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Promoter-proximal pausing of RNAPII coincides with the
formation of the cap structure at the 5� end of pre-mRNA,which
is bound by the cap-binding protein complex (CBC). Although
the positive transcription elongation factor b (P-TEFb) stimu-
lates the release of RNAPII from pausing and promotes tran-
scription elongation and alternative splicing by phosphory-
lating theRNAPIIC-terminal domain at Ser2 (S2-PRNAPII), it is
unknownwhether CBC facilitates these events. In this study, we
report that CBC interacts with P-TEFb and transcriptionally
engaged RNAPII and is globally required for optimal levels of
S2-P RNAPII. Quantitative nascent RNA immunoprecipitation
and ChIP experiments reveal that depletion of CBC attenuates
HIV-1 Tat transactivation and impedes transcription elonga-
tion of investigated CBC-dependent endogenous genes by
decreasing the levels of P-TEFb and S2-P RNAPII, leading to
accumulation of RNAPII in the body of these genes. Finally,
CBC is essential for the promotion of alternative splicing
through facilitating P-TEFb, S2-P RNAPII, and splicing factor
2/alternative splicing factor occupancy at a splicing minigene.
These findings disclose a vital role of CBC in connecting
pre-mRNA capping to transcription elongation and alternative
splicing via P-TEFb.

Themature mRNA is generated by the synthesis and cotran-
scriptional processing of pre-mRNA. These mutually coupled
processes are executed by RNA polymerase II (RNAPII)2 and

coordinated by theC-terminal domain (CTD) of its biggest sub-
unit, Rpb1, which serves as a platform for binding pre-mRNA
processing and chromatin-modifying factors (1). Differential
recruitment of these complexes at distinct phases of the
RNAPII transcription cycle is dictated by the phosphorylation
pattern of the RNAPII CTD, whose multiple heptapeptide
Y1S2P3T4S5P6S7 repeats undergo phosphorylation at all serine
residues (2, 3).
After assembling with the transcription preinitiation com-

plex at the promoter, RNAPII enters into transcription initia-
tion and promoter clearance, which coincide with phosphory-
lation of the RNAPII CTD at Ser5 (S5-P RNAPII) and Ser7 (S7-P
RNAPII) by Cdk7 of the transcription factor II H (4). The S5-P
RNAPII mark is required for binding capping enzymes (CE) to
modify the 5� end of pre-mRNA by the addition of a 7-methyl
G(5�)ppp(5�)N cap as soon as the transcript is 25–50 nucleo-
tides long (5). This cap structure is cotranscriptionally and
cooperatively bound by the cap-binding protein complex
(CBC), which consists of the cap-binding protein (CBP) 20 and
CBP80 (6, 7). Notably, CBC plays a critical role in processes
accompanying transcription, including pre-mRNAsplicing and
3� end processing, and post-transcriptional events such as
mRNA nuclear export and nonsense-mediated decay (8–12).
Importantly, pre-mRNAcapping coincides with the promot-

er-proximal pausing of RNAPII that occurs soon after pro-
moter clearance at most eukaryotic genes and is enabled by
cooperative actions of the negative elongation factor and the
DRB-sensitivity inducing factor (13). The release of RNAPII
from this pause can be stimulated by the kinase activity of the
positive transcription elongation factor b (P-TEFb), which is
composed of the catalytic subunit Cdk9 and one of the three
cyclin (Cyc) regulatory subunits CycT1, CycT2a, and Cyc2Tb
(14). Upon its recruitment to paused RNAPII, P-TEFb phos-
phorylates the RNAPII CTD at Ser2 (S2-P RNAPII) and the
Spt5 subunit of theDRB-sensitivity inducing factor, resulting in
productive RNAPII elongation.Of note, a prototypical example
of transcription regulation through promoter-proximal paus-
ing is transcription of HIV-1 (14). Here, the release of RNAPII
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into elongation is directed by the viral transactivator (Tat),
which recruits P-TEFb to stalled RNAPII through cooperative
binding with the transactivation response element present at
the 5� end of HIV-1 transcript (15). In addition to stimulating
transcription elongation, P-TEFb promotes transcription-cou-
pled processes (16, 17). For instance, P-TEFb in yeast and Dro-
sophila is required for cotranscriptional 3� end processing, and
human P-TEFb stimulates alternative splicing of pre-mRNA
(18–20).
Although different phases of the RNAPII transcription cycle

are being elucidated in great detail, mechanisms enabling effi-
cient transcription elongation remain to be fully understood. In
addition to the recruitment of P-TEFb to paused RNAPII by
transcriptional activators and the double bromodomain-con-
taining protein Brd4 (13, 21, 22), alternativemodes of tethering
P-TEFb for stimulating RNAPII elongation may exist. Given
that CBC binds the pre-mRNA cap structure concomitant with
RNAPII pausing, we hypothesized that CBC might mark the
completion of transcript capping and in turn play a role in
mediating productive transcription elongation. Furthermore,
that both CBC and P-TEFb affect cotranscriptional pre-mRNA
splicing and 3� end processing led us to postulate that these two
complexes could function in cooperation. In this study, we
demonstrate a novel role of CBC in promoting transcription
elongation by interacting with P-TEFb and facilitating its occu-
pancy at target genes. We further disclose that CBC is required
for modulating P-TEFb-dependent alternative splicing in
human cells. Collectively, our findings reveal how CBC orches-
trates the coupling of pre-mRNAcapping to transcription elon-
gation and alternative splicing.

