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While early steps of gene expression, such as transcription preinitiation, are known to often be rate limiting and
to be regulated by such stimuli as steroid hormones, the potential impact of downstream steps, including splicing,
on the mRNA production rate is unknown. In this work, we studied the effects of the transcriptional stimulus
estradiol on cyclin D1, PS2, and c-fos gene expression by measuring the levels of RNA polymerase II on the DNA
templates, the levels of nascent transcripts associated with RNA polymerase II, and the levels of unspliced, partially
spliced, and fully spliced RNAs. We demonstrated that the efficiency of cotranscriptional splicing of the first intron
was higher in the case of cyclin D1 than with PS2 and potentiated the cyclin D1 mRNA production rate. The
mechanism involved in cotranscriptional splicing depended on the level of serine 5 phosphorylation of RNA
polymerase II at the gene 5� end and on the recruitment of CBP80, one of the two subunits of the cap binding
complex, which stimulates splicing of the promoter-proximal intron. Our data indicate that mRNA production from
a subset of estradiol-stimulated genes, such as cyclin D1, could occur in a very efficient “assembly line.” In contrast,
we demonstrated for the first time that despite a strong transcriptional activation of the PS2 gene, the production
of mRNA is not optimized owing to inefficient cotranscriptional RNA processing.

Gene expression plays a key role in stimulus-dependent reg-
ulation of cellular metabolism and fate. Gene expression is a
multistep process starting in the nucleus with the synthesis of
premessenger RNAs (pre-mRNAs) and with RNA processing
(including 5�- and 3�-end processing and splicing). The mature
mRNAs are then exported to the cytosol, where they are trans-
lated. Many stimuli, such as steroid hormones, affect the cel-
lular levels of various mRNAs by essentially modulating the
transcriptional activities of their target genes. Indeed, steroid
hormones (e.g., estrogens) bind to intracellular receptors,
which act as ligand-dependent transcription factors and belong
to the nuclear receptor superfamily (for reviews, see references
19 and 34). When activated by ligands, nuclear receptors bind
to their target gene promoters and serve as platforms for the
subsequent recruitment of transcriptional coregulators (for a
recent review, see reference 33). With few exceptions (1, 26,
49), most of the efforts to understand the effects of steroid
hormones on mRNA production by their target genes have
been made by studying their impact on early steps of the
transcriptional process. In this context, a large set of transcrip-
tional coregulators has been shown to play a key role in tran-
scription preinitiation by modulating the chromatin structure
of the DNA templates and by recruiting RNA polymerase II
(Pol II) (33).

However, the transitions between preinitiation, initiation,
and transcription elongation can also be rate-limiting steps in
various models (8, 43, 44). These transitions involve specific
phosphorylations of the carboxy-terminal domain (CTD) of

the large subunit of Pol II. The Pol II CTD is composed of 52
repeats of a conserved heptapeptide motif (YSPTSPS) that is
subject to phosphorylation at serine 5 (Ser5) and serine 2
(Ser2) (39, 44). While unphosphorylated forms of Pol II are
loaded on gene promoters, Ser5 and Ser2 phosphorylation
must occur to permit transcription initiation and elongation,
respectively (39, 44). In addition, although only a few studies
have investigated this possibility, the processing of a subset of
RNAs can be rate limiting under certain situations, as recently
shown for yeast (41).

In this context, it is now widely accepted that transcription
and RNA processing are connected. In particular, it has been
shown that the Pol II CTD interacts with splicing factors and
could be a landing platform favoring the interaction of these
splicing factors with the nascent RNA (6, 14, 27, 36, 42). It has
also been proposed that the coupling between transcription
and splicing could enhance splicing efficiency (13, 18, 20).
However, this is still a matter of debate (30). Importantly,
although some reports have indicated that the splicing of a
subset of pre-mRNAs occurs during transcription (29, 32, 47),
cotranscriptional splicing is not mandatory (46, 47). Finally,
despite some exceptions (4, 32), most studies on the coupling
of transcription to splicing in metazoans have been done in
vitro or using transfected minigenes and have not been done in
the context of endogenous gene transcriptional activation by
stimuli. Therefore, more studies are required to better under-
stand the extent and potential physiological relevance of the
coupling between transcription and splicing.

To test whether steps downstream of transcription preinitia-
tion, particularly splicing, can influence the mRNA production
rate in response to estrogens, we performed a time course
analysis of the impact of estradiol on the expression levels of
CCND1 (cyclin D1), PS2 (trefoil factor 1), and c-fos, which are
three well-known estrogen target genes, by measuring succes-
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sively Pol II levels and phosphorylation status on the DNA
templates by using the chromatin immunoprecipitation (ChIP)
assay, levels of unspliced and partially spliced nascent tran-
scripts associated with Pol II by using the RNA-ChIP assay
(23), and levels of the mature (i.e., fully spliced) RNA prod-
ucts. We demonstrated that the efficiency of splicing of the first
intron during transcription was gene specific and potentiated
the mRNA production rate. The efficiency of cotranscriptional
splicing depended on the Pol II Ser5 phosphorylation level at
the gene 5� end and on the recruitment of CBP80, one of the
two subunits of the cap binding complex involved in the re-
cruitment of the U1 snRNP. Our data indicate that mRNA
production from a subset of estradiol-stimulated genes, such as
that for cyclin D1, occurs in a very efficient “assembly line,”
while in the case of the PS2 gene, the mRNA production is not
optimized because of inefficient cotranscriptional splicing.

MATERIALS AND METHODS

Cell culture, treatment, and antibodies. MCF-7 cells were grown in Dulbecco’s
modified Eagle medium supplemented with 10% fetal bovine serum at 37°C
under 5% CO2. Before estradiol (E2) treatment, 2 � 106 cells were plated per
10-cm dish and were kept for 72 h in red phenol-free Dulbecco’s modified Eagle
medium supplemented with 2% charcoal-treated fetal bovine serum. Cells were
treated with a final concentration of 10�8 M E2 for given time periods and/or
with DRB (5,6-dichloro-�-D-ribofuranosyl benzimidazole), H8, and H7 (Sigma)
at a final concentration of 25 �M for 1 h. Forty micrograms of proteins were used
for Western blot analysis using PS2 (sc-28925), cyclin D1 (DCS6), and c-fos
(sc-7202). Small interfering RNA (siRNA) targeting estrogen receptor alpha
(ER�) from Dharmacon and CBP80 (35) was transfected using RNAiMax,
following the manufacturer’s instructions (Invitrogen).

RNA preparation and RT-PCR. Nuclear and cytosolic fractions were prepared
as previously described (3). RNAs were prepared using Trizol, and 1 �l of
Glycoblue (Ambion) was added before RNA precipitation. Each RNA prepa-
ration was treated with DNase I (DNA-free; Ambion). Reverse transcription
(RT) was performed with 0.1 to 1 �g of total RNA using Superscript II (Invitro-
gen) and random primers. The RT reactions were diluted to contain in fine 2.5
ng/�l of initial RNA, except where indicated in Fig. S1 posted at http://www.fast
-db.com/SupplementalMaterialBittencourtMCB2231-07Vol28No18.pdf, and 2.5
�l of the diluted reverse transcriptase was used in the quantitative PCR (qPCR)
mixtures. qPCR was performed using Master Sybr green I (Roche) on a Roche
LightCycler Primers, PCR conditions, and absolute quantification by qPCR are
described in Fig. S1 posted at the URL mentioned above. All qPCR results were
standardized by measuring 18S RNA.

