
PPM1G Binds 7SK RNA and Hexim1 To Block P-TEFb Assembly into
the 7SK snRNP and Sustain Transcription Elongation

Swapna Aravind Gudipaty,* Ryan P. McNamara, Emily L. Morton, Iván D’Orso

Department of Microbiology, University of Texas Southwestern Medical Center, Dallas, Texas, USA

Transcription elongation programs are vital for the precise regulation of several biological processes. One key regulator of such
programs is the P-TEFb kinase, which phosphorylates RNA polymerase II (Pol II) once released from the inhibitory 7SK small
nuclear ribonucleoprotein (snRNP) complex. Although mechanisms of P-TEFb release from the snRNP are becoming clearer,
how P-TEFb remains in the 7SK-unbound state to sustain transcription elongation programs remains unknown. Here we report
that the PPM1G phosphatase (inducibly recruited by nuclear factor �B [NF-�B] to target promoters) directly binds 7SK RNA
and the kinase inhibitor Hexim1 once P-TEFb has been released from the 7SK snRNP. This dual binding activity of PPM1G
blocks P-TEFb reassembly onto the snRNP to sustain NF-�B-mediated Pol II transcription in response to DNA damage. Nota-
bly, the PPM1G-7SK RNA interaction is direct, kinetically follows the recruitment of PPM1G to promoters to activate NF-�B
transcription, and is reversible, since the complex disassembles before resolution of the program. Strikingly, we found that the
ataxia telangiectasia mutated (ATM) kinase regulates the interaction between PPM1G and the 7SK snRNP through site-specific
PPM1G phosphorylation. The precise and temporally regulated interaction of a cellular enzyme and a noncoding RNA provides
a new paradigm for simultaneously controlling the activation and maintenance of inducible transcription elongation programs.

Precise transcriptional regulation in response to intrinsic and
extrinsic stimuli enables normal biological processes and cell

fate responses (1). Gene transcription by RNA polymerase II (Pol
II) is controlled at multiple steps, including initiation and elonga-
tion (2–4). Specifically, the transition from transcription initia-
tion to elongation in response to environmental cues is regulated
by posttranslational modifications, primarily phosphorylation on
the C-terminal domain (CTD) of Pol II (5–8). One of the major
CTD kinases is the positive transcription elongation factor (P-
TEFb), which is composed of cyclin-dependent kinase 9 (Cdk9)
and a regulatory cyclin subunit (T1, T2, or K) (9–11). Cdk9 phos-
phorylates the Pol II CTD, relieving transcriptional pausing at
promoter-proximal regions of many genes and thereby promot-
ing gene activation (12–14). P-TEFb is required for a wide array of
transcriptional programs and is thus recruited to gene promoters
by a number of pathway-specific transcriptional regulators, in-
cluding nuclear factor �B (NF-�B), the bromodomain-contain-
ing protein BRD4, p53, Myc, and HIV Tat (14–19).

Nuclear levels of active P-TEFb are tightly regulated by its re-
versible assembly into the 7SK small nuclear ribonucleoprotein
(snRNP) complex, which is composed of the 7SK small nuclear
RNA, hexamethylene bisacetamide-inducible proteins (Hexim1/
2), La-related protein (Larp7), and the 7SK methyl phosphate cap-
ping enzyme (MePCE) (11, 20–22). In this complex, the P-TEFb
kinase is held catalytically inactive through interactions with the
kinase inhibitor Hexim1, which directly binds to 7SK RNA to
tether P-TEFb to the snRNP. Therefore, the 7SK snRNP serves to
directly control the transcription cycle by sequestering primed
P-TEFb, which becomes active when released from the snRNP via
dephosphorylation of residue T186 on the activating T-loop (21,
23, 24).

Despite the initial discovery that the 7SK snRNP complex
roams the nucleoplasm, we and others have found that it is also
recruited to promoter-proximal regions along with paused Pol II,
probably to direct the rapid induction of transcriptional programs
in response to activating stimuli (25–29). Therefore, P-TEFb re-

lease from the promoter-bound 7SK snRNP complex is a prereq-
uisite for transcription factors to capture the kinase to activate
transcription. Along this line, we have recently discovered that the
nuclear, metal-dependent PPM1G phosphatase is a key regulator
of P-TEFb dissociation from the 7SK snRNP. PPM1G is recruited
to NF-�B target gene promoters to enzymatically disassemble the
promoter-bound 7SK snRNP in response to an inflammatory
stimulus to activate gene transcription (26). PPM1G directly in-
teracts with the 7SK snRNP to dephosphorylate T186 at the T-
loop of Cdk9 to release P-TEFb from the snRNP. This temporarily
inactivated Cdk9 is then rapidly phosphorylated either by the ad-
jacent Cdk7 (part of the preinitiation complex) or through intrin-
sic autophosphorylation, thereby allowing rapid gene activation
by Pol II (26, 30, 31). Furthermore, we have previously reported
that PPM1G associates with 7SK RNA in vitro and in vivo (26).
However, the mechanism through which PPM1G recognizes 7SK
RNA and the functional relevance of this molecular interaction in
the transcriptional cycle remain to be elucidated.