EXPERIMENTAL PROCEDURES

Cell Culture—The HeLa-based HL3T1 and HH8 cell line
expressing FLAG-taggedHEXIM1 (F.HEXIM1)were described
(23, 24). Cells were grown at 37 °C with 5% CO2 in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal calf
serum, 100 mM L-glutamine, and 50 �g each of penicillin and
streptomycin per ml.
Plasmid DNAs and siRNAs—F.Tat was expressed from the

pcDNA3.1 plasmid. pSVED-A Tot minigene cassette was
described (25). �-Methylphosphate-capping enzyme (MePCE)
siRNA was purchased from Sigma-Genosys and had the
sequence: 5�-rGrArArCUrArCUrArCrCrGrArAUrCrCrA-
rATT-3�. Brd4 siRNA was described previously (19). CBP20
(sc-38249), CBP80 (sc-43669), and SF2/ASF (sc-38319) siRNAs
were obtained from Santa Cruz Biotechnology. The control
siRNA was purchased from Sigma.
HL3T1 or HeLa cells were transfected by plasmid DNAs and

siRNAs using FuGENE6 reagent (Roche Applied Science) and
Lipofectamine 2000 reagent (Invitrogen), respectively. For
CAT reporter gene and alternative splicing assay, HL3T1 or
HeLa cells, respectively, were seeded into 6-well plates and
treated with 100 pmol of the respective siRNAs. For chromatin
immunoprecipitation (ChIP) and quantitative nascent RNA
immunoprecipitation (qNARIP) experiments, cells were
seeded into 150-mm-diameter Petri dishes and treated with 1.4
nmol of the respective siRNAs. After 48 h, cells were trans-

fected with the plasmid DNA and subjected to downstream
procedures after additional 24 h.
Immunoreagents and Chemicals—The CBP20 (sc-48793),

CBP80 (sc-48803), CycT1 (sc-10750), Cdk9 (sc-484), and Cdk4
(sc-601) antibodies, normal rabbit (sc-2027) and mouse IgG
(sc-2025) were obtained from Santa Cruz Biotechnology. The
GAPDH (ab4300), RNAPII CTD (ab5408), S2-P RNAPII CTD
(ab5095), and S5-P RNAPII CTD (ab5131) antibodies were
obtained from Abcam. The FLAG M2 (F3165) antibody was
purchased from Sigma-Aldrich. The CBP80 antibody used in
the ChIP assay was a kind gift from Dr. Elisa Izaurralde.
Immunoprecipitation Assay and Western Blotting—Immu-

noprecipitation assay and Western blotting were performed
according to standard protocols. Whole cell extracts (WCEs)
were prepared using buffer D (20 mM HEPES-KOH, pH 7.9,
15% glycerol, 0.2 mM EDTA, 0.2% Nonidet P-40, 1 mM dithio-
threitol, and 1 mM phenylmethylsulfonyl fluoride) containing
0.1 M KCl, and immune complexes were washed extensively
with bufferD containing 0.3MKCl. For antibodies, see the list of
immunoreagents above. 0.8 �g of each antibody was used per
individual immunoprecipitation experiment. Three indepen-
dent experiments for each immunoprecipitation yielded simi-
lar results.
CAT Assay—A chloramphenicol acetyl transferase (CAT)

enzymatic assay was performed using standard protocol. -Fold
transactivation represents the ratio between the F.Tat-acti-
vated transcription and the activity of the reporter gene in cells
transfected with the empty pcDNA3.1 plasmid. Results were
obtained from at least three independent experiments.
RT-qPCR Assay—Total RNA from HeLa or HL3T1 cells was

isolated using TRIzol Reagent (Invitrogen). Reverse transcrip-
tion was performed with the Moloney murine leukemia virus
reverse transcriptase (Invitrogen) using random hexamer
primers. For quantitative PCR (qPCR) primers were designed
using IntegratedDNATechnologies PrimerQuest program (for
sequences, see supplemental Table S1). qPCR was performed
with Stratagene Mx3005P real-time PCR system and SYBR
Greenmaster mix (Applied Biosystems). For the quantification
of mRNA levels from endogenous genes, absolute values were
normalized to those of GAPDH mRNA. For the quantification
of mRNA levels from transfected plasmids, absolute values
were normalized to the levels of plasmid DNA. Results were
obtained from at least three independent experiments.
ChIPAssay—Cross-linkingwas achieved by incubatingHeLa

or HL3T1 cells in 1% formaldehyde in medium for 10 min at
room temperature. Cross-linking reactionswere stopped by the
addition of glycine to a final concentration of 0.125 M. Cells
were washed with cold PBS, scraped, and pelleted in a conical
tube. The crude nuclear extracts were obtained by incubating
cells for 10 min on ice in 5 mM PIPES, pH 8.0, 85 mM KCl, and
0.5% Nonidet P-40. The pellets were washed in 50 mM Tris-
HCl, pH 8.1, 10 mM EDTA. Sonication and immunoprecipita-
tionwere performedusing aChIPAssay kit (Upstate) according
to the manufacturer’s instructions. 0.5–1 � 107 cells were used
for one immunoprecipitation. Antibodies used are described
above. As a negative control, the normal rabbit and mouse IgG
were used. Following reverse cross-linking, DNAwas extracted
with phenol-chloroform-isoamylalcohol, precipitated with
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ethanol, and dissolved in 30 �l of Tris-EDTA buffer. Each sam-
ple was diluted three times, and 1 �l of DNA was used with
appropriate primer sets to amplify specific DNA fragments
with qPCR (for sequences, see supplemental Table S2). Samples
were analyzed by the Stratagene Mx3005P real-time PCR sys-
tem and SYBRGreenmastermix. Absolute levels were normal-
ized to input DNA. Results were obtained from at least three
independent experiments.
qNARIP Assay—Prior to sonication, cells were lysed for 10

min on ice in 700 �l of lysis buffer (50 mM HEPES, pH 7.5, 140
mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxy-
cholate)with protease andRNase inhibitors. Sampleswere son-
icated 3 � 10 s at 10% amplitude using Bandelin homogenizer
HD 3100. These settings yielded about 100-nucleotide-long
fragments of nascent RNA. 5% of each sonicated sample was
used for reverse cross-linking and isolation of input DNA and
input RNA. Following centrifugation, chromatin solutions
were preclearedwith 35�l of proteinA/G-agarose-PLUS beads
(SantaCruzBiotechnology) and then incubatedwith the appro-
priate antibody at 4 °C overnight. 1–2 107 cells were used for
one immunoprecipitation. To immunoprecipitate nascent
mRNA, the RNAPII CTD antibody (ab5408) was used, and the
normal mouse IgG (sc-2025) served as a negative control. To
collect immune complexes, 30 �l of the beads were added to
each tube. Incubation and washes of the beads were performed
as described in the ChIP Assay kit. Immune complexes were
eluted twice by the addition of 75 �l of 1% SDS, 0.1 M NaHCO3
with RNase inhibitor. The complexes were reverse cross-linked
in 200 mM NaCl, 10 mM EDTA, and 20 �g of proteinase K
with RNase inhibitor at 65 °C for 2 h. RNA was isolated using
TRIzol Reagent and treated with Turbo DNA-free DNase
(Ambion). Reverse transcription was performed with the
Superscript III reverse transcriptase (Invitrogen) using random
hexamer primers. Samples were analyzed by the Stratagene
Mx3005P real-time PCR system and SYBR Green master mix.
qPCRwas performedwith primer pairs discriminating initiated
and elongated nascent transcripts. For primer sequences, see
supplemental Tables S3, S4, and S5. The levels of nascent
mRNA were normalized to the levels of DNA in input samples
amplified with the same primer pairs. The amplification of neg-
ative control samples yielded 10–15-fold lower values than the
amplification of RNAPII-immunoprecipitated transcripts,
reasserting the specificity of immunoprecipitation with the
RNAPII antibody. qPCR of input DNA confirmed that expres-
sion of F.Tat was equally efficient in HL3T1 cells treated with
the control or CBP20 siRNA. Results were obtained from at
least three independent experiments.