Immunoselection of RNAs with anti-Cap monoclonal antibody (H20) was
performed as previously described (22).

RNA and chromatin immunoprecipitation. A detailed protocol of the RNA-
ChIP assay is provided in Fig. S3 posted at the URL mentioned above.
Nuclear extracts from one dish of cells were always prepared in parallel to
measure the nuclear levels of the different RNA molecules, and this was
considered the input. The ChIP assay was performed as for the RNA-ChIP
assay except that reverse cross-linking was done at 65°C overnight, and DNA
was purified from the supernatant by using the QIAquick PCR purification kit
(Qiagen). In addition to the CTD4H8 antibody (Upstate), we also used the
8WG16, H14, and H5 antibodies (ascites fluid from Covence) and control
antibodies (mouse immunoglobulin G [IgG] or IgM). Immunoprecipitate (IP)
(2.5 �l) or input (diluted 1:3) was used in 10-�l qPCR mixtures. A fraction of
input was used to standardize the values obtained. The relative proportions of
coimmunoprecipitated DNA or RNA fragments were determined on the
basis of the threshold cycle (CT) for each PCR product. The data sets were
normalized to input values (percent input; 2CT(input) � CT(IP) � 100). The
effect of E2 was calculated by dividing the normalized value (percent input)
obtained in the presence of E2 by the normalized value (percent input)
obtained in the control experiments. The CBP80 ChIP was performed as
previously described (32). Primers and qPCR conditions are described in Fig.
S1 posted at the URL mentioned above.

Standard errors of the means (SEM) shown in figures are the standard devi-
ations for the samples divided by the square root of the sample size. For results

shown in each figure, at least three independent experiments were performed,
ensuring statistical independence of the values in the sample.

RESULTS

Differential effects of estradiol on the expression levels of
PS2 and cyclin D1 pre-mRNAs and mRNAs. The cyclin D1
(CCND1) and trefoil factor 1 (PS2) genes are two well-charac-
terized genes that are transcriptionally stimulated by E2 in
MCF-7 cells (9, 16, 21). To investigate the effect of E2 on the
CCND1 and PS2 gene transcriptional activity, the pattern of
Pol II on these genes was analyzed using the CTD4H8 anti-
body, which recognizes both phosphorylated and unphosphor-
ylated forms of Pol II (8), with the ChIP assay. The Pol II
pattern on CCND1 and PS2 genes was analyzed by qPCR using
several sets of primers that cover the entire length of the genes
(Fig. 1A). More Pol II was detected on the CCND1 gene than
on the PS2 gene in the absence of E2, as measured by normal-
izing the ChIP values to the input values (percent input) (Fig.
1B). Interestingly, a strong level of Pol II around the CCND1
gene polyadenylation (pA) site was detected, and this could be
due to the presence of a transcriptional enhancer that has been
characterized within this region (16).

A time course analysis of E2 treatment was then performed,
and the percent input values obtained in the presence of E2
were divided by the percent input values obtained in the con-
trol experiments to measure the effect of E2 on the gene Pol II
level. This time course analysis showed that E2 increased Pol II
levels on both genes within 15 min (Fig. 1C). The effect of E2
was maximal between 30 and 60 min of treatment on both
genes but lasted longer in the case of PS2 (Fig. 1C). In addi-
tion, the effect of E2 on Pol II levels after 1 h of treatment was
stronger all along the PS2 gene than with the CCND1 gene
(Fig. 1D). A marked high induction of the Pol II level down-
stream of the PS2 gene pA site was observed (positions B and
C on Fig. 1D). This marked increase in the Pol II level down-
stream of the PS2 pA site in the presence of E2 might be
related to 3�-end RNA processing (see Fig. 6). Altogether,
these data indicated that E2 treatment induced a stronger
increase in the Pol II levels on the PS2 gene than on the
CCND1 gene. Finally, when cells were transfected with an
siRNA targeting the ER�, the level of Pol II induced by a
treatment with E2 for 1 h strongly decreased on both genes
(Fig. 1E). These expected results indicated that E2-stimulated
Pol II recruitment depended on ER� (9, 21, 40, 48).

When measuring, using RT-qPCR, the PS2 and CCND1
pre-mRNA levels prepared from the nuclei of E2-treated cells,
we next observed that E2 induced a stronger increase in the
PS2 pre-mRNA level than in the CCND1 pre-mRNA level
(Fig. 2A). After 1 h of treatment, where the effect of E2 was
maximal, PS2 pre-mRNA levels increased by 10 times while
CCND1 pre-mRNAs levels increased only by 2 to 3 times (Fig.
2A). In addition, the effect of E2 on the PS2 pre-mRNA levels
lasted longer (Fig. 2A). Similar results were obtained with
primers at the 3� end of the transcripts (Fig. 2B), demonstrat-
ing that E2-stimulated Pol II synthesized full-length PS2 and
CCND1 pre-mRNA molecules. The stronger effect of E2 on
PS2 than on CCND1 pre-mRNA levels was consistent with the
stronger E2-mediated increase in Pol II levels on the PS2 gene
than on the CCND1 gene (Fig. 1C and D), although the dif-
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ferential effect of E2 on both genes was more pronounced
when compared at the pre-mRNA levels.

However, E2 treatment did not induce a stronger increase in
the nuclear PS2 mRNA levels than in those of CCND1, as
shown by RT-qPCR using primers that amplify the fully spliced
mRNAs (Fig. 2C). The unexpected lesser increase in the nu-
clear level of the PS2 mRNA was not due to a faster export to
the cytosol. Indeed, the cytosolic level of the PS2 mRNAs
increased moderately and less rapidly than the cytosolic level
of the CCND1 mRNA (Fig. 2D). In addition, the ratio be-
tween the nuclear and cytosolic PS2 mRNA concentrations
was not affected by E2 treatment, and E2 treatment for 3 to
12 h induced similar and constant increases in the levels of
cytosolic and nuclear PS2 mRNA (data not shown). This
demonstrated that the nuclear and cytosolic levels of PS2
mRNAs increased with similar kinetics. Finally, the small
increase in the PS2 nuclear mRNA level was not due to an
excessively high steady-state level, because the nuclear PS2
pre-mRNAs represented a significant proportion of all nu-
clear PS2 RNAs (see Fig. S2 posted at http://www.fast
-db.com/SupplementalMaterialBittencourtMCB2231
-07Vol28No18.pdf). In conclusion, E2 treatment resulted in a
stronger transcriptional activation of the PS2 gene than of the
CCND1 gene but resulted in a lesser increase in PS2 mRNA

levels than in CCND1 mRNA levels. This pointed out a pos-
sible lower rate of PS2 RNA processing than for CCND1.

Inefficient cotranscriptional splicing of PS2 intron 1. To
further investigate the fate of the PS2 pre-mRNAs made in
response to E2, we used an assay that has been referred to as
RNA-ChIP (23) and that measures the levels of RNAs asso-
ciated with Pol II. As detailed in Materials and Methods (see
also Fig. S3 at the URL mentioned above), this assay is
similar to the ChIP assay, but coimmunoprecipitated RNAs
are purified instead of coimmunoprecipitated DNAs. There-
fore, this assay measures the levels of RNAs associated with
Pol II by using Pol II antibodies. As shown on Fig. 3A, the
RNA-ChIP assay allowed specific immunoprecipitation of
RNAs associated with Pol II using the CTD4H8 antibody
(Fig. 3A). PCR signals were not due to potential DNA
contaminations, because no PCR signals were detected in
the absence of an RT reaction or when RNase was added
before the RT reaction.

