIP-chip, as described above for Pol II. Interestingly,
we observed NELF-A binding to the majority of promoters
with preloaded Pol II but little NELF-A binding to promoters
with recruited Pol IT (Fig. 5A), a finding consistent with that of
our previous study (24). Gene-specific ChIP assays confirmed
these results and revealed a similar binding pattern for the
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details.

Spt5 subunit of DSIF (Fig. 5B and see Fig. S6 in the supple-
mental material). Both NELF-A and Spt5 remained associated
with the promoters of these genes after E2 treatment, although
E2-dependent Cdk9 recruitment and Pol II phosphorylation
(Fig. 4) were sufficient to overcome the negative effects of
NELF and DSIF and allow Pol II to transcribe through the
gene. Together, our results implicate NELF and DSIF in the
negative regulation of preloaded Pol II at the promoters of
E2-stimulated genes prior to Pol II phosphorylation and acti-
vation by E2 signaling. They also suggest that NELF and DSIF,
although still associated with the promoter, are unable to me-
diate their negative effects after E2 treatment.

To further understand the role of NELF in E2-dependent
Pol II activation, we knocked down NELF-B, a NELF subunit
that has been shown to interact with ERa (5), in MCF-7 cells.
Interestingly, knockdown of NELF-B caused a reduction in
NELF-A and NELF-E protein levels as well, possibly due to
destabilization of the whole NELF complex (Fig. 5C). To study
the effects of NELF depletion on E2-regulated gene expres-
sion, we assayed the mRNA levels of several Pol II recruited
and Pol II preloaded genes with or without a 3-h E2 treatment
(Fig. 5D and E). NELF depletion had no major effect on either
the basal transcription or the E2 response of Pol II recruited
genes (Fig. 5D) but did increase the levels of basal gene ex-
pression at Pol II preloaded genes, a finding consistent with a

role of NELF in preventing preloaded Pol II from transcribing
the genes prior to E2 treatment (Fig. SE). Interestingly, NELF
depletion had no major effect on gene expression after E2
treatment, confirming our hypothesis that NELF, although
present, is unable mediate its negative effects after E2-depen-
dent Pol II phosphorylation and Cdk9 recruitment (Fig. 5F).

Pol II preloaded genes are stimulated by E2 more rapidly
than Pol II recruited genes. Current hypotheses suggest a
biologically important role for the postrecruitment activation
of preloaded Pol II in the rapid induction of genes in response
to physiological and environmental signals (3, 7, 36, 48, 65). In
this regard, we found that Pol II recruited and Pol II preloaded
genes are enriched in different ontological categories (Fig. 6).
For example, Pol II preloaded genes are enriched in ontolog-
ical categories where rapid induction might be expected (e.g.,
cell cycle regulation and stress responses), whereas Pol II re-
cruited genes are enriched in other ontological categories (e.g.,
development).

To explore this further, we examined whether there are
differences in the kinetics of E2-dependent induction between
Pol II preloaded and Pol II recruited genes. MCF-7 cells were
treated with E2 for 0, 1, 3, and 6 h and the mRNA levels of a
number E2-stimulated genes were measured by quantitative
RT-PCR (Fig. 7A and B). On average, Pol II preloaded genes
were stimulated by E2 significantly faster than Pol II recruited
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genes (P = 0.001), with the former peaking at 1 h and the latter
peaking at 3 h after E2 treatment (Fig. 7C). Consistent with
these gene expression results, preloaded Pol II moved more
rapidly into the body of the CYPIBI gene compared to Pol II
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recruited to the TFFI gene (see Fig. S7 in the supplemental
material). Although Pol II preloading and postrecruitment ac-
tivation was associated with more rapid transcriptional re-
sponses, the absolute E2 induction after 3 h of treatment did
not differ between Pol II preloaded and Pol II recruited genes
(Fig. 7D). Interestingly, many of the Pol II preloaded genes
that we examined play important roles in propagating (e.g.,
MYC, CEBPB, and SIAH2) or attenuating (e.g., CYPIBI and
MDM?2) E2 signaling itself (see the Discussion) (Fig. 7E). To-
gether, our results suggest that the regulation of Pol II by
cellular signals at the postrecruitment level may facilitate im-
mediate responses that contribute to the carefully coordinated
regulation of the signaling response itself.

