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The positive transcription elongation factor P-TEFb controls the elongation of transcription by RNA
polymerase II. P-TEFb is inactivated upon binding to HEXIM1 or HEXIM2 proteins associated with a
noncoding RNA, 7SK. In response to the inhibition of transcription, 7SK RNA, as well as HEXIM proteins,
is released by an unknown mechanism and P-TEFb is activated. New partners of 7SK RNA were searched
for as potential players in this feedback process. A subset of heterogeneous ribonuclear proteins, hnRNPs
Q and R and hnRNPs A1 and A2, were thus identified as major 7SK RNA-associated proteins. The degree
of association of 7SK RNA with these hnRNPs increased when P-TEFb–HEXIM1–7SK was dissociated
following the inhibition of transcription or HEXIM1 knockdown. This finding suggested that 7SK RNA
shuttles from HEXIM1–P-TEFb complexes to hnRNPs. The transcription-dependent dissociation of
P-TEFb–HEXIM1–7SK complexes was attenuated when both hnRNPs A1 and A2 were knocked down by
small interfering RNA. As hnRNPs are known to interact transiently with RNA while it is synthesized,
hnRNPs released from nascent transcripts may trap 7SK RNA and thereby contribute to the activation of
P-TEFb.

The positive transcription elongation factor P-TEFb is re-
quired to activate the transcription of most class II genes (48).
P-TEFb comprises two subunits, CDK9, a cyclin-dependent
protein kinase, and its corresponding cyclin T1 or cyclin T2.
The activity of P-TEFb is regulated. It increases in response to
the inhibition of transcription (45, 63) or cardiac cell hyper-
trophic stimulation (54). Previous studies have indicated that
7SK RNA associates with an inactive form of P-TEFb. 7SK
RNA is an abundant (2 � 105-molecule-per-cell) noncoding
nuclear RNA of 331 nucleotides (60, 68). The inhibition of
P-TEFb activity relies upon the binding of HEXIM1 or
HEXIM2 proteins to cyclin T1 or T2 (5, 13, 41, 64). This
process requires the association of 7SK RNA with HEXIM1 or
HEXIM2 (40, 65). Two hairpins in the 7SK RNA structure are
involved in this association (14). 7SK binding to HEXIM pro-
teins promotes a major conformational change allowing the
C-terminal domains of the proteins to interact with the N-
terminal domains of cyclin T’s (41, 55). This transcription-
dependent regulation may constitute a feedback loop fine-
tuning the efficiency of the elongation step in class II gene
transcription.

The molecular regulatory mechanism remains largely un-
known. 7SK RNA is very stable even when it dissociates from
HEXIM proteins; its degradation is unlikely to contribute to
the dissociation. Posttranslational modifications of protein

subunits in P-TEFb–HEXIM–7SK may determine their asso-
ciation. For instance, the phosphorylation of CDK9 on threo-
nine residue T186 is required, but the in vivo regulation of this
step has not been established (10, 35, 47). HEXIM proteins
and 7SK RNA may be released when P-TEFb binds to com-
ponents of the transcriptional machinery, such as transcription
factors like NF-�B (2), retinoblastoma protein (56), androgen
receptor (34), aryl hydrocarbon receptor (58), Tat (41, 55),
STAT3 (17), Brd4 (27, 62), and the capping enzymes (47).

Alternatively, P-TEFb regulation may be driven by the com-
petitive interaction of 7SK RNA with partners other than
HEXIM proteins. The present study addresses this hypothesis.
The heterogeneous nuclear ribonucleoproteins hnRNP Q,
hnRNP R, hnRNP A1, and hnRNP A2 were thus identified as
major 7SK-binding proteins.

Four related genes code for A0, A1, A2, and A3 proteins of
the hnRNP A subgroup, of which hnRNP A1 is by far the most
abundant. hnRNPs A1 and A2 are capable of high-affinity
binding to sequences to modulate mRNA turnover and trans-
lation (4, 21, 29, 53). More relevant to our findings, hnRNPs
have also been found to be involved in numerous nuclear
processes. hnRNPs A1 and A2 associate with telomere ends
and stimulate telomerase activity (16, 32, 46, 67). hnRNP A1
binds to pre-mRNA in the nucleus (49), and it antagonizes the
alternative splicing activity of splicing factors such as splicing
factor 2/alternative splicing factor and SC35 (7, 15, 36). High-
affinity binding sites for the hnRNP A1 protein stimulate the
use of a distal 5� splice site in mammalian pre-mRNAs (25).
Two distinct but related genes code for the hnRNP Q and
hnRNP R proteins, which have also been designated synaptotag-
min-binding cytoplasmic RNA-interacting proteins (SYNCRIP);
NS1-associated protein 1 (NSAP1); and glycine, arginine, and
tyrosine RNA-binding protein (GRY-RBP). This diversity re-
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flects the large number of processes in which they have been
found to be involved. Cytoplasmic and nuclear functions have
been reported. hnRNP Q proteins are associated with poly-
somes (24) and prevent the deadenylation of unstable mRNAs
(9, 20, 31). hnRNP Q and R proteins are components of
mRNA granules transported in neuronal dendrites and growth
cones (1, 52). hnRNPs Q and R interact with the apolipopro-
tein B RNA-binding protein 1 complementation factor to in-
hibit C-to-U editing by apolipoprotein B RNA-binding protein
(3). hnRNP Q proteins are involved in mouse hepatitis virus
cytoplasmic RNA synthesis (11). Both hnRNP Q and hnRNP
R associate with the phosphorylated RNA polymerase II C-
terminal domain in a far-Western assay (8) and are required
for efficient pre-mRNA splicing in an in vitro assay (44).

When transcription was arrested or HEXIM1 was knocked
down by RNA interference (RNAi), 7SK RNA was released
from its P-TEFb complex and recovered mostly with hnRNP
A1 and A2 and hnRNP Q and R proteins. Furthermore, the
transcription-dependent dissociation of P-TEFb–HEXIM1–
7SK complexes was attenuated when both hnRNPs A1 and A2
were knocked down by small interfering RNA. As both A and
Q/R types of hnRNPs are involved in a great variety of post-
transcriptional RNA processes, our findings further illustrate
the coordinated regulation of transcription and posttranscrip-
tional events (50, 70).