Because there was a peak in the PS2 pre-mRNA levels after
E2 treatment for 1 h (Fig. 2A), we performed a time course
analysis at 15, 30, and 60 min of E2 treatment and we com-
pared the results obtained by the RNA-ChIP assays and by the
ChIP assays. In addition, in the same set of experiments, we
measured the nuclear level of the RNAs from which at least a

FIG. 1. E2 treatment induces a stronger increase in the Pol II levels on the PS2 gene than on the CCND1 gene. (A) Exon-intron structure of
the PS2 and CCND1 genes. Exons are depicted as boxes, and introns and the 3�-flanking gene region are depicted as horizontal lines. The sizes
of introns and exons are given in base pairs. Regions amplified by PCR are represented by dotted lines. (B) qPCR analysis of the Pol II levels on
the PS2 (black) or CCND1 (white) gene at various locations in the absence of E2. The ChIP values are expressed as percentages of input. (C) qPCR
analysis of the E2-mediated induction of Pol II levels on the PS2 (black) or CCND1 (white) gene 5� ends measured by ChIP at given times
(minutes) following the onset of E2 treatment. The values at baseline (0 h) were assigned 1. (D) Effect of E2 treatment for 1 h on the Pol II levels
on the PS2 (black) or CCND1 (white) gene at various locations. The values at baseline (0 h) were assigned 1. (E) qPCR analysis of the Pol II levels
at the PS2 and CCND1 gene 5� ends in the presence of E2 for 1 h when cells were transfected with a control siRNA (siGL2, white) or an siRNA
targeting ER� (siER, black). The ChIP values are expressed as percentages of input. Experiments were performed at least three times. Data are
represented as means � SEM.
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proportion (if not all) is associated with Pol II. We observed
that for both CCND1 and PS2, the increase in the pre-mRNA
levels was similar in nuclear extracts and Pol II immunopre-
cipitation (Fig. 3B, RNA versus RNA-ChIP). Our previous
observation that the PS2 pre-mRNA level increased more than
the CCND1 pre-mRNA level after 1 h of E2 treatment (Fig.
2A) was confirmed by this analysis and was extended to very
short durations of treatment (Fig. 3B, compare the PS2 and
CCND1 panels). Interestingly, while the curves obtained from
the ChIP and RNA-ChIP assays converged after 60 min of E2
treatment in the case of CCND1 (Fig. 3B, lower panel, RNA-
ChIP versus ChIP), these curves diverged over time in the case
of PS2 (Fig. 3B, upper panel, RNA-ChIP versus ChIP). This
discrepancy pointed out a possible difference between CCND1
and PS2 intron 1 splicing.

Sonication, which is performed during both the ChIP and the
RNA-ChIP protocols, results in DNA but not RNA fragmenta-
tion (see Fig. S4 posted at the URL mentioned above) (37).
Therefore, only Pol II localized at the gene 5� end permits im-
munoprecipitation of the DNA 5� end of genes, whereas the
pre-mRNA 5� end can be immunoprecipitated by Pol II mole-
cules located within the gene. In this context, one expects during
transcriptional activation that although a small proportion of the
Pol II molecules reside on the gene 5� end, increasing amounts of
Pol II distributed all along the gene permit immunoprecipitation
of nascent RNAs having the first exon/intron; this may explain the
discrepancy between the ChIP and RNA-ChIP curves obtained in
the case of PS2 (Fig. 3B, upper panels). However, because the

primers we used were at the boundary between exon 1 and intron
1, the discrepancy between RNA versus DNA 5�-end enrichment
in the Pol II immunoprecipitation may also depend on the effi-
ciency of cotranscriptional splicing. Indeed, a rapid splicing of
intron 1 during transcription would result in a decrease of the
PCR signal obtained from the RNAs. Therefore, only Pol II
localized close to the gene 5� end would permit immunoprecipi-
tation of RNA bearing intron 1 in the case where splicing occurs
during transcription. Consequently, in the case of CCND1 (Fig.
3B, lower panels), the convergence of the RNA-ChIP and ChIP
curves after 30 min of E2 treatment could be explained by co-
transcriptional splicing of intron 1 starting 15 to 30 min after the
initial rise of pre-mRNA synthesis.

In addition, one can anticipate that a smaller proportion of
unspliced pre-mRNAs would be associated with Pol II in the
case where cotranscriptional splicing was inefficient. Indeed,
unspliced pre-mRNA could, at least transiently, accumulate in
the nucleus after transcription. We observed that the propor-
tion of pre-mRNAs associated with Pol II was 15 times smaller
in the case of PS2 than in that of CCND1 (Fig. 3C). Alto-
gether, these results showed that compared to CCND1, in-
creasing amounts of Pol II-associated PS2 RNAs contained
intron 1 over time (Fig. 3B) and a larger proportion of nuclear
PS2 pre-mRNAs were not associated with Pol II (Fig. 3C).
This result raised the possibility that a larger proportion of PS2
RNAs containing intron 1 was released from Pol II and
strengthened our previous conclusion that cotranscriptional
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FIG. 2. Differential effects of E2 on the CCND1 and PS2 pre-mRNA and mRNA levels. (A) RT-qPCR analysis of E2 effects on the PS2 (black)
or CCND1 (white) pre-mRNA levels in nuclear extracts using primers at the 5� ends of the RNAs at given times (hours) following the onset of
E2 treatment. (B) Same experimental conditions as for panel A, but 3� regions of PS2 and D1 were analyzed. (C) RT-qPCR analysis of E2 effects
on the PS2 (black) or CCND1 (white) mRNA levels in nuclear extracts at given times (hours) following the onset of E2 treatment. The
amplification of fully spliced mRNAs was done using a forward primer overlapping the exon 1-exon 2 junction and a reverse primer in the last exon.
(D) RT-qPCR analysis of effects of E2 on the PS2 (black) or CCND1 (white) mRNA levels in cytoplasmic (C) extracts at given times (hours)
following the onset of E2 treatment. Each value was standardized by 18S RNA measurement, and the values at baseline (0 h) for each product
were assigned 1. Experiments were performed three times. Data are represented as means � SEM.
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splicing of PS2 intron 1 was less efficient than cotranscriptional
splicing of CCND1 intron 1.

To further test this possibility, we next measured the levels of
the partially spliced transcripts [CCND1(S) and PS2(S)], which
corresponded to RNAs in which intron 1 was spliced but that still
contained intron 2 (Fig. 4A). These RNA molecules were cloned
and sequenced, and then we verified that the primers used to
quantify the partially spliced RNAs did not amplify the unspliced
RNAs (see Fig. S5 posted at the URL mentioned above). We also
measured the levels of the unspliced CCND1(I1I2) and PS2(I1I2)
RNAs, which contain both introns 1 and 2 (Fig. 4A). Using the
RNA-ChIP assay described above, we first tested whether
CCND1 and PS2 RNA splicing occurred in the close vicinity of
the DNA template while transcripts were still associated with Pol
II. To this end, we used antibodies against either Pol II or histone
H3. As shown on Fig. 4A, unspliced CCND1(I1I2) and PS2(I1I2)

RNAs, as well as the spliced CCND1(S) RNAs, were specifically
immunoprecipitated using antibody against Pol II or H3. Mean-
while, we detected a very low level of the spliced PS2(S) RNAs
even in the nuclear extracts, as further detailed below.