In order to investigate the role of PPM1G in transcriptional
activation, we biochemically defined minimal protein domains
and RNA elements required for the assembly of the PPM1G-7SK
protein-RNA complex. Here we present evidence that PPM1G
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specifically recognizes 7SK RNA via the C-terminal domain and
that assembly of a PPM1G-Hexim1 complex on 7SK RNA pre-
vents P-TEFb reassociation onto the RNA and the formation of
the 7SK snRNP complex. Additionally, given that PPM1G has
been functionally linked with the DNA damage response (DDR)
and is a transcriptional coactivator of NF-�B (26, 32, 33), we in-
vestigated the role of the PPM1G-7SK RNA interaction in the
context of NF-�B transcription in response to genotoxic stress.
We found that in vivo, PPM1G is rapidly recruited to NF-�B target
genes to activate transcription during the DDR. PPM1G then re-
mains bound to Hexim1-7SK RNA off chromatin (7SK-PPM1G
snRNP) to sustain transcription elongation by preventing the re-
assembly of P-TEFb back onto the inhibitory 7SK snRNP com-
plex. In agreement with this model, PPM1G binds to the C-termi-
nal domain of Hexim1, which is also required for P-TEFb
recruitment. Assembly of the 7SK-PPM1G snRNP complex is
transient, kinetically follows the recruitment of PPM1G to 7SK-
regulated NF-�B target genes, and precedes RNA synthesis. Con-
sistent with the transcriptional role of PPM1G in the response to
genotoxic stress, we found that a major DNA damage regulator,
the ATM kinase, participates in the site-specific phosphorylation
of PPM1G to facilitate its recruitment to the 7SK snRNP complex
and to facilitate NF-�B transcription. Our findings provide evi-
dence that PPM1G couples the disassembly of the promoter-
bound 7SK snRNP complex with the formation of the 7SK-
PPM1G snRNP to initiate and maintain NF-�B-mediated Pol II
transcription in response to DNA damage. The precise and tem-
porally regulated interplay of PPM1G and the 7SK snRNP pro-
vides a new paradigm for simultaneously controlling the activa-
tion and maintenance of inducible transcription elongation
programs with a noncoding RNA.

MATERIALS AND METHODS
Cell culture and plasmids. HeLa and HEK 293T cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS) at 37°C with 5% CO2 (all plasmids used in this study are
listed in Table 1 at http://www.utsouthwestern.edu/labs/dorso/research
/lab-projects.html). Plasmids for heterologous expression of full-length
(FL) PPM1G and PPM1G lacking the Lys-rich region (�Lys) were cloned
into the pET30a vector (Merck Millipore) between the NdeI and NotI
restriction sites and fused to an N-terminal 6�His tag. The acidic (Ac),
C-terminal (Ct), and the acidic and C-terminal (Ac-Ct) domains were
cloned similarly but express a C-terminal 6�His tag. To generate plas-
mids for in vitro transcription, the genes encoding human 7SK RNA,
individual stems, or mutants were cloned into pUC19 between the EcoRI
and XbaI sites. The T7 promoter followed by a GG dinucleotide was in-
corporated into the forward primer used for PCR to yield high levels of
RNA synthesis. The individual stem-loops of 7SK and stem I mutants
were cloned similarly. The 7SK stem I loop and bulge mutants (�Loop
and �Bulge) were cloned by using overlap extension, a DNA polymerase
I large (Klenow) fragment (New England BioLabs), and PCR extension, as
described previously (34). The stem I proximal and distal bulge mutants
were cloned by using synthesized oligonucleotides containing the desired
mutations and overhangs for the desired restriction sites (Sigma). The 5=
ends of these oligonucleotides were phosphorylated with T4 polynu-
cleotide kinase (New England BioLabs) prior to their ligation into the
pUC19 vector (all oligonucleotides used in this study for cloning to
generate PPM1G expression vectors, 7SK RNA, and mutants are listed
in Table 2 at http://www.utsouthwestern.edu/labs/dorso/research/lab
-projects.html). FLAG-tagged Hexim1 and domains were cloned into
the pCMV2 backbone as previously reported, including FL Hexim1
and Hexim1 with an N-terminal deletion (�N) (35), a C-terminal

deletion (�C) and a coiled-coil 2 deletion (�CR2) (36), and a deletion
of the basic region (BR) (�BR or mB2 mutant, as previously defined by
Barboric et al. [37]).

siRNA-mediated RNAi assay. HeLa cells were plated at a density of
�0.5 � 106 cells per well in a 6-well plate and transfected with the
PPM1G or nontarget control small interfering RNAs (siRNAs)
(Qiagen) (see Table 3 at http://www.utsouthwestern.edu/labs/dorso
/research/lab-projects.html) at a concentration of 30 pmol by using
Lipofectamine RNAi Max (Life Technologies) according to the man-
ufacturer’s guidelines (for the siRNA sequence, see reference 26). Cells
were transfected with siRNAs for 48 h, and knockdown (KD) efficiency
was calculated by quantitative real-time PCR (qRT-PCR) (with prim-
ers listed in Table 4 at http://www.utsouthwestern.edu/labs/dorso
/research/lab-projects.html) and Western blot analysis (with antibod-
ies listed in Table 5 at http://www.utsouthwestern.edu/labs/dorso
/research/lab-projects.html).