MATERIALS AND METHODS

Plasmids. pCDNA3-HA plasmids (52) were used to express tagged wild-type
hnRNP R and truncated forms �RRM (with amino acids [aa] 166 to 331 deleted)
and �SMN (with aa 522 to 556 deleted). For tandem affinity purification (TAP)-
tagged proteins, hnRNP A1 cDNA was cloned into the BamH1 and EcoR1 sites
in pNTAP-B (Stratagene). The mutations F57D and F59D in hnRNP A1 RNA
recognition motif 1 (RRM1) and F148D and F150D in RRM2 were generated
using a QuikChange site-directed mutagenesis kit (Stratagene). p-GEX and
p-GEX-hnRNPA1 (a gift from Joëlle Marie) were used to express glutathione
S-transferase (GST) fusion proteins.

Antibodies and TAP tag purifications. Antibodies to hnRNP A1 (monoclonal
antibody [MAb] 4B10; Santa Cruz), cyclin T1 (H-245; Santa Cruz), hnRNP
C1/C2 (MAb 4F4; AbCAM), Rpb1 (MAb 4H8; Euromedex), polypyrimidine
tract-binding protein (PTB) (51), hnRNP A2 (21), hnRNP Q/R (MAb 18E4)
(44), HEXIM1 (41), and HEXIM2 (5) were used. Secondary antibodies were
coupled with horseradish peroxidase (Promega) and detected by enhanced
chemiluminescence with an ECL kit (Pierce). Antihemagglutinin (anti-HA)–
agarose beads (Sigma) were used for immunoprecipitations. Biotin beads from
the TAP tag purification kit (Stratagene) were used to purify TAP-tagged pro-
teins.

Cells, transfections, RNAi, and lysis. HeLa cells were cultured in Dulbecco’s
modified Eagle’s medium with 10% fetal calf serum. Log-phase cells were
treated for 1 h with actinomycin D (1 �g ml�1) or 5,6-dichloro-1-D-ribofurano-
sylbenzimidazole (DRB; 100 �M) or were not treated. Cells arrested in mitosis
were detached by shaking after exposure to nocodazole (50 ng ml�1) alone or in
combination with DRB (100 �M) for 6 h and pelleted by centrifugation at 200 �
g. For RNAi knockdowns, log-phase cells were transfected both on day 1 and on
day 2 after plating and lysed on day 3. For transfection, small interfering RNA
(MWG-Biotech AG) targeting hnRNP A1 (UGGGGAACGCUCACGGACU-
dT-dT), hnRNP A2 (CGUUUGAAACCACAGAAGA-dT-dT), HEXIM1 (GG
AUCCGAGCCGAGAUGUU-dT-dT), or vimentin (CUACAUCGACAAGGU
GCGC-dT-dT) was mixed with Opti-MEM medium and Oligofectamine
(Invitrogen). To prepare extracts, cells were washed in buffer A (10 mM HEPES
[pH 7.9], 1.5 mM MgCl2, 10 mM KCl, 200 mM NaCl, 0.2 mM EDTA) and lysed
in buffer B (buffer A supplemented with 1 mM dithiothreitol, 40 U of RNasin
(Promega) ml�1, protease inhibitor cocktail [P-8340; Sigma], 1 mM phenylmeth-
ylsulfonyl fluoride, and 0.5% Nonidet P-40). The calcium phosphate method
was used for transfection, adding pSP64 as a noncoding carrier plasmid at up
to 20 �g of DNA per dish (25 cm2), and cells were lysed 48 h after transfec-

tion. Lysates were clarified by centrifugations for 5 min at 500 � g and 5 min
at 9,000 � g at 4°C.

7SK snRNP affinity purification. Cell lysates were fractionated on glycerol
gradients. Streptavidin beads (Amersham) were preincubated with a solution of
100 �g of glycogen ml�1, 1 mg of bovine serum albumin ml�1, and 100 �g of
tRNA ml�1 in buffer C (20 mM Tris-HCl [pH 7.6], 0.1% NP-40, 0.1% NaN3, and
50 mM NaCl) for 20 min at 4°C. Gradient fractions containing 7SK snRNA were
dialyzed against buffer D (35 mM Tris-HCl [pH 7.5], 200 mM NaCl, 0.075%
NP-40, 0.05% NaN3) and left for 30 min at 30°C with a mixture of 3 nmol of 7SK
antisense (BBBBCCUUIAIAICUUIUUUIIAII, where B represents biotinyl-
ated dT and I represents 2�-O-methyl-inosine) or sense (BBBBIIAIIUUUIUU
CIAIAIUUCC) 2�-O-methyl oligoribonucleotides (Xeragon), 3.2 mM MgCl2, 30
�g of tRNA (Sigma) ml�1, and 0.5 mM ATP. Preincubated streptavidin beads
were added next for a further 90 min at 4°C, and the fractions were centrifuged.
This procedure was performed first with sense 2�-O-methyl oligoribonucleotides,
and then the beads were discarded and the procedure was repeated with the
resulting supernatant and either sense or antisense oligoribonucleotides. The
second batch of beads was washed in buffer E (20 mM Tris-HCl, 0.1% NaN3, and
250 mM NaCl) and next in ETO buffer (5% glycerol, 1 mM HEPES buffer [pH
7.9], 0.25 mM EDTA, 0.5 mM dithiothreitol, 0.02% Tween 20). 7SK snRNP was
eluted at 30°C in ETO buffer with 12 nmol of an oligodeoxyribonucleotide
complementary to the biotinylated 2�-O-methyl oligoribonucleotide. Following
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, Coomassie
blue-stained bands were analyzed by matrix-assisted laser desorption ionization–
time of flight mass spectrometry as described previously (41).