We then quantified by RT-qPCR the levels of the unspliced
and spliced RNAs that were associated with Pol II. Several
major differences were observed between CCND1 and PS2.
First, as already shown in Fig. 3C, the proportion of unspliced
PS2 RNAs associated with Pol II was about 20 times smaller
than the proportion of unspliced CCND1 RNAs associated
with Pol II [comparing CCND1(I1I2) and PS2(I1I2)] (Fig. 4B).
Second, while the unspliced and spliced CCND1 RNAs were
enriched in a similar manner in the Pol II immunoprecipitation
[Fig. 4B, left panel, compare CCND1(I1I2) and CCND1(S)],
we could not quantify the PS2(S) RNAs associated with Pol II
due to their very low level (Fig. 4B, right panel; also see

FIG. 3. A smaller proportion of PS2 pre-mRNAs than CCND1 pre-mRNAs were associated with Pol II. (A) RT-PCR analysis of RNA
immunoprecipitated by RNA-ChIP with either the CTD4H8 antibody against Pol II [IP (Pol II)] or a control mouse IgG antibody [IP (m)]. IN
represents the input fraction. Samples treated with RNase before RT (�RNase) or where Superscript was not added to the RT reaction (�RT)
did not show any PCR signal. (B) qPCR analysis of E2 effects on the Pol II levels for the PS2 and CCND1 genes (ChIP, black circles), pre-mRNA
levels in nuclear extracts (RNA, black triangles), and Pol II-associated pre-mRNA levels (RNA-ChIP, black boxes) at given times (min) following
the onset of E2 treatment. The controls for each assay are described in Materials and Methods. Experiments were performed three times. The
values at baseline (0 h) for each product were assigned 1. (C) Proportion of Pol II-associated RNAs. MCF-7 cells were treated with E2 for different
times (min) and were used to perform the RNA-ChIP assay or to prepare nuclear extracts. PS2 and CCND1 pre-mRNAs were measured by
RT-qPCR in the RNA-ChIP assay using the same fraction of immunoprecipitated RNAs and in the nuclear extracts using the same amount of
nuclear RNAs. The value obtained in the RNA-ChIP assay was divided by the value obtained in the nuclear extract. Experiments were performed
at least three times. Data are represented as means � SEM.
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below). Finally, as shown in Fig. 4C, the RNA-ChIP and ChIP
curves diverged after the onset of E2 treatment in the case of
PS2, which demonstrated that nascent PS2 RNAs were not
spliced [compare RNA-ChIP and ChIP in the right panel,
PS2(I1I2); Fig. 4C], in contrast to what we observed in the case
of CCND1 (Fig. 4C). This observation was in agreement with
our previous observations using primers at the RNA and DNA
5� end (Fig. 3B). Altogether, these results demonstrated that a
large proportion of nascent PS2 RNAs that were still associ-
ated with Pol II were not spliced, compared to CCND1 RNAs;
because a large proportion of unspliced PS2 RNAs were not
associated with Pol II, we concluded that cotranscriptional
splicing of PS2 intron 1 was not efficient.

Moreover, the level of the spliced PS2(S) RNA was very low,
as already mentioned (Fig. 4A and B). Because the order of
intron removal is governed by preferential binding of splic-
ing factors rather than being a sequential numerical order
(25, 47), we also measured the levels of the RNAs labeled
PS2(Si2), which contain intron 1 but not intron 2. By per-
forming absolute quantification of the PS2(S), PS2(Si2), and
PS2(I1I2) RNAs (see Fig. S5 posted at http://www.fast-db.com
/SupplementalMaterialBittencourtMCB2231-07Vol28No18.pdf),
we observed that the nuclear concentration of the PS2(S) RNA
was more than 200 times lower than the concentration of the
PS2(I1I2) and PS2(Si2) RNAs (Fig. 4D). Altogether these
results demonstrated that cotranscriptional splicing of PS2
intron 1 was not as efficient as cotranscriptional splicing of
CCND1 intron 1 and that PS2 intron 2 (which is a small intron,
as shown in Fig. 1A) was more frequently removed before
intron 1.

However, the PS2(Si2) RNAs were also poorly enriched in
the Pol II immunoprecipitation (not shown). This raises the
possibility that the partially spliced PS2 RNA molecules having
intron 2 but not intron 1 spliced may be released from Pol II
either before intron 1 splicing or before degradation in the
nucleoplasm (see below). In contrast to the case with PS2,
CCND1 intron 1 splicing occurred while the RNAs were still
associated with Pol II (Fig. 3B and 4C). While the maximal
level of the spliced RNA occurred at between 30 and 60 min of
E2 treatment (Fig. 4E), the maximal level of the unspliced
RNA occurred at between 15 and 30 min (Fig. 4C). This short
time lag was consistent with our previous observations showing
that cotranscriptional splicing of intron 1 could start 15 to 30
min after the initial rise of pre-mRNA synthesis (Fig. 3B).

Ser5 phosphorylation of the Pol II CTD was involved in
cotranscriptional splicing of CCND1 intron 1. To investigate
the mechanism by which CCND1 but not PS2 splicing occurs
during transcription, we next analyzed the status of Pol II phos-
phorylation on both the CCND1 and PS2 genes, because it has
been reported that Pol II phosphorylation plays an important role
in communication between the transcriptional and splicing ma-
chineries (see the introduction). In addition to the CTD4H8 an-
tibody, we used the 8WG16, H14, and H5 antibodies, which

FIG. 4. Inefficient cotranscriptional splicing of PS2 intron 1.
(A) RT-PCR analysis of CCND1 and PS2 unspliced (I1I2) or par-
tially spliced (S) RNAs immunoprecipitated by RNA-ChIP with
control antibodies against mouse or rabbit Ig [IP (m) and IP (r),
respectively] or with antibodies against Pol II [IP (Pol II)] or his-
tone 3 [IP (H3)]. The input (IN) was obtained from purified nuclear
RNAs. (B) Proportion of Pol II-associated RNAs. MCF-7 cells were
treated with E2 for different times (min) and were used to perform
the RNA-ChIP assay or to prepare nuclear extracts. Immunopre-
cipitated or nuclearly purified RNAs were used to quantify the PS2
or CCND1 (I1I2) and (S) transcripts. At each specific time, the
value obtained in the RNA-ChIP assay was divided by the value
obtained for the nuclear extracts. ND, not determined. (C) qPCR
analysis of E2-mediated induction of Pol II levels on the CCND1
and PS2 genes (ChIP; black circles), pre-mRNA levels in nuclear
extracts (RNA; black triangles), and Pol II-associated pre-mRNA
levels (RNA-ChIP; black boxes) at given times (min) following the
onset of E2 treatment. The values at baseline (0 h) for each product
were assigned 1. Data are represented as means � SEM. (D) Ab-
solute quantification of PS2 unspliced (I1I2), partially spliced (S),
and Si2 RNA (see Fig. S5 posted at http://www.fast-db.com

/SupplementalMaterialBittencourtMCB2231-07Vol28No18.pdf). (E)
qPCR analysis of E2-mediated induction of partially spliced
CCND1(S) in nuclear extracts (RNA, black triangles) or associated
with Pol II (RNA-ChIP, black boxes), as described for panel C.
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preferentially recognize the unphosphorylated, Ser5-phosphory-
lated (Ser5P), and Ser2-phosphorylated (Ser2P) epitopes, respec-
tively (10, 39). However, the level of Ser2P epitopes was very low
on both genes, and we did not observe significant differences
between the PS2 and CCND1 genes (data not shown).