Inducible RNAi. Lentiviral particles were made by transfecting HEK
293T cells with three plasmids: the short hairpin RNA (shRNA) transfer
vector pLKO (Sigma), pMD2.G (vesicular stomatitis virus G protein
[VSV-G]), and psPAX2 (Gag-Pol). Two days posttransfection, superna-
tants containing lentivirus were harvested, and their titer was determined
by an enzyme-linked immunosorbent assay (ELISA), and stored at
�80°C. HeLa cells (2 � 105) were spinoculated (inoculated by centrifu-
gation) at 2,900 rpm for 2 h with lentiviral particles (50 to 200 �l; �1 �
107 transducing units [TU] as determined by a p24 ELISA) in the presence
of 8 �g/ml Polybrene. Efficiently transduced cells were selected with 1
�g/ml puromycin for 5 days. At this point, cells were treated with 1 mM
isopropyl-�-D-thiogalactopyranoside (IPTG) for 3 days to induce KD.
RNA interference (RNAi) validation efficiency was determined by qRT-
PCR and Western blotting using the corresponding primer pair and
primary antibody, respectively. The shRNAs used for RNAi were
pLKO-puro-IPTG-3xLacO-NT shRNA (catalog number SHC332;
Sigma) and pLKO-puro-IPTG-3xLacO-PPM1G shRNA (catalog num-
ber TRCN0000001213; Sigma).

qRT-PCR assay. Total RNA was isolated by using TRIzol (Life Tech-
nologies) and phenol-chloroform-isoamyl alcohol (PCA) (25:24:1) ex-
traction, and first-strand cDNA was synthesized by using Moloney mu-
rine leukemia virus (M-MuLV) reverse transcriptase (New England
BioLabs). qRT-PCR was performed by using Sybr green master mix on an
ABI7500 instrument (Applied Biosystems). Threshold cycle (CT) values
and fold changes were calculated as previously described (38) (qRT-PCR
primer sequences are listed in Table 4 at http://www.utsouthwestern.edu
/labs/dorso/research/lab-projects.html).

Affinity purification (AP), coimmunoprecipitation, and Western
blot analysis. Expression plasmids containing PPM1G or domains were
transformed into Rosetta(DE3) cells (EMD) and grown in cultures over-
night. LB cultures (500 ml) were inoculated with a 1/50 dilution of a
culture grown overnight and grown at 37°C until an optical density at 600
nm (OD600) of �0.6 was reached. Cultures were induced for protein
expression with 1 mM IPTG and grown for 3 h at 30°C. To purify the
recombinant proteins, cells were lysed by sonication in lysis buffer (20
mM Tris-HCl [pH 7.5], 150 mM NaCl, 20 mM imidazole, 2 mM MnCl, 5
mM dithiothreitol [DTT], 5% glycerol) containing protease inhibitors
(Roche). Triton X-100 was added to a final concentration of 1% after
sonication, and the mixture was nutated at 4°C for 15 min. The protein
lysate was clarified by centrifugation at 10,000 � g for 15 min, and the
clarified lysate was loaded onto a Ni-Sepharose column (Qiagen). Beads
were prewashed three times in high-salt buffer (HSB) (20 mM Tris-HCl
[pH 7.4], 500 mM NaCl, 20 mM imidazole, 5 mM DTT, 0.1% Triton
X-100, and 5% glycerol) and then washed in low-salt buffer (LSB) (20 mM
Tris-HCl [pH 7.4], 150 mM NaCl, 20 mM imidazole, 5 mM DTT, 0.1%
Triton X-100, and 5% glycerol). Proteins were eluted in LSB supple-
mented with 150 mM imidazole. The purity of the eluted fractions was
tested by using SDS-PAGE and silver staining (Thermo Fisher). Protein
fractions were stored at �80°C. For Western blot analysis, immunopre-
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cipitated samples were electrophoresed on 10% Tris-glycine-SDS gels,
transferred onto 0.45-�m nitrocellulose membranes (Bio-Rad), blocked
in Tris-buffered saline (TBS) containing 0.2% Tween 20 and 5% nonfat
dry milk for 2 h, and incubated with primary antibodies at 4°C from 1 h to
overnight. Primary antibodies used were described previously (26), except
for 	H2AX, ATM, and PPM1G pS183 antibodies (see Table 5 at http:
//www.utsouthwestern.edu/labs/dorso/research/lab-projects.html). Sec-
ondary antibodies coupled to horseradish peroxidase (HRP), including
donkey anti-rabbit IgG–HRP (catalog number sc-2313) and goat anti-
mouse IgG–HRP (catalog sc-2005; Santa Cruz Biotechnologies), were in-
cubated at 1:10,000 dilutions for 1 h, and blots were developed by using
chemiluminescence.

Fluorescent antibodies used for Fig. 6, including donkey anti-rabbit
antibody–IRDye 800CW (product number 926-32213; Li-Cor) and don-
key anti-mouse antibody–IRDye 680LT (product number 926-68022; Li-
Cor), were incubated at 1:10,000 dilutions for 1 h, and bands were visu-
alized by using the Li-Cor Odyssey instrument.