Northern blot assays and protein-RNA cross-linking. RNAs were electropho-
resed in polyacrylamide gels, transferred onto Hybond N� (Amersham), and
hybridized to nick end-translated 32P-labeled DNA probes. The membranes
were washed in 0.1� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
at 65°C. Radioactivity was quantified with a Fuji FLA 3000 phosphorimager
using the Image Gauge software. For protein-RNA cross-linking, formaldehyde
(1% final concentration) was added to the culture medium for 10 min and then
neutralized with glycine (125 mM, pH 7) for 5 min. Cells were lysed in RIPA
buffer (50 mM Tris [pH 7.9], 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.05% SDS, 1 mM EDTA, 150 mM NaCl) and sonicated. The lysate was clarified
by centrifugation. Protein-RNA complexes were immunoprecipitated, and the
cross-link was reversed by incubation for 2 h at 65°C in a mixture of 50 mM Tris
[pH 7.9], 5 mM EDTA, 10 mM dithiothreitol, and 1% SDS. RNAs were isolated
with the RNeasy micro kit (QIAGEN). cDNAs transcribed with the Superscript
III reverse transcriptase kit (Invitrogen) were amplified by real-time PCR using
a Roche LightCycler 480. cDNAs were amplified by real-time PCR using oli-
godeoxynucleotides CCTGTAGTCCCAGCTACTCG and CTGCTCCGTTTCC
GACCTGG and ATCTGTCACCCCATTGATCG and GCGCAGCTACTCGT
ATACCC as primer pairs for 7SL and 7SK RNA. To compare target nucleic acid
amounts in different samples, we determined crossing points as a function of
sample dilution by using the second derivative maximum method (http://www
.idahotec.com/lightcycler_u/lectures/quantification_on_lc.htm).

Electrophoretic mobility shift assay. 7SK RNA transcribed in vitro with the T7
RiboMAX large-scale production system (Promega) was denatured at 75°C in
the presence of poly(dI-dC) (50 �g) and renatured at room temperature for 10
min. Reactions were carried out in a 50-�l final volume containing 25 mM
HEPES (pH 7.9), 15% glycerol, 60 mM KCl, 0.1 mM EDTA, 0.01% NP-40, 1.5
mM MgCl2, 1 mM dithiothreitol, 1 U of RNasin/�l, and 85 �g of bovine serum
albumin/ml with 10 ng of 7SK RNA and with GST or GST-hnRNP A1 fusion
protein eluted from glutathione-agarose beads (Amersham) in the amounts
indicated in Fig. 3. Reaction mixtures were incubated for 20 min at 23°C. A 5%
polyacrylamide gel in Tris (41 mM)-glycine (192 mM) was prerun for 10 min at
4°C. Samples were loaded and run for 2 h at 4°C, and the gel was transferred and
analyzed by Northern blotting.

RESULTS

Affinity purification of 7SK RNA-associated proteins. A pi-
oneering work used antisense 2�-O-methyl RNA oligonucleo-
tides to affinity select 7SK snRNPs and found eight unidenti-
fied proteins associated with 7SK RNA (60). Here, a similar
strategy was followed. To eliminate the previously character-
ized P-TEFb–HEXIM–7SK complexes, lysates from cells in
which transcription was arrested were fractionated on a glyc-
erol gradient. Fractions containing 7SK RNA were pooled and
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incubated with a biotinylated 2�-O-methyl oligoribonucleotide
corresponding either to the 7SK sequence from nucleotides
221 to 241 or to the complementary antisense sequence. The
antisense oligonucleotides efficiently retained 7SK RNA on
streptavidin beads (Fig. 1A, lane 4) and depleted it from the
starting fraction (lane 2). In contrast, when a sense oligonu-
cleotide was used, the 7SK RNA remained in the solution
(lanes 1 and 3). Other RNAs, such as U2 snRNA, were not
retained by either oligonucleotide. Despite the selectivity of
the procedure, numerous proteins were retained on both beads
and eluted by a competing oligodeoxyribonucleotide (Fig. 1B).
The major band specifically retained on antisense beads had a
molecular mass of close to 65 kDa (lane 2). It was digested with
trypsin and analyzed by matrix-assisted laser desorption ion-
ization–time of flight mass spectrometry. The measured masses
for 25 major peaks matched within 0.1 Da to the computed
masses of tryptic peptides of hnRNP Q protein isoform Q1
(accession no. AY034483), Q2 (accession no. AY034482), or
Q3 (accession no. AY034481). Most peptides were common to
all three isoforms, giving an average protein sequence coverage
of 39%, but two peptides were specific to Q1 and Q3 and one
was specific to Q2 and Q3. hnRNP Q1, Q2, and Q3 are splicing
variants encoded by the same gene and migrate as 55-, 60-, and
70-kDa proteins, respectively (44). This finding suggested that
hnRNP Q proteins associate with 7SK RNA.

hnRNPs Q and R and hnRNP A1 are 7SK-associated pro-
teins. To validate the interaction of hnRNP Q proteins with
7SK RNA, coimmunoprecipitations using a specific antibody
were performed. The 18E4 MAb recognizes all three members

of the hnRNP Q protein family, as well as the hnRNP R
protein encoded by a cognate gene (44). Indeed, it immuno-
precipitated 7SK from a HeLa cell lysate (Fig. 2A). hnRNP Q
and R proteins had been shown to be components of hnRNP
complexes containing several hnRNPs, such as hnRNP C1/C2
(44). However, hnRNP C1/C2 antibodies immunoprecipitated
hardly any 7SK RNA (Fig. 2B, lane 3). The possible interaction
of 7SK with other hnRNPs was investigated next. PTB did not
coimmunoprecipitate significantly with 7SK RNA (lane 6). In
contrast, 7SK RNA immunoprecipitated with hnRNP A1 (lane
4). It is noteworthy that partial hnRNP A1 and hnRNP C1/C2
coimmunprecipitation (see lanes 3 and 4), as well as weak PTB
and hnRNP C1/C2 coimmunoprecipitation (see lanes 3 and 6),
was detected as reported previously (42, 44). Neither U2 nor
U6 snRNAs immunoprecipitated as significantly with either
hnRNP Q/R or hnRNP A1 (Fig. 2A and C). A small amount
of U1 snRNA was reproducibly detected with hnRNP A1.
Thus, A- and Q/R-type hnRNPs have been identified as new
specific 7SK RNA-binding proteins.

Association of hnRNPs with 7SK requires intact RRMs. To
further evaluate the specificity of the interactions, hnRNP
cDNAs were fused to epitope tags and transiently expressed in
HeLa cells. Indeed, 7SK RNA immunoprecipitated efficiently
with HA-tagged hnRNP R (Fig. 3A, lane 4). The RRMs, which
are consensus RNA-binding domains of approximately 90 aa,

FIG. 1. Purification of 7SK-associated proteins. Glycerol gradient
fractions containing 7SK RNA were incubated with 7SK sense (S) or
antisense (AS) biotinylated 2�-O-methylated oligoribonucleotides and
streptavidin beads. Beads and supernatants (Sup.) were separated by
centrifugation. (A) 7SK or U2 RNAs were detected by Northern blot-
ting. (B) Proteins bound to streptavidin beads were stained by Coo-
massie blue after elution and SDS-polyacrylamide gel electrophoresis.
The star indicates the protein identified as an hnRNP Q form by mass
spectrometry.