RESULTS

CBC Interacts with P-TEFb and Is Required for Efficient Phos-
phorylation of the RNAPIICTDat Ser2—Functional similarities
betweenCBC and P-TEFb in pre-mRNAprocessing could stem
from their physical association.We therefore performed coim-
munoprecipitation experiments between endogenous proteins
in WCE of HeLa cells (Fig. 1). Indeed, CycT1 was readily
detected in immunoprecipitations of CBP20 or CBP80 (Fig.
1A). This interaction was not abrogated upon treatment of
WCE with RNase A, demonstrating that CBC and P-TEFb

interact independently of RNA (Fig. 1B). Similarly, Cdk9 inter-
acted with CBP80 in reciprocal coimmunoprecipitation exper-
iments (Fig. 1C). The observed interactions were specific
because an antibody against Cdk4 failed to immunoprecipitate
the components of P-TEFb and CBC efficiently, even though it
displayed immunoprecipitation efficacy similar to an antibody
against Cdk9 (Fig. 1 and supplemental Fig. S1A). In addition
and in contrast to P-TEFb, none of the CBC subunits bound
HEXIM1, an inhibitor of P-TEFb within 7SK snRNP (22) (Fig.
1D and supplemental Fig. S1B). Although the stoichiometry of
the interaction between CBC and P-TEFb is unclear at present,
these findings indicate that CBC associates with the active pool
of P-TEFb in cells.
To characterize the relation between CBC and P-TEFb with

the transcription apparatus, we asked whether they bind tran-
scriptionally engaged RNAPII. Coimmunoprecipitation exper-
iments between endogenous proteins revealed that both sub-
units of CBC as well as Cdk9 bind S5-P and S2-P RNAPII (Fig.

FIGURE 1. CBC and P-TEFb interact with each other as well as with S5-P
and S2-P RNAPII, and depletion of CBC reduces total levels of S2-P
RNAPII. A and B, WCEs of HeLa cells incubated (�) or not (�) with RNase A
were subjected to immunoprecipitation (IP) with the indicated antibodies.
Levels of CycT1 in immunoprecipitates (top) and those of CycT1 and CBP20 or
CBP80 in WCEs (bottom) were detected by Western blotting. C, WCEs of HeLa
cells were subjected to IP with the indicated antibodies. Levels of CBP80 in
immunoprecipitates (top) and those of CBP80 and Cdk9 in WCEs (bottom)
were detected by Western blotting. D, WCEs of HeLa cells expressing
F.HEXIM1 were subjected to IP with the indicated antibodies. Levels of
F.HEXIM1 in immunoprecipitates (top) and those of F.HEXIM1 and CBP80 in
WCEs (bottom) were detected by Western blotting. E, WCEs of HeLa cells were
subjected to IP with the indicated antibodies. Levels of S5-P RNAPII and S2-P
RNAPII in immunoprecipitates (top) and those of S5-P RNAPII, S2-P RNAPII,
CBP80, and Cdk9 in WCEs (bottom) were detected by Western blotting.
F, levels of the indicated proteins in WCEs of HeLa cells treated with the con-
trol or CBP20 siRNA were detected by Western blotting.
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1E). These results are consistent with a previous report that
identified proteins associated with the phosphorylated form
of RNAPII using a comprehensive proteomic analysis (26).
Because P-TEFb can regulate transcription elongation and
pre-mRNA processing through S2-P RNAPII (17), we next
investigated whether CBC affects this phosphorylation event.
To this end, we measured the total levels of endogenous S5-P
and S2-P RNAPII by Western blotting of WCE of HeLa cells
treatedwith the control or CBP20 siRNA. Significant reduction
of CBP20 amounts in cells treated with CBP20 siRNA did not
change the expression of CycT1 or Cdk9 (Fig. 1F). On the con-
trary, we consistently observed a decrease in the levels of S2-P
RNAPII in CBC-depleted cells, whereas those of S5-P RNAPII
and GAPDH remained largely unaffected (Fig. 1F). Overall,
these results demonstrate that endogenous CBC and P-TEFb
interact in cells and that CBC is needed for optimal phosphor-
ylation of the RNAPII CTD at Ser2. Furthermore, that CBC and
P-TEFb associate with S5-P and S2-P RNAPII suggests their
involvement in RNAPII transcription throughout the gene.
CBC Is Required for Transcription from the Tat-activated

HIV-1 Promoter—The results above prompted us to consider a
possible necessity of CBC for enabling the transcriptional
effects of P-TEFb. First, we examined whether CBC is required
for transcription from the HIV-1 promoter (Fig. 2). For this
purpose,weused aHeLa-basedHL3T1 cell line that contains an
integrated HIV-1 long terminal repeat (LTR) controlling
expression of the CAT reporter gene (23). To stimulate this
transcription, we transiently expressed F.Tat in these cells.
Strikingly, the treatment of HL3T1 cells with CBP20 siRNA
inhibited Tat transactivation of theHIV-1 LTR 8.5-fold relative
to the transactivation in cells treated with the control siRNA
(Fig. 2B). Similar results were obtained in HL3T1 cells treated
with CBP80 siRNA (supplemental Fig. S2B). Of note, CBP20 or
CBP80 siRNA was effective because relative levels of targeted
mRNA decreased 5-fold or 4-fold, respectively (Fig. 2A and
supplemental Fig. S2A). Importantly, these treatments did not
decrease the amounts of F.Tat (supplemental Fig. S2C). Next,
we asked whether this inhibitory effect of CBC depletion on
Tat-activated HIV-1 transcription could also be detected at the
mRNA level. Indeed, the quantity of CAT mRNA decreased
3.3-fold in cells treated with CBP20 siRNA compared with the
control siRNA (Fig. 2C). Taken together, these findings suggest
that CBC is required for HIV-1 Tat transactivation.
CBC Facilitates the Gene Occupancy of P-TEFb and S2-P