RNA binding gel shift assay. Wild-type (WT) 7SK RNA and mutants
were in vitro transcribed using T7 RNA polymerase from plasmid tem-
plates linearized with XbaI. For radiolabeling, the RNAs were transcribed
with [
-32P]UTP as described previously (26). RNAs were electropho-
resed on a native gel (1� Tris-glycine, pH 8.3), eluted from gels by using
RNA elution buffer (0.6 M sodium acetate [pH 6.0], 1 mM EDTA, 0.01%
SDS), ethanol precipitated twice, resuspended in sterile deionized water,
and stored at �80°C. For gel shift assays, the purified RNA was denatured
at 95°C for 10 min on a heat block and renatured by slowly cooling back to
room temperature. Protein and radiolabeled RNA were incubated on ice
for 20 min in a reaction mixture containing binding buffer (50 mM Tris-
HCl [pH 7.5], 150 mM NaCl, 5 mM DTT, 5% glycerol, and 50 �g/ml
Escherichia coli tRNA). Protein-RNA complexes were resolved on 5% and
8% native PAGE gels for full-length 7SK RNA and individual stems, re-
spectively. Gels were electrophoresed at 120 V at 4°C, dried, and autora-
diographed.

PPM1G-7SK RNA binding curves. Binding reactions for gel shift as-
says were set up as described above. The bands representing unbound
RNA and protein-RNA complexes were quantified by using ImageJ. Bind-
ing curves and apparent binding constant (Kd

app) values were calculated
by using GraphPad Prism software.

ChIP assay. Chromatin immunoprecipitation (ChIP) was per-
formed as previously described (25). HeLa cells were treated with 50
�M etoposide (Fisher) or dimethyl sulfoxide (DMSO) (control) for
the indicated times. Protein lysates were prepared and used for ChIP at
the interleukin-8 (IL-8) and A20 loci by using the indicated antibodies
(see Table 5 at http://www.utsouthwestern.edu/labs/dorso/research
/lab-projects.html) and amplicons for qPCR (see Table 6 at http:
//www.utsouthwestern.edu/labs/dorso/research/lab-projects.html).

Cross-linking RNA immunoprecipitation (X-RIP) assay. HeLa cells
treated with 50 �M etoposide (Fisher) or DMSO (vehicle control) were
cross-linked with formaldehyde to stably trap RNA-protein complexes
formed in vivo (39). Briefly, HeLa cells were cross-linked in 1% formal-
dehyde for 10 min at room temperature, quenched with 0.125 M glycine
for 5 min, and washed twice with 1� phosphate-buffered saline (PBS).
Cell pellets were resuspended in lysis buffer (50 mM Tris-HCl [pH 7.4],
1% Nonidet P-40, 0.5% sodium deoxycholate, 0.05% SDS, 2 mM MgCl2,
and 150 mM NaCl), and the whole-cell lysate was passed through a
QiaShreder spin column (Qiagen). The extracts were incubated for 3 h at
4°C with protein G Dynabeads prebound with the PPM1G and normal
IgG mouse antibodies. Bound samples were washed four times with RNA
immunoprecipitation (RIP) assay buffer for 5 min each and then resus-
pended in a solution containing 50 mM Tris-HCl (pH 6.3), 5 mM EDTA,
1% SDS, and 10 mM DTT. Samples were reversed cross-linked by heating
them at 70°C for 30 min. RNAs were purified by using PCA extraction,
and first-strand cDNA synthesis was performed as described above. 7SK
RNA was detected by qRT-PCR using gene-specific primers (see Table 4 at
http://www.utsouthwestern.edu/labs/dorso/research/lab-projects.html)

and Sybr green master mix on an ABI7500 instrument (Applied Biosys-
tems).

UV cross-linking of RNA-protein complexes in vivo. HeLa cells
(grown on a 10-cm2 plate) were irradiated with 125 mJ/cm2 of UV light by
using a Spectrolinker XL-1500 UV cross-linker, harvested, lysed by using
denaturing lysis buffer (150 mM NaCl, 20 mM Tris-HCl [pH 7.0], 5%
glycerol, 1.5 mM MgCl2, 1 mM DTT, 1% NP-40, 0.25% sodium deoxy-
cholate, and 0.1% SDS), and sonicated by using the Bioruptor water bath
sonicator (Diagenode) with 8 cycles (30 s on and 30 s off). PPM1G was
affinity purified by using Strep-tactin Superflow resin (IBA Life Sciences)
and washed by using denaturing washing buffer (250 mM NaCl, 20 mM
Tris-HCl [pH 7.0], 5% glycerol, 1.5 mM MgCl2, 1 mM DTT, 0.05% NP-
40, 0.1% sodium deoxycholate, 0.1% SDS). Coimmunoprecipitating
RNAs were extracted by using proteinase K digestion (0.5 mg/ml protei-
nase K, 20 mM Tris-HCl [pH 7.0], 5 mM EDTA, 0.5% SDS) (39), followed
by PCA extraction and ethanol precipitation. The immunoprecipitated
material was analyzed by qRT-PCR (primers are listed in Table 4 at http:
//www.utsouthwestern.edu/labs/dorso/research/lab-projects.html).