FIG. 2. Immunoprecipitation of 7SK RNA with hnRNP Q and R
and hnRNP A1 proteins. Proteins and RNAs were immunoprecipi-
tated with anti-hnRNP Q/R (A); anti-hnRNP C1/C2, anti-hnRNP A1,
and anti-PTB antibodies (Ab) (B); and anti-hnRNP A1 antibody (C).
Mock antibodies (–) were used for lanes 2 in panels A and C and lanes
2 and 5 in panel B. Proteins in input lysates (Lys) and protein A beads
were detected by Western blotting. RNAs were probed by Northern
blotting using the same samples. IP, immunoprecipitate.
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are thought to be involved in the interactions of the hnRNP
proteins with RNA. RRMs contain two sequences (RNP1 and
RNP2) of eight conserved residues and have been maintained
in a large number of ribonucleoproteins throughout evolution
(37). Three such RRMs (designated RRM1, RRM2, and
RRM3) are present in the hnRNP R sequence (52). The de-
letion of the first two RRMs (aa 166 to 331) suppressed bind-
ing (Fig. 3A, lane 3). In contrast, the deletion of a domain (the
SMN-binding domain from aa 522 to 556) distinct from the
RRMs did not affect 7SK binding (lane 2). Importantly, wild-
type and mutant proteins showed the same nuclear localization
patterns (not shown). The hnRNP A1 cDNA was next fused to
a sequence encoding the TAP tag. When this fusion was ex-
pressed in HeLa cells, 7SK RNA was retained on biotin beads
(Fig. 3B, lane 3). As discussed below, a greater amount of 7SK
RNA was retained when the cells had been treated with DRB,
an inhibitor of transcription, prior to lysis (Fig. 3B, lane 4) than
when the cells had not been treated. Two RRMs (RRM1 and
RRM2) are present in the hnRNP A1 sequence. The replace-
ment of two conserved phenylalanines in the RNP2 sequence
by aspartate residues in both RRMs had been shown previ-
ously to decrease the affinity of hnRNP A1 for pre-mRNA
(38). Wild-type and mutant proteins all showed the same nu-
clear localization patterns. Introducing these mutations into
either RRM independently had a dramatic effect and brought
7SK binding to background levels (Fig. 3B, lanes 5 to 8). The
electrophoretic mobility of 7SK RNA was shifted by the re-
combinant GST-hnRNP A1 fusion protein (Fig. 3C, lanes 5 to

7). Taken together, these data suggested the direct binding of
hnRNP A1 to 7SK RNA.

Increased association of Q/R- and A-type hnRNPs with 7SK
RNA following P-TEFb–HEXIM–7SK complex dissociation.
The arrest of transcription in growing asynchronous cells re-
sults in the disruption of the P-TEFb–HEXIM–7SK complex
(41, 64). Yet the 7SK RNA is not degraded. Its transfer to
hnRNP-containing particles was therefore investigated thor-
oughly. An increase in 7SK binding to epitope-tagged hnRNP
A1 was observed when cells expressing TAP-tagged hnRNP A1
were treated with DRB to inhibit transcription (Fig. 3B, com-
pare lanes 3 and 4). Exposure to DRB markedly decreased the
amount of 7SK immunoprecipitated with HEXIM1 (Fig. 4A,
lanes 4 and 5) but increased the amount of 7SK immunopre-
cipitated with endogenous hnRNP A1 (lanes 7 and 8). DRB is
a reversible inhibitor of transcription. Indeed, 7SK binding to
HEXIM1 was restored in less than 1 h when DRB was washed
away (Fig. 4A, lane 6). Meanwhile, 7SK binding to hnRNP A1
decreased back to initial levels (Fig. 4A, lane 9). This experi-
ment was performed in the presence of cycloheximide to block
protein synthesis. Thus, the exchange of 7SK between
HEXIM1 and hnRNP A1 was not linked to the assembly of
newly synthesized proteins.

Reassortment between RNA and RNA-binding proteins
has been shown to occur after cell disruption (43). There-
fore, to test for true in vivo associations, 7SK RNA was
quantified by real-time PCR analysis of reverse-transcribed
RNAs immunoprecipitated from lysates of cells that had

FIG. 3. 7SK RNA binding involves RRMs. Asynchronously growing cells were transiently transfected to express tagged hnRNPs or empty
vector plasmids (–). Transfected cells were exposed to DRB (100 �M; �) or not (�) for 1 h prior to lysis. (A) RNAs immunoprecipitated with
full-length (wild-type [WT]) or truncated (�RRM and �SMN) HA-tagged hnRNP R proteins. IP, immunoprecipitate. (B) RNAs were retained
on biotin beads with wild-type TAP-tagged hnRNP A1 proteins or mutant forms carrying F3D (F�D) point mutations in either RRM1 or RRM2.
HA-tagged hnRNP R or TAP-tagged hnRNP A1 on beads was detected by Western blotting with anti-HA or anti-hnRNP A1, respectively. RNAs
were probed by Northern blotting using the same samples. Samples in all lanes were prepared from the same number of transfected cells. (C) The
mobility of synthetic 7SK RNA decreased upon the addition of increasing amounts of GST-hnRNP A1 (lanes 5 to 7). The addition of genuine GST
had no effect (lanes 2 to 4).
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been cross-linked with formaldehyde prior to lysis in a dis-
sociating buffer. A very large proportion of 7SK RNA im-
munoprecipitated with HEXIM1 (Table 1). A smaller
amount immunoprecipitated with hnRNP Q/R or hnRNP
A1 antibodies. However, this amount was more than 100-
fold above the background levels observed with mock anti-
bodies or with un-cross-linked lysates or an unrelated RNA
such as 7SL RNA. Following the arrest of transcription
promoted by DRB, the amount of 7SK cross-linked to
HEXIM1 dropped from 25 to 0.6%; meanwhile, there was a
strong increase in the level of 7SK RNA cross-linked to
hnRNPs (Table 1).