RNAPII for Tat-stimulated HIV-1 Transcription Elongation—
To test directly whether depletion of CBC antagonized tran-
scription elongation from the HIV-1 LTR, we developed a
qNARIP assay (for details, see “Experimental Procedures,” sup-
plemental Fig. S3, and supplemental Control Experiments) and
used it for analyzing the nascent CAT transcripts in HL3T1
cells expressing F.Tat. Briefly, we cross-linked the cells, soni-
cated nuclear extracts, immunoprecipitated the pre-mRNA
with an antibody directed against RNAPII, and measured rela-
tive levels of nascent transcripts at their 5� region (5�r; initiated
transcripts) and downstream region (Dr; elongated transcripts)
by using two different primer pairs (Fig. 2D). Although the lev-
els of initiated CAT transcripts did not change considerably,
those of elongated transcripts increased 1.6-fold in cells treated

with CBP20 siRNA comparedwith the control siRNA (Fig. 2D).
In addition, we wanted to confirm that this accumulation of
RNAPII-bound elongated transcripts also occurs at several
regions within the body of a transcription unit. Here, we
employed a qNARIP assay for determining nascentHIV-1 tran-
scripts in HeLa cells expressing F.Tat and the whole HIV-1
genome encoded by the pNL4–3 plasmid (Fig. 2E). Indeed,
although the levels of nascent transcripts at the 5� region of the
genome remained largely unaltered, the levels of elongated
transcripts at pol, vpr, and env genes increased 2.4-, 1.9-, and
2.6-fold in cells treated with CBP20 siRNA compared with

FIGURE 2. Depletion of CBC abrogates Tat transactivation of the HIV-1
LTR CAT reporter gene and provokes accumulation of nascent tran-
scripts within the body of the gene. A, relative quantity of CBP20 mRNA was
determined by RT-qPCR using total RNA isolated from HL3T1 cells that
expressed F.Tat and were treated with the control (white bars) or CBP20 siRNA
(black bars). Absolute mRNA levels were normalized to GAPDH mRNA levels.
B, CAT assay of WCEs of HL3T1 cells containing an integrated HIV-1 LTR CAT
reporter gene is shown. Cells were treated with the control (white bars) or
CBP20 siRNA (black bars) and expressed F.Tat as indicated below the CAT
data. C, relative quantity of CAT mRNA was determined by RT-qPCR using
total RNA samples isolated from HL3T1 cells that expressed F.Tat and were
treated with the control (white bars) or CBP20 siRNA (black bars). Absolute CAT
mRNA levels were normalized to the levels of transfected F.Tat gene.
D, qNARIP was used to analyze HIV-1 LTR CAT nascent transcripts in HL3T1
cells expressing F.Tat. Cells were treated with the control (white bars) or
CBP20 siRNA (black bars). Nascent mRNA was immunoprecipitated with the
RNAPII antibody. Results are presented as percent of input DNA. Two different
primer pairs were used for the amplification of transcripts at the 5� region (5�r)
or downstream region (Dr) as indicated below the schematic of the HIV-1 LTR
CAT reporter gene. Arrow and pA depict transcription start site and poly-
adenylation signal, respectively. Primer pairs used for the amplification of
DNA in ChIP-qPCR analysis (Fig. 3) at the promoter region (Pr) or coding
region (Cr) are indicated above the gene schematic. Numbers below the sche-
matic represent nucleotide positions of the gene in respect to the transcrip-
tion start site. E, qNARIP was used to analyze HIV-1 nascent transcripts in HeLa
expressing F.Tat and HIV-1 genome from pNL4 –3 plasmid. Cells were treated
with the control (white bars) or CBP20 siRNA (black bars). Nascent mRNA was
immunoprecipitated with the RNAPII antibody. Results are presented as per-
cent of input DNA. Four different primer pairs were used for the amplification
of transcripts at the 5� region (5�r) or downstream regions (Dr1, Dr2, and Dr3)
as indicated below the schematic of the HIV-1 genome. Arrow and pA depict
transcription start site and polyadenylation signal, respectively. Numbers
below the schematic represent nucleotide positions of the gene in respect to
the transcription start site.
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the control siRNA, respectively (Fig. 2E). Accumulation of
RNAPII-associated pre-mRNA in the body of the genes sug-
gests that depletion of CBC restrains efficient transcription
elongation. In addition, that qNARIP assay detects consider-
ably more initiated than elongated transcripts indicates the
occurrence of RNAPII promoter-proximal pausing at both
transcription units (Fig. 2, D and E, compare 5�r and Dr).
To address the mechanism by which the depletion of CBC

antagonizes P-TEFb-dependent transition into effective tran-
scription elongation, we performed quantitative chromatin
immunoprecipitation (ChIP-qPCR) analysis at the promoter
and coding region of the HIV-1 LTR CAT reporter gene in
HL3T1 cells expressing F.Tat. In agreement with the qNARIP
analysis of this gene, we observed accumulation of total RNAPII
at the coding region of the reporter gene in cells treated with
CBP20 siRNA, suggesting deficient RNAPII elongation (Fig.
3A). This interpretation is in agreement with the effect of
depleting a Ser/Arg-rich (SR) splicing factor SC35, which led to
a deficient occupancy of Cdk9 and S2-P RNAPII at SC35-de-
pendent genes, resulting in the accumulation of RNAPII in the
body of these genes (27). Critically, the occupancy of Cdk9 at
the promoter and coding region decreased 2.7-fold and 2.3-fold
under the same experimental conditions, respectively (Fig. 3B).
Concomitantly, the presence of S2-P RNAPII decreased 3-fold
when normalized to the levels of total RNAPII at both gene
regions upon depleting CBC (Fig. 3C), whereas the occupancy
of S5-PRNAPII remained largely unchanged (Fig. 3D). Levels of
S2-P and S5-P RNAPII presented as percent of input DNA are
shown in supplemental Fig. S4, A and B. CBC was efficiently

depleted in cells treated with CBP20 siRNA compared with the
control siRNA because the occupancy of CBP80 at the gene
regions decreased 3.2-fold and 2.9-fold, respectively (supple-
mental Fig. S4C). These findings demonstrate that CBC pro-
motes the presence of P-TEFb at the HIV-1 promoter and cod-
ing region of the reporter gene for effective phosphorylation of
the RNAPII CTD at Ser2 and efficient transcription elongation
along the gene. Moreover, the continuous presence of P-TEFb
and CBCwith elongating RNAPII (Fig. 3 and supplemental Fig.
S4) underscores further their active role in transcription elon-
gation and/or cotranscriptional processes throughout the cod-
ing region of genes.
CBC Promotes the Gene Occupancy of P-TEFb and S2-P