In vitro phosphatase assay using pNPP as the substrate. para-Nitro-
phenyl phosphate (pNPP; New England BioLabs) was used in enzymatic
reactions to determine the catalytic activities of PPM1G and mutants.
Phosphatase assays were carried out with a reaction buffer containing 10
mM Tris-HCl (pH 7.5), 150 mM NaCl, 10 mM MnCl2, and 2.5 mM DTT,
at 37°C for 30 min, with 400 ng purified recombinant phosphatase and
various pNPP concentrations (0, 1, 2.5, 5, 10, 15, and 20 mM) in a total
volume of 100 �l. Enzyme-catalyzed dephosphorylation was halted by the
addition of 10 �l of 5 N NaOH, and the absorbance of p-nitrophenol
(pNP) was measured at 405 nm. Initial linear rates were determined by
using a molar extinction coefficient (ε) of 18,800 M�1 cm�1 for the prod-
uct pNP at 405 nm at pH 8.0. The acquired data were fitted by using the
Lineweaver-Burk equation with GraphPad Prism, where 1/V � (Km �
[S])/(Vmax � [S]) or 1/V � [(Km/Vmax) � (1/[S])] � 1/Vmax.

ATM kinase assay. HEK 293T cells (2 � 106) were lysed in 0.5 ml of
fresh lysis buffer (20 mM HEPES [pH 7.4], 150 mM NaCl, 1.5 mM MgCl2,
1 mM EGTA, 0.2% Tween 20) containing protease inhibitors (Roche), 20
mM NaF, and 2 mM NaVO4 by rotation at 4°C for 30 min. The lysate was
centrifuged at 12,000 � g for 15 min at 4°C, and the supernatant was
transferred to a new tube containing 1 �l of anti-ATM IgG (catalog
no.MAT3 4G10/8) (Sigma) and incubated for 2 h at 4°C. Next, 25 �l of
preequilibrated protein G Dynabeads (Life Technologies) was added, and
the mixture was incubated for 2 h at 4°C. The ATM-bound beads were
collected on a magnetic stand and washed with 2� lysis buffer followed by
2� kinase buffer. Beads were aliquoted for the different reaction mixtures
and incubated with 5 �l of the substrate (50 pmol WT PPM1G or the
S183A mutant) in 20 �l of kinase buffer (10 mM HEPES [pH 7.4], 50 mM
NaCl, 10 mM MgCl2, 10 mM MnCl2, and 1 mM DTT) and 1 �l of 0.5 mM
ATP (Roche). Kinase reactions were performed at 30°C for 30 min and
stopped with the addition of 12 �l 3� Laemmli sample buffer, and reac-
tion mixtures were boiled for 5 min. Reaction mixtures were directly
electrophoresed on polyacrylamide gels, and Western blot analyses were
performed with the indicated antibodies.

RESULTS
PPM1G binds 7SK RNA by using the C-terminal Lys-rich do-
main. The PPM1G phosphatase directly participates in the disas-
sembly of promoter-bound 7SK snRNP complexes to release the
P-TEFb kinase, uncoupling it from the kinase inhibitor Hexim1
and thereby activating transcription elongation in response to in-
flammatory stimuli (26) (Fig. 1A). During this process, PPM1G
also appears to bind the 7SK snRNP lacking P-TEFb, henceforth
referred to as “7SK-PPM1G snRNP” to differentiate it from the
P-TEFb-bound 7SK snRNP complex containing all subunits (26).
Based on this evidence, we hypothesized that PPM1G directly
contacts 7SK RNA once P-TEFb has been released from the 7SK
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snRNP to prevent its reassociation, thereby maintaining a local
pool of 7SK-unbound, catalytically active P-TEFb to sustain the
transcription elongation program. In this study, we investigated
the molecular basis of this protein-RNA interaction and the
mechanism underlying signal-dependent transcriptional regula-
tion by PPM1G.

PPM1G is composed of three discrete modules: the N-terminal
(Nt) and C-terminal (Ct) phosphatase domains with an interven-
ing acidic region (Ac) that is thought to modulate substrate spec-
ificity (40) (Fig. 1B). The Ct domain bears a lysine (Lys)-rich re-
gion that resembles the RNA-binding motif of Hexim1 (Fig. 1C).
To determine how PPM1G recognizes 7SK RNA, we performed an

in vitro binding assay where full-length PPM1G or discrete do-
mains were incubated with purified 7SK RNA (gel shift assays)
(Fig. 1D). Strikingly, we observed that PPM1G binds 7SK RNA
with an apparent dissociation constant (Kd

app) of �0.49 �M and
that deletion of the Lys-rich region (PPM1G�Lys) sharply reduces
the binding affinity in vitro (Kd

app of 10 �M) (Fig. 1D to F). If the
Lys-rich region was the minimal domain involved in 7SK binding,
we would expect a Ct domain to bind with an affinity similar to
that of full-length PPM1G. However, unexpectedly, we found that
the Ct domain alone binds with a low affinity (Kd

app of �3.23 �M)
compared to that of full-length PPM1G, implying that other do-
mains in PPM1G may contribute to binding affinity or that the Ct