DRB impairs transcription by inhibiting the kinase activity
of Cdk9. Hence, we assayed the immunoprecipitation of 7SK
following the exposure of cells to actinomycin D, which is
thought to inhibit transcription through a distinct mechanism,
presumably intercalation into DNA. Like treatment with any
inhibitor of transcription, actinomycin D treatment resulted in
an increase in the extractability of hnRNP A1 that will be
discussed later. Although there was decreased extractability of
7SK RNA, a larger amount immunoprecipitated with hnRNP
A1 from extracts of actinomycin D-treated cells (Fig. 4B, lanes
5 and 6).

Next, the possible transfer of 7SK RNA from HEXIM1 to
hnRNP A1 when HEXIM1 was knocked down by RNAi was
investigated. This procedure did not modify the amount of 7SK
RNA in lysates (Fig. 4C, lanes 1 and 2), but the amount of 7SK
immunoprecipitated with hnRNP A1 increased twofold (lanes
7 and 8). However, the level of 7SK immunoprecipitated with
the cyclin T1 subunit of P-TEFb decreased (lanes 5 and 6) only
twofold. Indeed, HEXIM2 partially compensates for a
HEXIM1 knockdown (5, 66) and an increase in HEXIM2
levels was observed in lysates from cells with knocked-down
HEXIM1 (lane 2). This observation may explain why the con-
sequences of HEXIM1 knockdown were less dramatic than the
consequences of transcription inhibition. Despite several at-
tempts, HEXIM2 knockdown was not successful, and hence, a
complete HEXIM knockdown could not be achieved. To sum-
marize, distinct procedures that lead to the dissociation of 7SK
RNA from P-TEFb–HEXIM1 complexes resulted in a marked

FIG. 4. Association of 7SK with hnRNP A1 increases upon P-TEFb–HEXIM1–7SK dissociation. Cell lysates were subjected to immunopre-
cipitation (IP) with antibodies against HEXIM1 (HEX1), cyclin T1 (T1), hnRNP A1 (A1), or preimmune serum (mock). Histograms correspond
to the quantification of immunoprecipitated (bound) 7SK by Northern blotting. Lysates were probed by Western blotting for cyclin T1, hnRNP
A1, HEXIM1 (HEX1), HEXIM2 (HEX2), and actin (Act). (A) Cycloheximide-treated cells were treated with DRB (100 �M; � and 	) or not
(�) for 1 h. DRB-treated cells were (	) or were not (�) allowed to recover in normal medium for 1 h prior to lysis. Cycloheximide (50 �g ml�1)
was present throughout the entire experiment. (B) Cells were treated with actinomycin D (Act D) at 1 �g ml�1 (�) or not (�) for 1 h. (C) Cells
were treated for 48 h with interfering RNA (RNAi) targeting vimentin (Vim) or HEXIM1 (Hex).

TABLE 1. Quantification of RNAs cross-linked to proteinsa

Antibody

% of 7SK RNA immunoprecipitated
from lysate of:

% of 7SL RNA
immuno-

precipitated
from lysate of

CL cells
CL cells UL

cells

DRB-
treated CL

cells

Mock 0.01 	 0.005 0.02 0.01 	 0.005 0.01
Anti-HEXIM1 26.00 	 4.0 0.01 0.6 	 0.1 0.04
Anti-hnRNP Q/R 0.75 	 0.07 0.004 1.4 	 0.1 0.02
Anti-hnRNP A1 5.76 	 0.40 0.009 10.3 	 0.3 0.06

a Immunoprecipitations from lysates of cells cross-linked (CL) or not (UL)
with formaldehyde were performed. When indicated, cells were treated with
DRB (100 �M) before cross-linking. 7SK and 7SL RNAs were quantified by
real-time PCR analysis of cDNAs. Results are provided as the percentages of
RNAs immunoprecipitated from the starting lysates. Numbers are the means 	
the standard deviations (where indicated) of results from three independent
experiments.
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increase in the amount of 7SK RNA immunoprecipitated with
hnRNPs.

Quantification of 7SK RNA transfer to Q/R- and A-type
hnRNPs following P-TEFb–HEXIM–7SK complex dissocia-
tion. In order to evaluate a possible transfer of 7SK from
P-TEFb–HEXIM to hnRNP complexes, the RNAs immu-
noprecipitated with the various proteins were quantified
under conditions of immunodepletion. In contrast to
HEXIM1, hnRNP A1 could not be depleted from the cross-
linked cell lysates used to obtain the data in Table 1 (data
not shown). The amount of immunoprecipitated antigen was
rather small and did not increase with the use of 20 or 100
�l of MAb per assay. The cross-linking reaction likely dam-
ages the epitope in some hnRNP A1 molecules. However,
hnRNP A1 was depleted from nondenatured cell lysates
(Fig. 5B, lower panel). Therefore, to investigate a possible
transfer of 7SK RNA from HEXIM to hnRNPs, we decided
to perform an extensive quantitative study using nondena-
turing lysates. A large amount of 7SK RNA immunoprecipi-
tated with HEXIM1 (Fig. 5A, lanes 3 and 11), and although
HEXIM1 had been depleted (Fig. 5B, lanes 3 and 11),
roughly 50% of 7SK RNA remained free in postimmuno-
precipitation supernatants. When cells were treated for 1 h
with DRB to inhibit transcription, the amount of 7SK im-
munoprecipitated with HEXIM1 decreased markedly (Fig.
5A, compare lanes 3, 4, 11, and 12) and the level of 7SK in
the postimmunoprecipitation supernatants increased (Fig.
5B, lanes 4 and 12). In contrast, the amount of 7SK immu-
noprecipitated with hnRNP A1 (Fig. 5A, lanes 5 and 6) from
DRB-treated cells increased and less 7SK remained in
hnRNP A1 postimmunoprecipitation supernatants from
DRB-treated cells (Fig. 5B, lanes 5 and 6). A small amount
of 7SK, which increased following DRB treatment, was also
recovered with hnRNP A2 (Fig. 5A, lanes 7 and 8). Simi-
larly, the small amount of 7SK recovered with hnRNP Q/R
increased following DRB treatment (lanes 13 and 14).