RNAPII for Transcription Elongation of Endogenous Genes
Exhibiting RNAPII Promoter-proximal Pausing—Next, we
investigated whether depletion of CBC also affects transcrip-
tion elongation of endogenous genes (Fig. 4). To this end, we
analyzed aminoacyl tRNA synthetase complex-interacting
multifunctional protein 2 (JTV1) and peroxisomal biogenesis
factor 1 (PEX1) genes that were previously demonstrated to be
down-regulated 2.4-fold and 3.2-fold, respectively, in CBC-de-
pleted cells (28). We also examined the cytochrome P450, fam-
ily 26, subfamily B, polypeptide 1 (CYP26B1) gene that was
up-regulated 3.2-fold under the same experimental conditions
(28). To corroborate these results, we first performedRT-qPCR
using total RNA from HeLa cells treated with the control or
CBP20 siRNA. Indeed, whereas 3.5-fold reduction of CBP20
mRNA levels (supplemental Fig. S5) yielded a 2-fold and 1.8-
fold decrease in mRNA levels of JTV1 and PEX1 genes, respec-
tively, CYP26B1 mRNA levels increased 2.6-fold (Fig. 4, A–C,
left). Next, we performed qNARIP analysis of nascent JTV1,
PEX1, and CYP26B1 transcripts in HeLa cells expressing the
control or CBP20 siRNA. Similar to the qNARIP analyses of
the HIV-1 LTR-driven transcription units (Fig. 2, D and E), the
levels of initiated transcripts at all examined genes remained
largely unchanged, whereas those of elongated JTV1 and PEX1
transcripts increased 3-fold in cells treated with CBP20 siRNA
compared with the control siRNA (Fig. 4, A–C, right). In con-
trast, the amounts of elongatedCYP26B1 transcripts decreased
0.56-fold under the same experimental conditions (Fig. 4C,
right). The observed accumulation of RNAPII-associated
pre-mRNA in the body of the genes down-regulated in CBC-
depleted cells again suggests inefficient transcription elonga-
tion. Furthermore and in contrast to the situation at the
CYP26B1 gene, substantially higher levels of initiated than
elongated JTV1 and PEX1 transcripts indicate that JTV1 and
PEX1 genes exhibit promoter-proximal pausing of transcrip-
tionally engaged RNAPII (Fig. 4,A–C, right, compare 5�r and
Dr).
To provide additional evidence for altered transcription

elongation at the endogenous genes, we analyzed the mecha-
nism by which depletion of CBC impacts transcription of JTV1,
PEX1, and CYP26B1 genes using ChIP-qPCR (Fig. 5). In agree-
ment with the qNARIP results, both genes requiring CBC for
their expression contained considerably higher occupancy of
RNAPII at the promoter region compared with coding region
in cells treated with either siRNA, indicating the occurrence of
RNAPII promoter-proximal pausing at these genes (Fig. 5, A

FIGURE 3. Depletion of CBC leads to accumulation of RNAPII within the
body of HIV-1 LTR CAT reporter gene and reduces the levels of Cdk9 and
S2-P RNAPII at the promoter and coding region of the gene. ChIP-qPCR
analysis was performed at the promoter (Pr) and coding region (Cr) of the
HIV-1 LTR CAT gene and at the intergenic region (Ir) of the �-actin gene in
HL3T1 cells expressing F.Tat. Cells were treated with the control (white bars) or
CBP20 siRNA (black bars), and chromatin was immunoprecipitated with anti-
bodies against the proteins indicated above the graphs. Results are presented
as percent of input DNA or relative to the levels of total RNAPII as indicated.
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and E). Furthermore, both genes displayed the accumulation of
RNAPII at their coding regions in response to the depletion of
CBC, which together with RT-qPCR and qNARIP results
underscore a decrease in RNAPII elongation along these genes
(Fig. 5, A and E). Importantly, the occupancy of Cdk9 at the
promoter and coding region of both CBC-dependent genes
decreased �2-fold in cells treated with CBP20 siRNA com-
pared with the control siRNA (Fig. 5, B and F). Critically, upon
depleting CBC the levels of S2-P RNAPII decreased 2-fold at
the promoter region of both genes when normalized to the
occupancy of total RNAPII. This decrease became even more
apparent at the coding region, reaching 2.5-fold for JTV1 and
2.7-fold forPEX1 gene (Fig. 5,C andG). In contrast, the levels of
S5-P RNAPII relative to the total RNAPII remained unchanged
at both regions of the examined genes (Fig. 5, D and H). The
ChIP-qPCR results at the up-regulated CYP26B1 gene were
very different. They revealed a 0.55-fold decrease in the occu-
pancy of total RNAPII at the coding region in cells treated with
CBP20 siRNA compared with the control siRNA (Fig. 5I), sug-
gesting an increase in RNAPII elongation, although the levels of
S2-P RNAPII relative to the total RNAPII did not change upon
CBC depletion (Fig. 5K). Unexpectedly, the amount of S5-P
RNAPII increased 2-fold relative to the total RNAPII at the
coding region of the gene in cells treated with CBP20 siRNA
compared with the control siRNA (Fig. 5L). Finally, the occu-
pancy of Cdk9 decreased 1.7-fold at the promoter region in
CBC-depleted cells compared with the control cells, but could
hardly be detected at the coding region of this gene in cells
treated with either siRNA (Fig. 5J). Also, levels of S2-P and S5-P
RNAPII presented as percent of input DNA for all genes exam-
ined are shown in supplemental Fig. S6. CBC was efficiently
lowered in cells treated with CBP20 siRNA compared with the
control siRNA because the occupancy of CBP80 at the genes
decreased 2–3-fold (supplemental Fig. S6, C, F, and I). Collec-
tively, these findings demonstrate that in addition to HIV-1,
CBC facilitates the occupancy of P-TEFb at JTV1 and PEX1
genes for effective phosphorylation of the RNAPII CTDat Ser2.
That these genes show accumulation of RNAPII and its associ-
ated pre-mRNAat their coding regions in response to depletion
of CBC suggests a requirement for CBC in promoting tran-
scription elongation of genes displaying RNAPII promoter-
proximal pausing. On the contrary, a reversal of these hall-
marks at the CYP26B1 gene implicates that CBC and P-TEFb
are dispensable for transcription of genes that are up-regulated
in CBC-depleted cells.
Depletion of CBC Antagonizes the Promotion of Alternative