FIG 1 The PPM1G phosphatase binds 7SK RNA using its C-terminal Lys-rich domain. (A) Proposed model for the role of PPM1G in the NF-�B transcriptional
program. PPM1G is recruited by NF-�B to target genes in response to environmental stimuli, where it dephosphorylates the T-loop of Cdk9 (P-T186), thereby
promoting its uncoupling from Hexim1 and its release from the inhibitory, promoter-bound 7SK snRNP complex. In this process, PPM1G subsequently binds
7SK RNA, possibly forming a 7SK-PPM1G snRNP complex lacking P-TEFb. (B) Domain organization of human PPM1G and representation of each domain in
the predicted three-dimensional structure. Nt, N-terminal domain; Ac, acidic region; Ct, C-terminal domain; Lys, Lys-rich region. (C) Alignment of PPM1G and
Hexim1 Lys-rich regions with their positions indicated in parentheses. (D) Gel shift assays with 7SK RNA and increasing amounts of full-length PPM1G or
domains. (E) Binding curves from the gel shifts shown in panel D. (F) Calculations of the apparent dissociation constants (Kd

app) from data in panel E. Kd
app

values represent the averages of data from three independent experiments with the standard errors of the means (n � 3). n.d., not determined, because the data
set does not enable accurate calculation of the Kd

app values.
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FIG 2 PPM1G binds the 7SK RNA stem I distal bulge. (A) Primary sequence and predicted secondary structure of human 7SK RNA with the corresponding
stem-loops (Stem). (B) Gel shift assays with full-length PPM1G and 7SK RNA or each of the individual stems. (C) Binding curves from the gel shifts shown in
panel B. (D) Calculations of the Kd

app values from data shown in panel C. Kd
app values represent the averages of data from three independent experiments and

the standard errors of the means (n � 3). (E) Gel shift assays with PPM1G and WT 7SK stem I or mutants (�Loop, �Bulge, �Proximal Bulge, and �Distal Bulge).
The schemes above the gel shifts show the positions of the different RNA elements and the corresponding mutations. (F) Binding curves from the gel shifts shown
in panel E. (G) Calculations of the Kd

app from data shown in panel F (means � standard errors of the means; n � 3). n.d., not determined, because the data set
does not enable accurate calculation of the Kd

app values.
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domain requires other regions of the protein for proper folding. In
accordance with this, the Ac-Ct construct binds 7SK RNA with an
intermediate affinity (Kd

app of �1.81 �M) compared to those of
full-length PPM1G and the Ct domain (Fig. 1D to F). Given these
results, we reasoned that the Lys-rich region directs the in vitro
assembly of PPM1G on 7SK RNA but that other protein domains
are required for the observed high-affinity binding and perhaps
oligomerization of PPM1G on the RNA. In fact, we observed that
PPM1G appears to oligomerize on the RNA in a Lys-rich-re-
gion-dependent manner (Fig. 1D). Furthermore, we found
that the PPM1G-7SK RNA interaction is specific because
PPM1G does not bind an antisense 7SK or U6 snRNA in vitro
(see Fig. S1 at http://www.utsouthwestern.edu/labs/dorso
/research/lab-projects.html), in agreement with previously re-
ported observations (26). Collectively, these results demon-
strate that full-length PPM1G is required for high-affinity 7SK
RNA binding and that deletion of the Lys-rich region in the
C-terminal domain, resembling the RNA-binding motif of the
kinase inhibitor Hexim1, virtually abolishes 7SK RNA recog-
nition.

PPM1G preferentially recognizes 7SK RNA stem I. 7SK RNA
is composed of four stem-loops (stems I, II, III, and IV) contain-
ing specific binding sites for the integral 7SK snRNP components
(P-TEFb, Hexim1, Larp7, and MePCE) (41–44) (Fig. 2A). Stem I
(5=-terminal hairpin) carries two independent Hexim1-binding
sties in the proximal and distal regions, with the latter one direct-
ing P-TEFb recruitment to 7SK RNA (42, 44–46). In addition,
P-TEFb binding also requires stem IV (3=-terminal hairpin) (42).
To more precisely pinpoint how PPM1G recognizes 7SK RNA and
to determine how this fits into the model of PPM1G blocking
P-TEFb reassembly into 7SK RNA, we mapped RNA elements that
contribute to binding affinity using gel shifts assays (Fig. 2B). We
found that PPM1G binds stem I with a higher affinity (Kd

app of
�3.22 �M) than those for other stems (Kd

app of 10 �M) (Fig. 2B
to D), suggesting that stem I serves as the primary binding site,
with possibly other stems contributing to binding affinity and
structural stability. In support of this model, deletion of stem I
from 7SK caused an �5-fold reduction in PPM1G binding affin-
ity, but it did not completely block the PPM1G-7SK RNA inter-
action (data not shown). Furthermore, because the affinity of
PPM1G for full-length 7SK RNA was greater than that for stem I
(Kd

app values of �0.49 �M and �3.22 �M, respectively) and be-
cause deletion of stem I reduces, but does not eliminate, PPM1G
binding, other low-affinity binding sites in stems III and IV con-
tribute to binding affinity, supporting the model that PPM1G ho-
mo-oligomerizes on the RNA (Fig. 1).