As already shown (Fig. 1), E2 treatment resulted in a stron-
ger increase in the total Pol II level on the PS2 gene than on
the CCND1 gene, as measured by normalizing the ChIP values

to the input values (percent input, CTD4H8; Fig. 5A). A sim-
ilar level of Pol II was detected on the CCND1 and PS2 gene
5� ends in the presence of E2 (Fig. 5A). However, while the Pol
II level dropped on CCND1 exon 2, similar levels of Pol II were
observed on PS2 exons 1 and 2 both in the presence and in the
absence of E2 (compare 5� and I1I2 in Fig. 5A). This was not
an artifact of the ChIP assay, because PS2 intron 1 is about
twice the size of CCND1 intron 1 (Fig. 1A), which decreases
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the risk of contamination by 5�-end-bound Pol II. Instead, this
discrepancy might reflect differential dynamics of Pol II on the
PS2 and CCND1 genes (see below).

As expected, the number of unphosphorylated epitopes
strongly decreased from the gene 5� to 3� ends (Fig. 5B),
because transcribing Pol II is known to be phosphorylated (10,
39). While the level of unphosphorylated epitopes slightly in-
creased after 1 h of E2 treatment on the CCND1 gene 5� end
(Fig. 5B), it strongly increased on the PS2 gene 5� end (by
about 7 times; Fig. 5B). This result suggested that E2 had a
stronger impact on transcription preinitiation in the case of
PS2 than in the case of CCND1.

Remarkably, while the levels of total or unphosphorylated
Pol II forms were similar on the CCND1 and PS2 gene 5� ends
in the presence of E2 (Fig. 5A and B), the levels of Ser5P
epitopes were higher on the CCND1 gene than on the PS2
gene 5� end (by more than two times [Fig. 5C]). After results
were normalized to the total Pol II level, there were between
two and three times more Ser5P epitopes on the CCND1 gene
5�end than on the PS2 gene 5� end both in the absence and in
the presence of E2 (Fig. 5D).

To test whether the higher level of Ser5P epitopes on the
CCND1 gene 5� end plays a role in splicing, we next investi-
gated the impact of inhibitors of Ser5 phosphorylation. We
used the H7 and H8 molecules, which preferentially inhibit
cdk7, which is involved in Ser5 phosphorylation, rather than
cdk9, which is involved in Ser2 phosphorylation (7, 15). As a
control, we used DRB, which preferentially inhibits cdk9
rather than cdk7 (7, 15). As expected, DRB, which inhibits
transcription elongation, induced a decrease in the 3�- to 5�-
end ratio at the level of the pre-mRNAs (data not shown).

As shown in Fig. 5E, H7 and H8 molecules decreased the
level of the spliced CCND1(S) RNAs, particularly in the pres-
ence of E2, and the spliced-to-unspliced (S/I1I2) ratio de-
creased by two to four times. DRB had no effect on the spliced-
to-unspliced (S/I1I2) ratio (Fig. 5E), and the effect of H7 and
H8 molecules was specific to CCND1 intron 1 splicing, because
minor effects on the levels of the CCND1(Si2) RNAs that
contain intron 1 but not intron 2 were observed (Fig. 5E, lower
panel). Altogether, these results suggested that Ser5P level
plays an important role in the splicing of CCND1 intron 1. In
addition, because it has been shown that H7 and H8 molecules
inhibit cotranscriptional RNA splicing rather than posttran-
scriptional splicing (7), these results strengthen our conclusion
that CCND1 intron 1 splicing occurred during transcription.

Differential cotranscriptional recruitment of CBP80 on PS2
and CCND1 genes. In addition to the CTD of Pol II, several
reports have indicated that the cap binding complex (CBC)
that binds to the RNA 5�-end cap structure plays an important
role in the splicing of the first intron by recruiting the U1
snRNP, thereby enhancing the recognition of the promoter or
cap-proximal 5� splice site (31, 36). Therefore, we performed a
ChIP assay as recently described (32) by using an antibody
against CBP80, which is one of the two subunits of the CBC
(31, 36). Remarkably, CBP80 was specifically enriched on the
CCDN1 gene 5� end compared to the PS2 gene 5� end and to
an intergenic region (Fig. 6A). To test whether CBC was nec-
essary for the splicing of CCND1 intron 1, we next investigated
the impact of an siRNA against CBP80 (35) on CCND1 splic-
ing. As expected, the depletion of CBP80 reduced the effi-

ciency of the removal of the first CCND1 intron, since it de-
creased the spliced-to-unspliced ratio by about 30%, both in
the presence and in the absence of E2 (Fig. 6B). Therefore, the
results obtained with the CCND1 gene are in agreement with
a model where the recruitment of CBC favors the splicing of
the first intron (31, 36).

In addition, the higher level of CPB80 enrichment on the
CCND1 gene correlated with a higher proportion of CCND1
than PS2 pre-mRNAs being capped. Indeed, after the immu-
noselection of RNAs with anti-Cap monoclonal antibody, as
already described (22), we performed RT-qPCR using primer
sets flanking exon 2 in the first and second introns (I1I2) of
CCND1 or PS2. We next compared the amount of RNAs
coimmunoprecipitated with the anti-Cap antibody to the
amount of RNAs present in the input (nuclear extract). We
measured that the proportion of CCND1 pre-mRNAs contain-
ing introns 1 and 2 was more than three times higher than the
proportion of PS2 pre-mRNAs containing introns 1 and 2 in
the anti-Cap immunoprecipitation (I1I2; Fig. 6C). As a con-
trol, there was the same proportion of mature PS2 and CCND1
mRNAs that was immunoprecipitated with the anti-Cap anti-
body (“mRNA,” Fig. 6C). This result was expected, because
decapped mRNAs are degraded (5).

Remarkably, we also noted that cotranscriptional splicing of
CCND1 intron 1 correlated with a decrease in the Pol II level
between exon 1 and exon 2, both in the presence and in the
absence of E2 (Fig. 6D, left panel). Meanwhile, PS2 intron 1
was not efficiently spliced during transcription, and the level of
Pol II remained constant between exon 1 and exon 2 on the
PS2 gene (Fig. 6D, right panel). However, the Pol II level
decreased between exon 2 and exon 3 on the PS2 gene. This
observation was interesting because PS2 intron 2 was more
frequently spliced before intron 1 (Fig. 4D). In addition, we
noted that the proportion of partially spliced PS2(Si2) RNAs
(Fig. 4D) that were capped was 	2 times higher than the
proportion of unspliced PS2 RNAs (Fig. 6E). Altogether, these
results raised the possibility that at least a fraction of PS2
RNAs could be spliced during transcription.