Splicing by P-TEFb—Several reports have revealed that CBC as
well as P-TEFb influence cotranscriptional processes (8–11,
18–20). Therefore, we next addressed the impact of CBC on
P-TEFb-dependent alternative splicing (17) (Fig. 6). In these
experiments, we investigated alternative splicing of pSVED-A
Totminigene containing a weak exon (EDA) with a suboptimal
3� splice site (25). The alternative splicing of nascent transcript
of the minigene yields two mRNAs that include or lack EDA
(Fig. 6A). The inclusion of this exon into the processed tran-
script depends on the binding of SR splicing factor 2/alternative
splicing factor (SF2/ASF) to its exonic splicing enhancer in the
pre-mRNAandon the recruitment of SF2/ASF to the transcrip-

FIGURE 4. Depletion of CBC results in accumulation of RNAPII-associated
nascent RNA within the body of CBC-down-regulated endogenous
genes. Left, relative quantities of JTV1, PEX1, and CYP26B1 mRNAs were deter-
mined by RT-qPCR using total RNA samples isolated from HeLa cells that were
treated with the control (white bars) or CBP20 siRNA (black bars). Right,
qNARIP analysis of JTV1, PEX1, or CYP26B1 nascent transcripts in HeLa cells.
Cells were treated with the control (white bars) or CBP20 siRNA (black bars).
Nascent mRNA was immunoprecipitated with the RNAPII antibody. Results
are presented as percent of input DNA. Two different primer pairs were used
for the amplification of transcripts at the 5� region (5�r) or downstream region
(Dr) as indicated below the schematic of each gene. Arrow and pA depict
transcription start site and polyadenylation signal, respectively. Exons are
numbered and represented with black rectangles. Primer pairs used for the
amplification of DNA in ChIP-qPCR analysis (Fig. 5) at the promoter region (Pr)
or coding region (Cr) are indicated above each gene schematic. Numbers
below each schematic represent nucleotide positions of the gene in respect
to the transcription start site.
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tion apparatus via S2-P RNAPII (26, 29). Moreover and impor-
tantly for this work, derepression of P-TEFb upon depletion of
7SK MePCE, a protein critical for the assembly of core 7SK
snRNP, led to increased levels of S2-P RNAPII and SF2/ASF at
the minigene for promoting the EDA inclusion (19).
The levels of the two alternatively spliced mRNAs were fol-

lowed by RT-PCR analysis of total RNA from HeLa cells
expressing pSVED-A Tot mRNA using primers that annealed
to exons adjacent to the EDA (Fig. 6, A and B) or by RT-qPCR
analysis employing primer pairs that were specific for the two
mRNAs (Fig. 6C). In agreement with the previous report (19),
the depletion ofMePCE enhanced the inclusion of EDAgreatly,
whereas the depletion of Brd4, an integral component of the
transcriptionally active P-TEFb (22), had the opposite effect
(Fig. 6B, lanes 1–3). In fact, in MePCE siRNA- and Brd4
siRNA-treated cells, the ratio between EDA-containing and
EDA-less mRNA (EDA/�EDA) increased 3-fold and decreased

0.75-fold, respectively, compared with the control siRNA (Fig.
6C, bars 1–3). Significantly, akin to the depletion of Brd4, the
knockdown of CBC also resulted in a 0.65-fold decrease in
EDA/�EDA (Fig. 6B, lane 5, and Fig. 4C, bar 5). Most impor-
tantly, enhanced inclusion of EDA by derepressed P-TEFb in
cells treated with MePCE siRNA was counteracted when the
cells were treated with Brd4 or CBP20 siRNA in addition to
MePCE siRNA (Fig. 6B, lanes 4 and 6). In this case, RT-qPCR
revealed that EDA/�EDA increased only 1.25-fold or 1.5-fold,
respectively, compared with the control siRNA (Fig. 6C, bars 4
and 6). The knockdown of all targeted mRNAs was efficient as
evident from relative quantities of mRNA levels in cells treated
with the control and CBP20, Brd4, or MePCE siRNAs (supple-
mental Fig. S7, A–C). Noteworthy, the relative quantity of
pSVED-A Tot mRNA was not altered in cells treated with
CBP20 siRNA (supplemental Fig. S8), indicating that the deple-
tion of CBC does not affect the minigene transcription. Taken

FIGURE 5. Depletion of CBC leads to accumulation of RNAPII within the body of CBC-down-regulated endogenous genes and reduces the occupancy
of Cdk9 and S2-P RNAPII at the promoter and coding region of these genes. ChIP-qPCR analysis was performed at the promoter (Pr) and coding region (Cr)
of the indicated endogenous genes and at the intergenic region (Ir) of the �-actin gene in HeLa cells expressing the control (white bars) or CBP20 siRNA (black
bars). Chromatin was immunoprecipitated with antibodies against the proteins indicated above the graphs. Results are presented as percent of input DNA or
relative to the levels of total RNAPII as indicated.
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together, these results indicate that depletion of CBC counter-
acts P-TEFb-dependent inclusion of EDA into alternatively
spliced mRNA.
CBC Facilitates Recruitment of P-TEFb for the Stimulation of