The amount of 7SK immunoprecipitated with HEXIM1
from untreated cell lysates was set at 100 arbitrary units
(a.u.) for the following discussion. In cells treated with
DRB, the level of 7SK bound to HEXIM1 decreased from
100 to 4 a.u. In contrast, the amount of 7SK bound to
hnRNP A1 increased from 11 to 48 a.u. This increase (37
a.u.) corresponded to 40% of the 7SK released from
HEXIM1 (96 a.u.). Taken together, these data suggested
that 7SK RNA shuttles from P-TEFb–HEXIM1 complexes
to hnRNP complexes.

Increased solubility of hnRNP A1 following transcriptional
arrest. Efforts to quantify the results of the above-described
experiments encountered a limitation linked to the use of
nondenaturing conditions. Indeed, buffers are limited in
ionic strength to avoid the disruption of RNA-protein com-
plexes. Under these conditions, a large amount of hnRNPs
Q and R and hnRNP A1 remained associated with nuclear
pellets after centrifugation at 10,000 � g (Fig. 6A). Less
hnRNP A1 was found in supernatants (lane 1) than in pel-
lets (lane 5). In contrast, following the arrest of transcrip-
tion, more hnRNP A1 was present in cytosolic supernatants
(Fig. 6A, lane 3) than in nuclear pellets (lane 7), as previ-
ously reported (29, 30). The solubility of hnRNPs Q and R
was much less sensitive to the inhibitors. The amount of 7SK

RNA in supernatants decreased in response to DRB. This
decrease was more pronounced with actinomycin D treat-
ment (Fig. 4B, lanes 1 and 2).

Neither hnRNP A1 nor hnRNPs Q and R remained in
nuclear pellets when RNase was added to the lysis buffer (Fig.
6A, lanes 6 and 8). In contrast, RNA polymerase II extraction
was insensitive to RNase. hnRNPs are thought to associate
with nascent RNAs (49). The magnitude of the increase in
solubilization following transcription inhibition suggests that

FIG. 5. Association of 7SK with hnRNPs A1 and A2 and hnRNPs
Q and R increases in asynchronously growing cells exposed to DRB.
HeLa cells were treated with DRB (100 �M; �) or not (�) for 1 h.
Lysates were incubated with either mock serum or anti-HEXIM1,
anti-hnRNP A1, anti-hnRNP A2, or anti-hnRNP Q/R. Immunopre-
cipitates (A) and postimmunoprecipitation supernatants (B) were
probed for 7SK RNA and proteins by Northern or Western blotting.
Histograms correspond to 7SK quantification by Northern blotting. In
panel A, the amount of 7SK RNA immunoprecipitated with HEXIM1
(HEX1) from untreated cell lysates was set at 100 a.u.
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most hnRNP A1 molecules are fractionated with nuclear pel-
lets and are indeed associated with nascent RNAs.

To eliminate the possibility that an increase in hnRNP in the
extracts from cells with arrested transcription was responsible
for the increase in 7SK coimmunoprecipitations, we turned to
mitotic cells, where the disruption of the nuclear membrane
favors the solubilization of most nuclear proteins. Mitotic cells
accumulate in the presence of nocodazole and detach from
culture dishes (69). Mitotic HeLa cells that have been exposed
to nocodazole for 6 h still efficiently reenter a normal cell cycle
when the drug is removed. The extraction of 7SK RNA and
hnRNPs A1, A2, Q, and R from such mitotic cells was found to
be greatly enhanced; very small amounts of these macromole-
cules remained associated with pellets after centrifugation at
10,000 � g (Fig. 6B). The corresponding clarified lysates con-
tained similar levels of 7SK RNA and hnRNPs whether the
cells had been treated with DRB or not.

Quantification of 7SK transfer from HEXIM1 to hnRNPs in
mitotic-cell extracts. The mitotic cells permit the quantifica-
tion of the DRB effect under conditions of immunodeple-
tion as well as full solubility (and hence constant levels) of
hnRNPs, P-TEFb, and 7SK RNA. The levels of 7SK RNA
immunoprecipitated by anti-HEXIM1 antibodies from
mitotic cell extracts were comparable to those obtained from
asynchronous cell extracts (Fig. 7, lanes 3 and 11). This finding
was unexpected because mitotic cells are transcriptionally in-
active (19, 28). Furthermore, the addition of DRB to arrested
cells that had entered mitosis and already detached from the
culture plate had no influence on 7SK immunoprecipitation
with HEXIM1 (data not shown). As the inhibition of transcrip-
tion did not interfere with mitotic-cell accumulation, lysates
from mitotic cells that had accumulated in the presence of both
nocodazole and DRB were prepared. This procedure ensured
that transcription was arrested before entry into mitosis.

The amount of 7SK RNA immunoprecipitated by anti-
HEXIM1 from DRB- and nocodazole-treated cells was much
smaller than that immunoprecipitated from cells treated with
just nocodazole, as previously observed with attached asyn-
chronously growing cells (Fig. 7A, compare lanes 3 and 4). In
contrast, the amount of 7SK RNA immunoprecipitated with

hnRNP A1 (Fig. 7A, lanes 5 and 6) increased markedly. The
amount of 7SK RNA immunoprecipitated with either anti-
hnRNP A2 (Fig. 7A, lanes 7 and 8) or anti-hnRNP Q and R
(lanes 13 and 14) antibodies was much smaller than that im-
munoprecipitated with hnRNP A1. However, it also increased
when cells were treated with DRB in the presence of nocoda-
zole.

HEXIM1, hnRNP A1, and hnRNP A2 were depleted
through immunoprecipitation (Fig. 7B). In cells treated with
DRB, the sum of the increases in the levels of 7SK bound to
hnRNP A1 (50 a.u., from 15 to 65 a.u.) and hnRNP A2 (5 a.u.,
from 1 to 6 a.u.) roughly corresponded to 70% of the amount
released from HEXIM1 (82 a.u., from 100 to 18 a.u.). Smaller
amounts of 7SK RNA were immunoprecipitated with hnRNPs
Q and R (an increase of 5 a.u., from 2 to 7 a.u.). However,
despite several attempts using large amounts of antibodies, the
depletion of hnRNPs Q and R was not successful; half of these
proteins remained free (Fig. 7B, lanes 13 and 14). Hence, the
amount of 7SK bound to hnRNPs Q and R was underesti-
mated. Taken together, these data indicate that most (about
80%) of the 7SK RNA released from HEXIM1 complexes is
transferred to complexes with hnRNP A1, hnRNP A2, and
hnRNPs Q and R.