To more precisely define elements in the high-affinity binding
site (stem I), we created internal deletions within the stem-loop
structure: �Loop, where the loop was replaced with a tetraloop
(GGAA), and �Bulge, where all bulges were either deleted or re-
placed with sequences to establish perfect base pairing between
RNA strands (Fig. 2E). While replacement of stem I with a te-
traloop (�Loop) caused a minimal reduction in binding affinity
(Kd

app of �5.17 �M, compared to �3.21 �M for stem I), deletion
of all bulges (�Bulge) virtually abolished PPM1G binding (Fig. 2E
to G). Given that stem I is composed of two sets of bulges (three
bulges in the proximal region close to the 5= end and three in the
distal region closer to the loop), we further mapped structural
elements specifically recognized by PPM1G. Mutations and dele-
tions were introduced to eliminate the proximal (�Proximal

Bulge) or distal (�Distal Bulge) bulges. Interestingly, the results
showed that while deletion of the proximal bulge did not alter
PPM1G’s ability to bind the RNA (Kd

app of �3.19 �M), disrup-
tion of the distal bulge virtually eliminated the PPM1G-7SK RNA
interaction (Kd

app of 10 �M) (Fig. 2E to G).
Collectively, these results indicate that PPM1G preferentially

recognizes the stem I distal bulge, which is in close proximity to
the site where Hexim1 binds 7SK RNA to recruit P-TEFb in order
to assemble the 7SK snRNP complex (22, 42, 44).

PPM1G binds 7SK RNA and Hexim1 to block P-TEFb re-
cruitment and 7SK snRNP complex formation. Given that
PPM1G and Hexim1 have similar Lys-rich RNA-binding motifs
and that they both bind to 7SK RNA stem I, we speculated that
PPM1G could recognize 7SK and block P-TEFb reassembly
onto the 7SK snRNP. To test this possibility, we first affinity
purified Strep-tag II (Strep; IBA Lifesciences)-tagged PPM1G
and tandem-affinity-purified (TAP) Hexim1–P-TEFb (P-
TEFb–Strep and Hexim1-Flag) to homogeneity, as judged
based on silver staining (Fig. 3A). We incubated Hexim1–P-
TEFb with 7SK RNA in the absence or presence of increasing
amounts of PPM1G (from 0.05 to 5 �M) and resolved the
protein-RNA complexes in native gels (gel shift assays). Inter-
estingly, we observed that while Hexim1–P-TEFb binds 7SK
RNA, PPM1G blocks the association of P-TEFb with Hexim1
and 7SK RNA in a dose-dependent manner (Fig. 3B).

However, we noticed that upon the addition of PPM1G and
disassembly of P-TEFb from Hexim1, the resulting protein-RNA
complex (Fig. 3B, right) migrated more slowly than did the
PPM1G-7SK RNA complex (left). Therefore, we speculated that
PPM1G might interact with Hexim1 (Hexim1-PPM1G) on 7SK
RNA to prevent P-TEFb association and 7SK snRNP formation.
To test this possibility, we transfected HEK 293T cells with FLAG-
tagged PPM1G with or without Strep-tagged Hexim1 and per-
formed Strep affinity purifications (APs) in the presence or ab-
sence of RNase to degrade any possible bridging 7SK RNA
interaction. Remarkably, we observed that PPM1G interacts with
Hexim1 even in the presence of RNase (Fig. 3C), suggesting that
the Hexim1-PPM1G protein-protein interaction is direct and that
both proteins can assemble a protein-RNA complex with 7SK
RNA (Fig. 3B).

To further define Hexim1 domains involved in PPM1G bind-
ing, we performed a domain mapping analysis in vitro (Fig. 3D).
The Hexim1 domains used were Hexim1�N (containing a dele-
tion of the N-terminal domain including residues 1 to 149),
Hexim1�C (containing a deletion of the C-terminal domain in-
cluding residues 287 to 359, which has deletions of both coiled-
coil region 1 [CR1] and CR2), Hexim1�CR2 (containing a shorter
deletion of the C-terminal domain [only CR2] including residues
315 to 359), and Hexim1�BR (containing a mutation of the basic
region [BR], which impairs 7SK RNA binding) (Fig. 3D). Full-
length Strep-tagged PPM1G (PPM1G:S) or empty beads were in-
cubated with the FLAG-tagged full-length (FL) Hexim1 protein or
domains expressed and purified from HEK 293 cells in the pres-
ence of RNase, and after Strep-Tactin AP, interacting domains
were screened by Western blot analysis. We observed that in ad-
dition to Hexim1, �N, �CR2, and �BR still interact with Hexim1.
However, deletion of both CR1 and CR2 (�C construct) did not
interact with Hexim1, thereby indicating that the Hexim1 CR1
domain (residues 286 to 314) is responsible for PPM1G binding in
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FIG 3 PPM1G interacts with Hexim1 and assembles onto 7SK RNA to block P-TEFb binding and 7SK snRNP formation. (A) Affinity purification of
Strep-tagged PPM1G and Hexim1–P-TEFb (FLAG-Hexim1, Strep-CycT1, and untagged Cdk9). Proteins were electrophoresed on an SDS-PAGE gel and silver
stained. (B) Gel shift assays with full-length 7SK RNA and increasing amounts of PPM1G (left), the Hexim1/P-TEFb complex (middle), and 7SK RNA-bound
Hexim1-P-TEFb with increasing amounts of PPM1G (right). (C) Hexim1 binds PPM1G. FLAG-tagged PPM1G (PPM1G:F) was transfected with (�) or without
(�) Strep-tagged Hexim1 (Hexim1:S) into HEK 293T cells. Protein lysates treated with (�) or not treated with (�) RNase were used for Strep-Tactin affinity
purifications (Strep AP) of Hexim1 and analyzed by Western blotting with the indicated antibodies. (D) Scheme of full-length (FL) Hexim1 and domains
alongside their respective biochemical properties in relation to 7SK RNA, P-TEFb, and PPM1G binding (derived from the data shown in panel E). BR denotes
the basic region, and AR denotes the acidic region in Hexim1. (E) PPM1G contacts the Hexim1 CR1 domain in vitro. Strep-tagged PPM1G (PPM1G:S) and
FLAG-tagged Hexim1 (FL or domains) were purified from HEK 293T cells (inputs). Proteins were used for an in vitro Strep-binding assay where Strep-tagged
PPM1G coupled to beads (or empty beads [�]) was incubated with FL Hexim1 or domains in the absence of 7SK RNA, and elutions were analyzed by Western
blotting. (F) PPM1G associates with Hexim1 to block P-TEFb binding in vitro. The indicated proteins or protein complexes were bound to beads and incubated
with P-TEFb in the presence of 7SK RNA (because it is needed for the Hexim1–P-TEFb interaction) and analyzed by Western blotting. (G) Proposed model where
PPM1G associates with Hexim1 on 7SK RNA stem I (referred to as 7SK-PPM1G snRNP) to block Hexim1-mediated P-TEFb recruitment and formation of the
7SK snRNP complex.
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the absence of 7SK RNA (Fig. 3E), consistent with the coimmu-
noprecipitation data shown in Fig. 3C.