Alternative Splicing via S2-P RNAPII and SF2/ASF—Finally, we
sought to dissect a mechanism by which depletion of CBC
antagonized P-TEFb-dependent alternative splicing. For this
purpose, we performed ChIP-qPCR analysis at the promoter
and coding region of the pSVED-A Tot minigene in HeLa cells
treated with the control or CBP20 siRNA. Of note, the occu-
pancy of Cdk9 at the promoter and coding region of the mini-
gene decreased 2.1-fold and 1.7-fold, respectively, in cells
treated with CBP20 siRNA compared with the control siRNA
(Fig. 7A). This drop coincided with a decrease in S2-P RNAPII
levels, which were lowered 1.6-fold and 2.5-fold at both gene

regions, respectively, when normalized to the levels of to-
tal RNAPII (Fig. 7C). In contrast, the relative levels of S5-P
RNAPII remained largely unchanged (Fig. 7D). Levels of S2-P
and S5-PRNAPII presented as percent of inputDNAare shown
in supplemental Fig. S9. Corroborating the fact that the
amounts of pSVED-A Tot transcripts were not altered in cells
treated with CBP20 siRNA compared with the control siRNA
(supplemental Fig. S8), the occupancy of total RNAPII at both
minigene regions did not change either (Fig. 7B), suggesting
that CBC depletion does not affect RNAPII elongation along
the minigene. Because P-TEFb promotes alternative splicing
via SF2/ASF (19), we examined its levels at the pSVED-A Tot
minigene. Importantly, in CBP20-depleted cells, the SF2/ASF
occupancy at the promoter and coding region decreased 2.9-
fold and 2.7-fold, respectively, compared with the control
siRNA-treated cells (Fig. 7E). The knockdown of CBP20 was
substantial at both regions of the minigene as its levels
decreased 3.5-fold and 2.5-fold, respectively, in cells treated
with CBP20 siRNA compared with the control siRNA (Fig. 7F).
In conclusion, depletion of CBC reduces the levels of P-TEFb at
the promoter and coding region of the pSVED-ATotminigene.
Accordingly, the RNAPII CTD does not undergo efficient
phosphorylation at Ser2, precluding a robust occupancy of SF2/
ASF at the minigene regions, yielding lower levels of EDA-con-
taining transcripts.

DISCUSSION

In this study,we provide evidence for a novelmechanism that
connects pre-mRNA capping with two downstream transcrip-
tional events, RNAPII elongation and alternative splicing. This
coupling ismediated byCBC,which ensures optimal phosphor-
ylation of the RNAPII CTD at Ser2 by interacting with P-TEFb
and promoting its presence at target genes. Furthermore, our
findings demonstrate a differential response of individual genes
to reduced levels of P-TEFb and S2-P RNAPII at their loci in
cells depleted of CBC. On one hand, the efficiency of transcrip-
tion elongation is altered. On the other hand, alternative splic-
ing but not the synthesis of transcript itself becomes affected.
Thus, this work establishes a new role for CBC in gene regula-
tion and suggests that different amounts of P-TEFb at target
genes can modulate mRNA maturation without altering
RNAPII elongation.
Given the interconnected nature of mRNA genesis and the

involvement of CBC in multiple cotranscriptional and post-
transcriptional gene expression pathways (1–3, 8–12), deple-
tion of CBC may affect nearly every stage of the life of mRNA.
For example, a decrease in the steady-state levels of HIV-1 Tat-
regulated CAT or endogenous JTV1 and PEX1 mRNAs in
CBC-depleted cells could stem from enhanced transcript deg-
radation. However, by employing a combination of transcrip-
tion-related ChIP and qNARIP techniques, our work is consis-
tent with a conclusion that the synthesis of these transcripts,
which precedes their potential degradation, is affected. The
effects of CBC depletion on transcription were observed most
directly by qNARIP assay, which detects nascent mRNA as it is
being generated by RNAPII and not the steady-state level of
mature mRNA. These qNARIP findings are complemented by
ChIP results, which also reveal that CBC cooperates with

FIGURE 6. CBC is necessary for P-TEFb-dependent stimulation of alterna-
tive EDA exon inclusion. A, schematic of the pSVED-A Tot minigene. Arrow
represents the transcription start site from the �-globin promoter. The third
exon of the three �-globin exons (white rectangles) contains three fibronectin
exons (black rectangles; exons 32–34) with the accompanying introns (solid
lines). Dashed lines represent the two possible mature EDA and �EDA mRNAs
that include or lack the second fibronectin exon named EDA, respectively.
The psv5�j/psv3�j primer pair used for RT-PCR analysis is indicated. B, levels of
EDA and �EDA mRNAs detected by RT-PCR using total RNA isolated from
HeLa cells that expressed pSVED-A Tot cassette and were treated with the
siRNAs as indicated above the agarose gel. C, ratio between relative quanti-
ties of EDA versus �EDA mRNA determined by RT-qPCR using total RNA iso-
lated from HeLa cells that expressed pSVED-A Tot cassette and were treated
with the siRNAs as indicated below the graph.
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P-TEFb to facilitate elongation phase of transcription. That
CBC and P-TEFb interact with RNAPII engaged in transcrip-
tion provides an additional biochemical evidence for the role of
CBC in the synthesis of mRNA. Noteworthy, only a modest
fraction of genes is expressed differently upon the knockdown
of CBP80 (28), indicating that CBC affects transcription in a
gene-specific manner. The study by Narita et al. also argues
against the global role of CBC in ensuring transcript stability
(28).
We first reveal that CBC is essential for HIV-1 Tat transacti-

vation, a model system for stimulating RNAPII elongation by
P-TEFb (14). Taking into account that treatment with CBP20
siRNA decreasesmRNA levels of this gene but fails to affect the
occupancy of initiated transcripts or RNAPII at the promoter,
the observed accumulation of RNAPII and its associated elon-
gated transcripts in the body of the gene indicates inefficient
RNAPII elongation. In support of this notion, decreased levels
ofCBCat the promoter and coding region ofTat-activated gene
lower the occupancy of P-TEFb significantly, leading to
reduced levels of S2-P but not S5-P RNAPII. Moreover, that
RNAPII accumulation within genes could result from ham-
pered transcription elongation has been reported. For example,
the human SWI/SNF subunit Brm induces accumulation of
RNAPII on the variant region of CD44 gene by decreasing its
elongation rate (30), and depletion of SC35 provokes RNAPII
accumulation in the body of certain genes with a concomitant
reduction in P-TEFb occupancy and levels of S2-PRNAPII (27).
Besides the defective P-TEFb recruitment, the hampered tran-
scription elongation alongHIV-1 Tat-activated gene could also
be attributed to suboptimal recruitment and performance of