Knockdown of both hnRNP A1 and hnRNP A2 results in lim-
ited transcription-induced dissociation of P-TEFb–HEXIM1–
7SK complexes. An RNAi strategy was used next to investi-
gate whether 7SK RNA release from HEXIM1 upon the
inhibition of transcription involves hnRNPs. Single RNAi
knockdown of either hnRNP A1 or hnRNP A2 had little
effect on the amount of 7SK RNA immunoprecipitated with
HEXIM1 (Fig. 8). Following DRB treatment, the 7SK signal
decreased to 4% 	 1% of that from untreated cells in which
vimentin had been knocked down (Fig. 8, lanes 2 and 4).
The 7SK signal from cells with the single knockdown of
hnRNP A1 (lanes 6 and 8) or hnRNP A2 (lanes 10 and 12)
decreased to 6% 	 1% of that from cells expressing both
hnRNPs. In contrast, when both hnRNP A1 and A2 proteins
were knocked down, the proportion of 7SK remaining with
HEXIM1 following DRB treatment reached 28% 	 3%
(lanes 14 and 16). Of interest, an hnRNP A1 single knock-

FIG. 6. Complete extraction of hnRNPs A1 and A2 and hnRNPs Q and R from mitotic cells. Lysates from asynchronous (A) or mitotic (B) cells
treated with DRB (100 �M; �) or not (�) and treated with RNase (10 �g ml�1; �) or not (�) were fractionated by centrifugation at 10,000 �
g into supernatants (Sup) and nuclear pellets (N. Pel). RNA polymerase II (Rpb1) and hnRNPs were detected by Western blotting. 7SK RNA was
detected by Northern blotting.
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down resulted in increased levels of hnRNP A2 (lanes 5 to
8). Conversely, an hnRNP A2 single knockdown resulted in
increased levels of hnRNP A1 (lanes 9 to 12). A higher level
of expression of one protein may compensate for the knock-
down of the other one. This compensation may account for
the insignificant consequences of single knockdowns for 7SK
RNA binding to HEXIM1. It cannot be ruled out that the
remaining hnRNP A1 and/or an increase in the highly sim-
ilar but minor hnRNP A0 and A3 proteins also partly com-
pensates for the double knockdown of hnRNPs A1 and A2.
Nevertheless, the diminished dissociation of P-TEFb–
HEXIM1–7SK complexes following transcription inhibition
in cells with hnRNP A1-hnRNP A2 double knockdowns

suggested that these proteins contribute to the dissociation
process.

DISCUSSION

hnRNP A and hnRNP Q and R proteins are related. In this
study and in reports published after this work was submitted
(23, 59), hnRNP K, hnRNPs Q and R, and hnRNPs A1 and A2
were shown to be major 7SK RNA-associated proteins. Het-
erogeneous nuclear ribonucleoproteins form a large group of
very diverse RNA-binding proteins (12). Among them, hnRNP
A and hnRNP Q and R proteins share related primary struc-
tures. They comprise related RRMs followed by a C-terminal
arginine-, glycine-, and tyrosine-rich domain. The association
of 7SK RNA with hnRNP R and hnRNP A1 involves the
RRMs. hnRNP A1 possesses two RRMs. The inactivation of a
single RRM by two point mutations is sufficient to abolish 7SK
binding. It is noteworthy that the inactivation of both RRMs
was previously shown to be required to abolish hnRNP A1
binding to human 
-globin pre-mRNA in vitro (38). The same
study reported that despite the homology of hnRNPs A1 and
A2, hnRNP A2 binds more weakly to pre-mRNA than hnRNP
A1. Less 7SK RNA was found associated with hnRNP A2 than
with hnRNP A1; however, hnRNP A2 is less abundant than
hnRNP A1. RRMs in hnRNPs A1 and A2 are almost identical
and closely related to those in hnRNPs Q and R (33) (Fig. 3A).
More distantly related RRM-containing proteins, such as
hnRNP C1/C2 and PTB, did not immunoprecipitate with 7SK
RNA. Thus, the 7SK-binding characteristic of RRMs in A- and

FIG. 7. 7SK RNA transfer from HEXIM1 to hnRNPs Q and R or
to hnRNPs A1 and A2 in DRB-treated mitotic cells. HeLa cells ar-
rested in mitosis were collected after being treated for 4 h with
nocodazole in the absence (�) or in the presence (�) of DRB (100
�M). Lysates were incubated with either mock serum or anti-
HEXIM1, anti-hnRNP A1, anti-hnRNP A2, or anti-hnRNP Q/R. Im-
munoprecipitates (A) and postimmunoprecipitation supernatants
(B) were probed for 7SK RNA and proteins by Northern or Western
blotting. Histograms correspond to 7SK quantification by Northern
blotting. In panel A, the amount of 7SK RNA immunoprecipitated
with HEXIM1 (HEX1) from untreated cell lysates was set at 100 a.u.

FIG. 8. Decreased DRB-induced dissociation of P-TEFb–HEXIM1–
7SK RNA following RNAi. HeLa cells were treated with interfering
RNA targeting vimentin or hnRNPs A1 and A2 and exposed to DRB
(�) or not (�) for 1 h prior to lysis. Lysates were subjected to immu-
noprecipitation (IP) with anti-HEXIM1 (AbHEX1; �) or mock (�)
antibodies. The presence of hnRNPs A1 and A2 and HEXIM1
(HEX1) in supernatants (free) or on protein A beads (bound) was
tested by Western blotting. 7SK RNA immunoprecipitated with
HEXIM1 was detected by Northern blotting. Signal quantification (the
average of results from three independent experiments) is shown in the
lower panel. Histograms correspond to the quantification of immuno-
precipitated (bound) 7SK by Northern blotting. The level of 7SK RNA
immunoprecipitated with HEXIM1 from cells that had not been ex-
posed to DRB was set at 100 a.u.
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Q-type hnRNPs supports a functional similarity between these
proteins beyond their amino acid sequences.