DISCUSSION

In this study, we have used genomic and gene-specific assays
to examine the binding and regulation of Pol II to promoters
across the genome under basal growth conditions, as well as in
response to E2 signaling. Our results indicate that: (i) Pol II is
widely distributed at the promoters of many unexpressed genes
with SerS-phosphorylated Pol II prior to E2 signaling, (ii) the
predominant genomic outcome of E2 signaling is the postre-
cruitment regulation of Pol II activity through phosphoryla-
tion, (iii) NELF acts to repress transcription elongation by
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preloaded Pol II until the E2 signal is received, and (iv) E2-
dependent activation of preloaded Pol II facilitates rapid gene
regulatory responses which play important physiological roles
in regulating estrogen signaling itself. These studies go beyond
our previous work (24), which used a smaller microarray plat-
form containing a limited number of promoters (~1,000), in-
cluding a biased set of E2-regulated genes identified in previ-
ous studies performed by other labs. Collectively, our results
here establish a new mode of E2-dependent gene regulation
that is likely to apply to a wide variety of signal-regulated
pathways.

Many unexpressed genes have preloaded Pol II at their
promoters. Our results show that the promoters of a large
fraction (~20%) of unexpressed genes in the human genome
have preloaded Pol II prior to specific signaling events (Fig.
1C). For about two-thirds of these genes, preloaded Pol II
remains in the PIC, while for the remaining genes, preloaded
Pol IT has initiated transcription, as marked by SerSP, but fails
to proceed to productive elongation (Fig. 1D). Our results are
consistent with other studies showing that Pol II is widely
distributed at the promoters of many unexpressed genes prior
to specific signaling events (6, 20, 23, 36, 48, 65), although the
Ser5P status of these preloaded Pol IT has not been previously
studied. A current hypothesis suggests that preloaded Pol II at
unexpressed genes becomes activated by certain physiological
or developmental signals at appropriate times. Although this
hypothesis has been tested in gene-specific studies (36, 54, 61),
a genome-wide approach is needed to evaluate the generality
and mechanisms of postrecruitment activation of Pol II by
specific signaling pathways.

Estrogen signaling activates preloaded Pol II through phos-
phorylation. Current models for signal-dependent transcrip-
tion by E2 and other signaling pathways focus on the signal-
dependent recruitment of Pol II to target promoters (19, 35,
46). This “Pol II recruitment” model was developed based on
a limited subset of signal-regulated genes, and its generality
has not been examined across the full E2-regulated transcrip-
tome. Recent studies, as well as the results described here,
have shown that Pol II is widely distributed at gene promoters
prior to specific signaling events (6, 20, 23, 36, 48, 65), but the
activation of preloaded Pol II by a specific cellular signal has
not previously been studied on a global scale.

Here we show that the majority of E2-stimulated genes
(~59%) are preloaded with Pol II, which remains primarily at
the TSS prior to E2 treatment and moves into the body of the
gene after E2 treatment (Fig. 3). This movement of Pol II
occurs concomitantly with E2-dependent Pol II phosphoryla-
tion, primarily Ser2P, as well as Cdk9 recruitment (Fig. 4).
Accordingly, inhibition of Pol II kinase activity (e.g., Cdk9) by
DRB abolished the induction of E2-stimulated genes (see Fig.
S5 in the supplemental material). Cdk9 occupancy was higher
in the coding region of the majority of E2-stimulated genes, a
finding consistent with its ability to travel with Pol II through
the gene (37). Together, our results are consistent with a direct
transcriptional role for E2-stimulated Cdk9 recruitment and
Pol II phosphorylation. Note, however, that DRB has also
been shown to have nontranscriptional effects (e.g., interfer-
ence with RNA processing) (37).

The E2-dependent recruitment of Cdk9 presents a novel
means for regulatory control of Pol II-dependent transcription
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by E2 signaling. Cdk9 partners with cyclin T to form P-TEFb,
which phosphorylates DSIF, NELF, and Ser2 of the Pol II
CTD to allow paused Pol II to enter productive elongation (17,
44, 63). One interesting question is the mechanism through
which Cdk9 becomes recruited to genes upon E2 treatment.
Interestingly, cyclin T has been shown to interact with ERa
and may be responsible for the Cdk9 recruitment to E2-stim-
ulated genes (62). An alternative mechanism may involve the
bromodomain containing protein BRD4, which mediates the
association of P-TEFb to human genes through its interaction
with acetylated histones (21). Collectively, our results expand
the list of E2 signaling coregulators to include factors impor-
tant for transcription elongation, in addition to the well-stud-
ied transcription initiation factors.