several positive transcription elongation factors, including
DSIF, Tat-SF1, Paf1C, Spt6, and FACT, all of which act in coop-
eration downstreamof P-TEFb (17, 31, 32). Overall, we propose
that tethering of P-TEFb to the promoter-proximal region can
be contingent upon pre-mRNA cap-bound CBC, which in
effect enables productive RNAPII elongation. Therefore,
cotranscriptional acquisition of CBC via the pre-mRNA cap
structure is beneficial not only for transcript splicing, 3� end
processing, export, and translation, but also for its elongation.
Noteworthy, similar yet distinct mechanisms linking transcrip-
tion initiation or capping to elongation operate in other organ-
isms. For example, in yeast Saccharomyces cerevisiae and fission
yeast Schizosaccharomyces pombe, a P-TEFb orthologue Bur1/
Bur2 and P-TEFb complexedwith themRNACEPcm1, respec-
tively, are recruited directly to S5-P RNAPII after promoter
escape (33–36). It remains possible that P-TEFb could bind
S5-P RNAPII directly or via CE in mammalian cells as well.
Considering that neither S5-P RNAPII nor capping or CE activ-
ity/recruitment is affected by the depletion ofCBC, our findings
suggest that the interaction of P-TEFb with CBC is critical for
coordinating capping with transcription elongation in human
cells.
In addition, we report here that the necessity of CBC for

transcription elongation is not limited to HIV-1 Tat transacti-
vation. By examining JTV1 and PEX1, two endogenous genes
that are down-regulated in response to the depletion of CBC
(28), our results demonstrate that they also possess several hall-
marks of inefficient transcription elongation after CBP20
knockdown. As is the case with the Tat-activated gene, deple-
tion of CBC precludes optimal gene occupancy of P-TEFb and

FIGURE 7. Depletion of CBC reduces levels of Cdk9, S2-P RNAPII, and SF2/ASF at the pSVED-A Tot minigene. ChIP-qPCR analysis was performed at the
promoter (Pr) and coding region (Cr) of pSVED-A Tot minigene and at the intergenic region (Ir) of the �-actin gene in HeLa cells. Cells were treated with the
control (white bars) or CBP20 siRNA (black bars), and chromatin was immunoprecipitated with antibodies against the indicated proteins above the graphs.
Results are presented as percent of input DNA or relative to RNAPII levels as indicated.
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S2-P RNAPII. Consistently, we find accumulation of RNAPII
and its associated elongated transcriptswithin the body of these
genes, indicating transcription elongation defect. Of note,
our qNARIP and ChIP analyses of gene bodies employ primer
pairs that do not encompass splice sites or termination signals,
known sites of RNAPII accumulation (37, 38). In addition, posi-
tions of the primers specific to the body of each gene differ
between nascent RNA and DNA, suggesting that the observed
accumulation of RNAPII and its associated transcripts is not a
local phenomenon. Importantly, we note that JTV1 and PEX1
genes contain disproportionally high levels of RNAPII at their
5� ends, implying that CBC and P-TEFb may be especially rel-
evant for the expression of genes exhibiting promoter-proximal
pausing of RNAPII. In contrast, the CYP26B1 gene, which
belongs to a subset of CBC-regulated genes of which mRNA
levels increase upon CBC depletion, displays a mirror image of
the profile of RNAPII and its elongated transcripts, indicating
that a reduction of RNAPII in the body of a gene can be com-
patible with enhanced RNAPII elongation. Taken together,
these data highlight further that CBC andP-TEFb regulate gene
transcription at the level of RNAPII elongation in a gene-spe-
cific manner.
Importantly, the present study is the first to disclose an

involvement of CBC in modulating alternative splicing in
human cells. A large body of evidence has revealed that tran-
scription and alternative splicing could be connected by two
major but not mutually exclusive mechanisms (39). These
include the recruitment of splicing factors to the elongating
RNAPII and the kinetic coupling, whereby the rate of transcrip-
tion elongation determines the time in which splice sites are
being displayed to the splicing machinery. Despite the require-
ment of CBC for maintaining the levels of P-TEFb and S2-P
RNAPII at the pSVED-A Tot minigene, its depletion does not
alter neither the amounts of mRNA produced from pSVED-A
Tot nor the occupancy of the total RNAPII at the minigene.
These findings are consistentwith a previouswork demonstrat-
ing the necessity of CBC for transcription of only a subset of
human genes (28) and argue against the kinetic coupling of
transcription and alternative splicing at the pSVED-A Tot
minigene. Rather, our results are in agreement with the splicing
factors recruitmentmodel. Namely, CBC is critical for the load-
ing of the stimulatory SF2/ASF to the S2-PRNAPII transcribing
the minigene. By binding to the exonic splicing enhancer ele-
ment on a nascent transcript, SF2/ASF could further attract
spliceosomal U1 and U2 snRNPs and U2 auxiliary factor het-
erodimer and in doing so stimulate early steps of the spliceo-
some assembly (40). These events lead to recognition of weak
splice sites, yielding an inclusion of the alternative exon into
mRNA. In support of this scenario, a systematic proteomic
analysis revealed that SR splicing factors and the components of
U1 snRNP, P-TEFb, and CBC bound to the phosphorylated
form of RNAPII (26). Given that depletion of CBC drastically
affects splicing of a subset of pre-mRNAs (41, 42) and that it
regulates cotranscriptional U1 snRNP binding to the cap-
proximal 5� splice site in yeast (8, 9), it remains plausible that
CBC could also affect constitutive splicing in metazoans.
In conclusion, our study discloses a novel role of CBC in

mediating the coupling of pre-mRNA capping to transcription

elongation and alternative splicing through facilitating the teth-
ering of P-TEFb. This mechanism illustrates the intertwined
nature of gene expression processes and expands the complex-
ity of P-TEFb recruitment mechanisms to specific genes for
efficient transcription and cotranscriptional processing of
pre-mRNA. Multiple manners of tethering this crucial tran-
scriptional coactivator to target genes may allow fine tuning
and/or regulation of transcription elongation and mRNAmat-
uration at different levels under diverse circumstances.
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