Transcription-dependent interaction of hnRNPs with RNAs.
The binding of 7SK RNA to hnRNP K, hnRNPs Q and R, and
hnRNPs A1 and A2 (references 23 and 59 and this work)
increases when transcription is inhibited. hnRNPs A1, A2, and
K belong to a subclass of hnRNPs which shuttle between the
nucleus and the cytoplasm (6, 39, 49). Their intracellular lo-
calization is affected by drugs that inhibit transcription through
distinct mechanisms. DRB inhibits P-TEFb activity, whereas
actinomycin D intercalates into DNA. hnRNP A1 is mostly
nuclear in asynchronously growing cells but does not return to
the nucleus after mitosis in cells exposed to the inhibitors for
several hours. The transcription-dependent nuclear import of
hnRNP A1 relies on a small peptide domain (M9) distinct
from the RRMs (26, 57, 61). Importantly, the conditions used
in this work (1 h of exposure of asynchronous cells to 100 �M
DRB) did not significantly alter hnRNP A1 and 7SK RNA
localization patterns, as both hnRNP A1 and 7SK remained
spread out in the nucleus but excluded from nucleoli (data not
shown).

Most of the total hnRNP A1 remains associated with nuclear
pellets of asynchronously growing cells. In contrast, following
the exposure of the cells to either DRB or actinomycin, most
hnRNP A1 is solubilized. The presence of hnRNP A1 in the
nuclear material relies on RNAs, and the protein is suppressed
when RNase is added to the buffers. This observation suggests
that a majority of hnRNP A1 molecules remain trapped with
chromatin as they bind nascent transcripts. HeLa cells have
been estimated to contain 6 � 107 molecules of hnRNP A1 per
cell (22) and 2 � 105 molecules of 7SK RNA per cell (60).
When transcription is arrested, hnRNP A1 is released from
mature transcripts but is not captured back by new nascent
transcripts, and it thus becomes available in a very large molar
excess (more than 100-fold) to bind 7SK RNA.

hnRNP cooperates in the P-TEFb–HEXIM–7SK dissocia-
tion process. 7SK RNA had previously been shown to be as-
sociated with HEXIM1 or HEXIM2 proteins and P-TEFb
(Cdk9 and cyclin T1/T2) (41, 64). This complex is disrupted
when transcription is inhibited, yet 7SK RNA is not degraded.
In growing asynchronous cells, the disruption is seen within 15
min and is reversible. This observation suggests a permanent
dynamic exchange between active free P-TEFb and inactive
P-TEFb bound to HEXIM1-7SK or HEXIM2-7SK. In this
study, we showed that a major proportion of 7SK RNA re-
leased from P-TEFb–HEXIM1–7SK complexes was recovered
with Q- and A-type hnRNPs following DRB or actinomycin D
treatment. Thus, 7SK RNA shuttles from P-TEFb to hnRNPs.
In asynchronous cells, DRB and actinomycin D inhibit tran-
scription at the elongation step following the initiation step.
These drugs would not prevent P-TEFb–HEXIM–7SK disso-
ciation when P-TEFb was loaded onto genes through an inter-
action with transcription factors during transcription initiation.
The accumulation of free P-TEFb and hnRNP-7SK when tran-
scription is arrested by a drug may indicate that both the
assembly of P-TEFb–HEXIM–7SK complexes and the disas-
sembly of hnRNP-7SK complexes require active transcription.
The attenuated release of 7SK RNA from P-TEFb–HEXIM–
7SK complexes upon the knockdown of hnRNPs A1 and A2
(this study) suggests that these proteins cooperate in the P-

TEFb complex dissociation process. This cooperation is sup-
ported by the recent finding that a truncated 7SK RNA mol-
ecule unable to bind hnRNPs is resistant to inhibitor-induced
disassembly from P-TEFb (59).

Our present knowledge may be summarized with a simple
model (Fig. 9A). As the nascent transcripts are extruded out of
RNA polymerase, they recruit hnRNPs that may release their
7SK RNA companion, which would in turn become liable to
reassembly with HEXIM1 and P-TEFb on the transcription
unit. Shortly after initiation, when P-TEFb is loaded onto the
transcription machinery, 7SK would dissociate from P-TEFb

FIG. 9. Model of coupled hnRNP-7SK and P-TEFb–HEXIM1–
7SK RNA complex formation. (A) At the initiation of transcription,
P-TEFb is loaded onto the transcription machinery and 7SK RNA is
released from P-TEFb (and HEXIM1) and transferred onto an
hnRNP that has been released from a mature RNA molecule (dashed-
line arrows). Upon the elongation or termination of transcription, as
hnRNPs are recruited onto the nascent transcripts, they release their
7SK RNA companion, which reassembles onto P-TEFb (dotted-line
arrows). RNAP II, RNA polymerase II. (B) There are no nascent
chains when transcription is inhibited. Core P-TEFb accumulates at
the expense of P-TEFb–HEXIM–7SK. hnRNPs are released and trap
7SK RNA.
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and be trapped onto hnRNP molecules that had just been
released from a mature transcript. Conversely, P-TEFb–
HEXIM–7SK would reassemble upon the elongation-termina-
tion step as 7SK RNA was outcompeted by nascent transcripts.
When transcription is inhibited, P-TEFb might be blocked on
genes (18) and the pool of hnRNP would increase (Fig. 9B). As
a result, hnRNP-7SK complexes as well as core P-TEFb would
accumulate. RNA polymerase II inhibition has been proposed
previously to increase the binding activity of hnRNP A1 (29).
Such increased binding may also contribute to the trapping of
7SK RNA. The active dissociation of the P-TEFb–HEXIM–
7SK complexes by free hnRNP is unlikely. It has not been
observed in vitro following the addition of recombinant
hnRNP A1 to such complexes (data not shown), and more
significantly, the P-TEFb/P-TEFb–HEXIM–7SK ratio remains
frozen in cells blocked in mitosis, although transcription is
arrested. However, a major distinction can be made between
drug-induced and mitotic inhibition of transcription. Both
DRB and actinomycin D inhibit transcription at the elongation
step. In contrast, both initiation and elongation are repressed
during mitosis (19, 28). As P-TEFb is no longer recruited to
transcriptional machinery during mitosis, it would not dissoci-
ate from HEXIM and 7SK RNA. The flow of RNA from
nascent transcripts bound to hnRNPs to mature transcripts
devoid of most hnRNPs may drive the balance between active
and inactive forms of P-TEFb. In asynchronous cells, 7SK
RNA trapping by hnRNPs may act as a sensor of transcription,
thereby controlling P-TEFb activity and fine-tuning the overall
class II gene transcription efficiency.
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