NELF mediates its negative elongation effects prior to, not
after, E2 exposure. Our studies show that NELF and DSIF
bind to the majority of Pol II preloaded promoters prior to E2
treatment but show little binding to Pol II recruited promoters
under the same conditions (Fig. SA and B). These results are
consistent with the role of NELF and DSIF in establishing
paused Pol II at the 5’ end of genes (30, 36, 60, 64). Interest-
ingly, though, NELF and DSIF remained associated with the
promoters of Pol II preloaded genes after E2 treatment, sug-
gesting that the E2-dependent activation of Pol II does not
occur though the release of NELF and DSIF from the pro-
moter. One possibility is that E2-dependent Pol II phosphory-
lation is sufficient to overcome the negative effects of NELF
and DSIF by making the Pol II CTD accessible to Pol II
CTD-binding elongation factors (42). In agreement with this
hypothesis, our NELF knockdown studies showed that NELF
represses the expression of Pol I preloaded genes prior to E2
treatment but is unable mediate its negative effects after the
E2-dependent Pol II phosphorylation and Cdk9 recruitment,
even though NELF is still present at the promoter (Fig. SE).
Another possibility is the inactivation of NELF through phos-
phorylation by Cdk9, as has been shown in vitro (17), although
this has not been explored in vivo. A third possibility is that the
persistent association of NELF and DSIF with the promoter is
due to reassociation with reinitiated Pol II. It will be interest-
ing to test these and other possibilities in future studies.

Aiyar et al. have previously examined the role of NELF in
ligand-regulated activation of E2 target genes, focusing on
genes with recruited Pol II (e.g., TFF1, also known as pS2) (4,
5). They found that both basal and E2-induced expression of
TFF1 was increased upon depletion of NELF-B (also known as
COBRALI) and concluded that COBRAL1 causes Pol II to
pause at the promoter-proximal region of 7FF1 (5). This result
is in apparent contradiction to our observation that NELF-B
depletion does not have a major effect on the expression of
TFFI and other “Pol II recruited” genes. One possible expla-
nation is that Aiyar et al. performed their experiments using
T47D cells, whereas we used MCF-7 cells. The effect of
NELF-B depletion on TFFI expression may be cell-type spe-
cific, as are the estrogen-regulated gene expression patterns in
different breast cancer cell lines (25). Interestingly, basal TFF1
expression in T47D cells is much lower than basal TFFI ex-
pression in MCF-7 cells (data not shown), which is consistent
with the hypothesis that NELF and other negative regulation
complexes may play a larger role in TFFI regulation in T47D
cells than in MCF-7 cells.
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Postrecruitment regulation of Pol II allows for rapid gene
regulatory responses and possible autoregulatory control. Pre-
vious studies have suggested a biologically important role for
the postrecruitment activation of preloaded Pol II in the rapid
induction of genes in response to physiological and environ-
mental signals (3, 7, 48). Our kinetic analysis indicates that Pol
II preloaded genes are stimulated by E2 significantly faster
than Pol II recruited genes (Fig. 7C). These results, which are
based on steady-state measurements of mRNA levels, are con-
sistent with a direct transcriptional effect but could also include
effects on mRNA stability and turnover. Interestingly, many of
the E2-stimulated Pol II preloaded genes that we identified in
our analyses play important roles in regulating the E2 signaling
pathway. For example, MYC, CEBPB and FOS genes encode
transcription factors that cooperate with ER« to regulate sec-
ondary targets (10, 28), thus propagating E2 signaling (Fig.
7E). In addition, SIAH2, which encodes a ubiquitin ligase,
helps to propagate global estrogen signaling responses by tar-
geting the nuclear corepressor NCoR for rapid degradation by
the proteasome (16). Not all rapidly stimulated Pol II pre-
loaded genes, however, regulate E2 signaling in a positive way.
For example, CYPIBI encodes a cytochrome P450 monooxy-
genase that metabolizes E2 and may be part of a rapid meta-
bolic feedback response controlling E2 levels in target tissues
(59). In addition, MDM?2 encodes a ubiquitin ligase involved in
the rapid degradation of ERa by the proteasome upon E2
treatment (14). Similar examples of positive and negative
autoregulation by target genes have been previously described
for a series of cellular signals, including mitogen-activated pro-
tein kinase-, NF-kB-, transforming growth factor B-, and
STAT-regulated pathways (22, 32, 40, 66). Such autoregulatory
functions were not readily apparent in the set of Pol II re-
cruited genes that we examined. Collectively, our results, to-
gether with previous studies, suggest that the postrecruitment
regulation of Pol II as an endpoint of cellular signaling path-
ways may facilitate rapid responses that contribute to the pre-
cise regulation of the cellular signal itself.
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