As already mentioned, a large proportion of unspliced PS2
RNAs were not associated with Pol II compared to results for
CCND1 RNAs (Fig. 3C and 4B). This result could arise if
splicing occurred after transcription or if a large proportion of
PS2 unspliced RNAs were released from Pol II before their
degradation in the nucleoplasm. In the latter case, fully spliced
PS2 mRNAs may come from a small proportion of nascent PS2
RNAs being spliced during transcription (with a larger propor-
tion of neosynthesized unspliced PS2 RNAs being released
from Pol II before degradation in the nucleoplasm). As a
consequence, a larger proportion of the PS2 mRNAs was ex-
pected to be detected in the Pol II immunoprecipitation than
would be the case for unspliced PS2 RNAs. Remarkably, we
detected a larger proportion (	4 times) of PS2 mRNAs than
of unspliced (I1I2) PS2 pre-mRNAs in the Pol II immunopre-
cipitation (Fig. 6F). This result demonstrated that although
cotranscriptional splicing was poorly efficient in the case of PS2
(leading to the release of unspliced PS2 RNAs from Pol II), a
small fraction of nascent PS2 RNAs could be spliced when they
were still associated with Pol II. The splicing of at least a small
proportion of PS2 RNAs in the vicinity of the PS2 gene was in
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agreement with a recent report indicating an increase in
spliced products close to the PS2 gene in response to E2 (38).

In contrast, when looking at CCND1 RNAs, we observed
opposite results. There was a larger proportion (	17 times) of
unspliced RNAs (I1I2) than mature mRNA in the Pol II im-

munoprecipitation (Fig. 6F). This result was in agreement with
our previous findings, because there was a small fraction of
pre-mRNA being released from Pol II since cotranscriptional
splicing was efficient.

We also noted that the fraction of mRNAs present in the Pol

FIG. 6. Differential cotranscriptional recruitment of CBP80 on PS2 and CCND1 genes. (A) qPCR analysis of the recruitment of CBP80 on the PS2
and CCND1 genes and in an intergenic region (IG) measured by ChIP in the presence of E2 for 1 h. (B) RT-qPCR analysis of the effect of an siRNA
against CBP80 on the spliced-to-unspliced ratio both in the presence and in the absence of E2. Results are expressed as percentages of control values
(transfection of the siGL2 control siRNA). (C) Nuclear RNAs were prepared from cells treated or not with E2 for 1 h. The levels of PS2 and CCND1
mRNAs or pre-mRNAs immunoprecipitated with anti-Cap antibody were measured and compared to their respective levels measured in the input
(percent, arbitrary unit). (D) qPCR analysis of the Pol II levels on different regions of the PS2 gene in the absence (white) or presence (gray) of E2 for
1 h. The ChIP values are expressed as percentages of input. (E) Same as panel C, using different primer sets: PS2(3�) (see Fig. 1A) and PS2(Si2) (see
Fig. 4D). (F) Proportion of Pol II-associated RNAs. MCF-7 cells were treated with E2 for 1 h and were used to perform the RNA-ChIP assay or to
prepare nuclear extracts. PS2 and CCND1 pre-mRNAs (I1I2) and mRNAs were measured by RT-qPCR in the RNA-ChIP assay using the same fraction
of immunoprecipitated RNAs and in the nuclear extracts using the same amount of nuclear RNAs. The value obtained in the RNA-ChIP assay was
divided by the value obtained for nuclear extract. (G) Levels of Pol II (calculated as a percentage of input) determined by ChIP and qPCR analysis on
different regions (3�, pA, B, and C, as shown in Fig. 1A) of PS2 genes in the absence (white) or presence (gray) of E2 for 1 h. (H) RT-qPCR analysis
of E2 effects on the levels of PS2 and CCND1 RNAs in nuclear extracts using primers upstream of or flanking the RNA pA/cleavage site as indicated.
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II immunoprecipitation was about four times higher in the case
of PS2 than in that of CCND1 (Fig. 6F). By analyzing the Pol
II pattern at the gene 3� ends and downstream of the pA sites
(Fig. 1A), we noted that transcriptional activation of the PS2
gene resulted in a marked increase in the Pol II level down-
stream of the PS2 pA site (positions B and C on Fig. 1D).
Compared to the basal level, E2 treatment resulted in a
marked increase in the Pol II level downstream of the PS2 pA
site, as measured by normalizing the ChIP values to the input
values (Fig. 6G, % input). This accumulation of Pol II down-
stream of the PS2 pA site in the presence of E2, which we did
not observe for the CCND1 gene (not shown), was likely to be
due to increased pausing of Pol II, which is associated with a
possible delay in the initiation of 3�-end RNA processing, as
recently reported (24).

To further test this possibility, we used a set of primers
within the last exon but downstream of the pA site and a set of
primers flanking the pA/RNA cleavage site (Fig. 6H). We
noted that E2 treatment resulted in a stronger increase in the
level of the RNA molecules when primers downstream of the
pA/RNA cleavage site were used in the case of PS2 but not in
the case of CCND1 (Fig. 6H). Altogether, these results sug-
gested that in the case of PS2, the 3�-end RNA processing that
is associated with mRNA release from the site of transcription
(11, 36) may require more time when PS2 gene transcription is
activated. This result may explain why there was a larger pro-
portion of PS2 than of CCND1 mRNAs in the Pol II immu-
noprecipitation (Fig. 6F).

Estradiol selectively induced Ser5 phosphorylation of the
Pol II CTD in a gene-specific manner. To further analyze the
role of Pol II Ser5 phosphorylation, we looked for a third
E2-stimulated gene. We selected the c-fos gene because it has
been reported that c-fos splicing occurred during transcription
upon induction with a calcium ionophore (32). As shown in
Fig. 7A, the levels of fully spliced c-fos mRNA rapidly in-
creased in response to E2 in both the nucleus and the cytosol.

When we compared the effects of E2 on the nuclear mRNA-
to-pre-mRNA ratio, we observed very similar curves for
CCND1 and c-fos (Fig. 7B). In contrast, E2 treatment strongly
decreased the nuclear PS2 mRNA/pre-mRNA ratio (Fig. 7B).
Therefore, these results suggested that E2 had similar effects
on c-fos and CCND1 RNA synthesis/maturation, which dif-
fered from its effects on PS2.

To test whether Pol II Ser5 phosphorylation also plays a role
in the splicing of c-fos pre-mRNA produced in response to E2,
cells were treated with H7 and H8 molecules before E2 was
added. As in the case of CCND1 (Fig. 5E), the H7 or H8
molecules decreased the spliced-to-unspliced ratio in the case
of c-fos (Fig. 7C). In addition, the percentage of Ser5P
epitopes in the presence of E2 on the c-fos gene 5� end was
similar to that on the CCND1 gene 5� end and was higher than
that on the PS2 gene 5� end (Fig. 7D). Remarkably, the level
of Ser5P epitopes (H14) selectively increased at the c-fos gene
5� end in response to E2, because no effect was observed with
the CTD4H8 and 8WG16 antibodies (Fig. 7E). Altogether,
these results demonstrated that E2 had differential effects on
the Pol II status depending on the target genes. While E2
induced a selective increase in the Ser5P epitope level on the
c-fos gene (Fig. 7E), it increased both phosphorylated and
unphosphorylated Pol II forms on the CCND1 and PS2 genes

(Fig. 5). The Ser5 phosphorylated form increased more than
the other Pol II forms in the case of CCND1, while the un-
phosphorylated form increased more than the other Pol II
forms in the case of PS2 (Fig. 5). Therefore, E2 stimulated the
transcription of three different target genes by different mech-
anisms, and Pol II Ser5 phosphorylation associated with co-
transcriptional splicing was playing an unexpected critical role
in the mRNA production by a subset of E2 target genes.
Furthermore, we also observed that, similar to the case with
CCND1, the proportion of c-fos pre-mRNAs being capped was
higher than that in the case of PS2 (Fig. 7F).

Finally, we analyzed the PS2, CCND1, and c-fos protein
levels after treating the cells with E2 for different periods of
time. As previously reported (40, 48), the PS2 protein level
increased much later than the CCND1 and c-fos protein levels,
which were induced rapidly and transiently by E2 (Fig. 7G).
Altogether, our data suggested that the efficiency of cotrans-
criptional RNA processing may play a critical role for gene
products that are tightly regulated. This might be particularly
relevant to gene products that mediate the rapid induction of
cell cycle progression by estradiol in breast cells (9, 21, 40).

DISCUSSION

Although several studies have investigated the coupling be-
tween transcription and splicing, this was generally not per-
formed in the context of transcriptional activation of endoge-
nous genes. In addition, many studies investigated the
transcriptional mechanisms by which such stimuli as estrogens
impact regulation of gene expression without taking RNA
splicing into account. To fill in these gaps, we investigated the
impact of E2 on the expression levels of endogenous genes by
examining the Pol II levels and phosphorylation status on the
DNA templates (ChIP assay), the levels of unspliced and par-
tially spliced RNAs associated with Pol II (RNA-ChIP assay),
and the nuclear levels of unspliced, partially spliced, and fully
spliced RNAs.

The ChIP assay indicated that E2 induced a globally stron-
ger induction of Pol II on the PS2 gene than on the CCND1
gene (Fig. 1 and 5), and this observation was consistent with
the stronger E2-mediated induction of PS2 pre-mRNA levels
than of CCND1 pre-mRNA levels (Fig. 2 and 3). However, this
was in sharp contrast with the lesser effect of E2 on PS2 mRNA
levels than on CCND1 mRNA levels (Fig. 2C and D). The
effects of E2 on the PS2 and CCND1 mRNA levels were
consistent with previous reports (9, 21). Using the RNA-ChIP
assay, which permits immunoprecipitation of RNAs associated
with Pol II, we demonstrated that increasing amounts of Pol
II-associated PS2 RNAs contained PS2 intron 1 during E2
treatment, which contrasts with what we observed in the case
of CCND1 (Fig. 3B and 4C). This observation raised the pos-
sibility that a larger proportion of PS2 RNAs associated with
Pol II were not spliced, in contrast with CCND1 RNAs. Sup-
porting this hypothesis, a larger proportion of PS2 than
CCND1 pre-mRNAs were not associated with Pol II (Fig. 3C
and 4B).

We next demonstrated that the mechanism by which co-
transcriptional splicing of intron 1 was more efficient in the
case of CCND1 than in that of PS2 was dependent on the Pol
II status on the DNA templates. Indeed, Pol II, which plays a
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critical role in the communication between the transcriptional
and splicing machineries (see the introduction), had very dif-
ferent patterns in a comparison of the PS2 and CCND1 genes.
In particular, a higher proportion of the Pol II Ser5-phosphor-
ylated form was observed at the CCND1 gene 5� end than at
that of PS2 (Fig. 5D). The inhibition of Ser5 phosphorylation
by H7 and H8 molecules (but not inhibition of Pol II Ser2
phosphorylation by DRB) decreased specifically the levels of
the spliced CCND1(S) RNAs (Fig. 5E), which demonstrates a
direct link between Pol II Ser5 phosphorylation and splicing of
the first intron. Because H7 and H8 molecules alter cotrans-
criptional but not posttranscriptional splicing (7), these obser-
vations strengthen our conclusion that CCND1 intron 1 was
spliced during transcription.

In addition to a higher level of Ser5 phosphorylation of the
Pol II CTD (Fig. 4D), we detected a higher level of CBP80
(one of the two subunits of CBC) at the CCND1 gene 5� end
than at the PS2 gene 5� end (Fig. 6A); this correlated with a
higher proportion of CCND1 pre-mRNAs being capped than
was the case for PS2 pre-mRNAs (Fig. 6C). Importantly, it has
been shown that CBC plays a critical role in the recognition of
the cap-proximal 5� splice site (31, 36). Supporting the notion
that CBC plays an important role in cotranscriptional splicing
of CCND1 intron 1, the depletion of CBP80 resulted in a
decrease in the spliced-to-unspliced ratio (Fig. 6B). Therefore,
in the case of CCND1, a high level of Ser5 phosphorylation of
the Pol II CTD and the recruitment of CBC (Fig. 4D and 6A)
facilitated the recognition and splicing of the first intron (Fig.

FIG. 7. Pol II Ser5 phosphorylation can be selectively stimulated by E2 in a gene-specific manner. (A) RT-qPCR analysis of effects of E2 on
the fully spliced c-fos mRNA in nuclear (black) or cytoplasmic (white) extracts at given times (min) following the onset of E2 treatment. (B) PS2,
CCND1, and c-fos mRNAs and pre-mRNAs were quantified by RT-qPCR using purified nuclear RNAs. The values obtained with the mRNAs
were divided by the values obtained with the pre-mRNAs. The value of the ratio at baseline (0 h) for each product was assigned 1. (C) The c-fos
spliced and unspliced RNAs were quantified by RT-qPCR using nuclear RNAs from cells treated with E2 in the presence or not of H8 or H7
molecules. The spliced-to-unspliced ratio obtained in the control experiment (without H7 or H8) was assigned 1. (D) Proportion of Ser5P epitopes
on the PS2, CCND1, and c-fos gene 5� ends in the presence of E2 for 1 h. The value obtained in the ChIP assay using the H14 antibody was divided
by the value obtained with the CTD4H8 antibody. (E) Pol II levels calculated as a percentage of input on the c-fos gene 5� end, determined by
ChIP in the absence (white) or in the presence (gray) of E2 for 1 h. Experiments were performed at least three times. Data are represented as
means � SEM. (F) Nuclear RNAs were prepared from cells treated with E2 for 1 h. The levels of PS2, CCND1, and c-fos mRNAs or pre-mRNAs
immunoprecipitated with anti-Cap antibody were measured and compared to their respective levels measured in the input. (G) Western blot
analysis of PS2, CCND1, c-fos, and actin proteins after treatment with E2 for different times (hours).
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5E and 6B). Interestingly, the recruitment of CBP80 and the
splicing of the first intron may in turn permit Pol II to elongate
more efficiently.

Indeed, we noted that Pol II levels dropped between exon 1
and exon 2 on the CCND1 gene [compare CCND1(5�) and
CCND1(I1I2) in Fig. 6D] but not on the PS2 gene [compare
PS2(5�) and PS2(I1I2) in Fig. 6D]. This was not an artifact of
the ChIP assay, because PS2 intron 1 is about twice the size of
D1 intron 1, which decreases the risk of contamination by
5�-end-bound Pol II (Fig. 1A). Therefore, in the case of
CCND1, where cotranscriptional splicing of intron 1 was effi-
cient, there was a change in the pattern of Pol II between exon
1 and exon 2, in sharp contrast with PS2, where cotranscrip-
tional splicing of intron 1 was inefficient. One explanation for
the pattern of Pol II on the CCND1 gene could be that CBC
helps the recruitment of the U1 snRNP. This may not only
enhance splicing, but the recruitment of the U1 snRNA may
also stimulate Pol II transcription as has been recently shown
(12, 28). Such a mechanism would also explain why a similar
level of Pol II was detected between exon 1 and exon 2 on the
PS2 gene (Fig. 6D), since CBP80 was not recruited and co-
transcriptional splicing of PS2 intron 1 was inefficient.

In this context, we noted that PS2 intron 2 was more fre-
quently spliced before intron 1 (Fig. 4D), and this correlated
with an increase in the proportion of capped RNAs (Fig. 6E)
and also with a decrease in the Pol II level between exon 2 and
exon 3 on the PS2 gene (Fig. 6D). These data indicated a
strong correlation between Pol II dynamics and splicing and
suggested that at least a portion of PS2 RNAs may be spliced
during transcription. Supporting a model where only a small
fraction of PS2 RNA molecules could be processed during
transcription and give rise to mature PS2 mRNAs, we detected
a larger proportion of PS2 mRNAs than PS2 pre-mRNAs in
the Pol II immunoprecipitation (Fig. 6F). This result is in
agreement with a recent report showing that spliced PS2 RNAs
can be detected at the gene site (38) and suggested that a large
proportion of unspliced PS2 RNAs could be released from Pol
II (Fig. 3C, 4B, and 6F).

The large fraction of PS2 mRNA in the Pol II immunopre-
cipitation was also consistent with the delay in PS2 3�-end
RNA processing when transcription was activated (Fig. 6G and
H). Importantly, increasing evidence supports a coupling be-
tween RNA 3�-end processing and mRNA release that also
involves Pol II CTD (11, 36). Therefore, the delay in 3�-end
RNA processing may result in the transient accumulation of
PS2 mRNA before release from the transcriptional site. The
low rate of PS2 3�-end processing might be due either to the
PS2 pA site being not optimal or to the small size of the last
PS2 exon being only 212 nucleotides (Fig. 1A). Alternatively,
the lower efficiency of PS2 3�-end RNA processing might be
due to the absence of the recruitment of CBC on PS2 RNAs,
because it has been shown that CBC may help the recruitment
of 3�-end processing factors (17).

Noteworthily, inefficient cotranscriptional splicing of PS2
intron 1 did not result from E2 treatment. Indeed, the partially
spliced PS2(S) RNA level was low even in the absence of E2
(Fig. 4D). In addition, the proportion of unspliced PS2 RNAs
associated with Pol II was not affected by E2 treatment (Fig.
3C and 4B). Finally, compared to results for CCND1, the
amount of Pol II Ser5P epitopes on the PS2 gene 5� end was

low both in the presence and in the absence of E2 (Fig. 5D).
Therefore, the inefficient cotranscriptional splicing of PS2 in-
tron 1 may be intrinsic to the PS2 gene, which was revealed
only by E2 treatment. Similarly, the efficient cotranscriptional
splicing of CCND1 intron 1 may be independent of the E2
signaling pathway.

In this context, our data interestingly indicated that E2 stim-
ulated transcription by different mechanisms depending on the
gene context. E2 strongly increased the unphosphorylated
form of Pol II on the PS2 gene (Fig. 5B), which suggested a
major effect on the transcriptional preinitiation step on this
gene. Meanwhile, although the unphosphorylated form of Pol
II increased only slightly on the CCND1 gene 5� end after 1 h
of E2 treatment (Fig. 5B), our data showed that all the tran-
scriptional steps were similarly enhanced in the case of
CCND1. Indeed, almost all the parameters reflecting CCND1
gene activity increased about twofold in response to E2 (Fig. 1,
2, and 5). This observation suggests that E2 treatment may
“simply” increase a process already efficient in the absence of
E2. Finally, our results of a selective increase in the Ser5P
epitope level in response to E2 on the c-fos gene 5� end (Fig.
7E) demonstrated that E2 treatment resulted in the specific
improvement of steps downstream of preinitiation in the case
of the c-fos gene. Therefore, the action of E2 strongly depends
on the “intrinsic” proprieties of its target genes.

Our data clearly indicated that the effect of E2 on the
mRNA levels produced by its target genes depends not only on
its transcriptional effects but also on the efficiency of the pro-
cessing of the nascent pre-mRNAs. In particular, a high level
of Pol II Ser5 phosphorylation increased the efficiency of
mRNA production owing to the coupling between transcrip-
tion and splicing. In other words, only a subset of E2-regulated
mRNAs might be produced in a very efficient way in what has
been referred to as the “mRNA factory” (6). Because the PS2
protein level increased later than the CCND1 and c-fos protein
levels (Fig. 7G), our data collectively suggest that the efficiency
of cotranscriptional RNA processing might play a critical role
for gene products whose expression level is tightly regulated.
This might be particularly relevant for genes whose products
play a role in cell cycle progression. In this context, we must
underline that this study was performed using the MCF-7
breast cancer cell line, whose growth depends on estrogens.
The cells were maintained for several days in medium contain-
ing stripped serum, which results in inhibition of MCF-7 cell
growth. The MCF-7 growth inhibition is reversed by addition
of E2, resulting in rapid production of cell cycle activators,
such as CCND1 and c-fos (9, 21). The efficient maturation of
the CCND1 and c-fos gene products in response to E2 may be
a key component of the rapid mitogenic response of MCF-7
cells to the estrogen signaling pathway. Because a recent tran-
scriptomic analysis with yeast demonstrated that modulation of
splicing efficiency plays a critical role in the rapid regulation of
the expression levels of a subset of genes in response to stress
(41), these observations support a model in which RNA pro-
cessing efficiency might be a major level of regulation during
the cellular response to growth conditions.

In conclusion, our data add an important piece of evidence
for considering the splicing process in the studies of the effects
of transcriptional stimuli on gene expression levels. We and
others have shown that transcriptional stimuli impact the ratio
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of the alternative splicing variants produced by their target
genes (2). This is critical in the gene expression process, be-
cause alternative splicing can result in the production of pro-
tein isoforms having different and even opposite biological
activities (45). In this report, we now have shown that the levels
of mRNAs produced could not be explained only by the impact
of transcriptional stimuli on their target gene transcriptional
activity: although E2 had stronger effects on PS2 than on
CCND1 gene transcriptional activity, PS2 RNA processing was
not as efficient as CCND1 RNA processing. Importantly, the
estrogen signaling pathway is a major pharmacological target
in several diseases, and the study of the regulation of the PS2
mRNA expression level is one of the most popular models
used to study the impact of E2 and E2-related pharmaceutical
molecules on gene transcriptional activity. Because our data
showed that the production of the PS2 mRNA was limited by
splicing, strong effects on PS2 transcriptional activity may not
result in significant effects at the mRNA level. More generally,
the study of gene expression regulation by transcriptional stim-
uli by considering steps all along the “assembly line” of mRNA
production is opening the opportunity to identify new gene-
selective rate-limiting steps and therefore to guide the devel-
opment of pharmaceutical molecules with increased efficiency
and selectivity.
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