Interestingly, it is known that the Hexim1 CR1 domain (Fig. 3D)
mediates its interaction with P-TEFb to assemble the 7SK snRNP and
inhibit transcription (36). This indicates that the assembly of PPM1G
with Hexim1 (through its CR1 domain) may be crucial in preventing
the Hexim1–P-TEFb protein-protein interaction. To test this possi-
bility and also to determine if the catalytic activity of PPM1G is re-
quired for this effect, we immobilized Strep-tagged Hexim1, Hexim1
bound to FLAG-tagged WT PPM1G or to a catalytically inactive mu-
tant (D496A), or unbound controls (empty beads) and incubated
them with purified Strep-tagged P-TEFb in an in vitro binding assay
in the presence of 7SK RNA (because of the RNA dependence of the
Hexim1–P-TEFb interaction). Interestingly, we found that Hexim1
binds P-TEFb, but conversely, preincubation of Hexim1 with
PPM1G or the D496A mutant can block (in a dose-dependent man-
ner) P-TEFb recognition (Fig. 3F), thus providing evidence that the
PPM1G interaction with the Hexim1 CR1 domain prevents P-TEFb
recruitment in vitro, despite the presence of 7SK RNA. Given that the
catalytic activity of PPM1G is required for the release of P-TEFb from
the 7SK snRNP complex but is not needed to prevent P-TEFb asso-
ciation with Hexim1, PPM1G may block the P-TEFb-binding site on
Hexim1 through steric hindrance.

Together, the data indicate that PPM1G assembles a complex
with 7SK RNA and Hexim1 (7SK-PPM1G snRNP), thus blocking
the P-TEFb/Hexim1/7SK RNA interaction and 7SK snRNP for-
mation in vitro (Fig. 3G). Below, we elucidate the significance of
this molecular interaction in the context of signal-dependent in-
ducible transcriptional programs in vivo.

PPM1G binds 7SK RNA transiently in response to DNA
damage. If the PPM1G-7SK protein-RNA interaction was func-
tional in the context of transcription, we would expect to observe
changes in this interaction in response to signal-dependent tran-
scription activation. Given that PPM1G is involved in the DDR
pathway (32, 33), and NF-�B mediates transcriptional activation
in response to DNA damage (47, 48), we further investigated the
role of the PPM1G-7SK RNA interaction in the context of tran-
scriptional programs activated in response to genotoxic stress
(Fig. 4). To study this, we established an assay that recapitulates
DNA damage in tissue cultures using etoposide, a well-known
DNA-damaging agent that directly interferes with topoisomerase
I DNA unwinding and thus triggers a rapid generation of double-
strand breaks (DSBs) (49–51). We used etoposide concentrations
that mimic peak plasma levels of circulating chemotherapy agents
in cancer patients (�50 �M) (52) and monitored its DNA-dam-
aging effect by measuring phosphorylation levels of the histone
variant H2AX at residue Ser139 (known as 	H2AX) (50). In this
system, HeLa cells treated with etoposide showed a rapid increase
(as early as 15 min posttreatment) and persistence in levels of
	H2AX (Fig. 4A), consistent with data from previous reports (47).

Using this approach, we first asked whether the PPM1G-7SK
RNA interaction is modulated in cells in response to etoposide. To
monitor the protein-RNA interaction in cells, we used an RNA
immunoprecipitation (X-RIP) assay by fixing etoposide-treated
cells with formaldehyde to trap in vivo interactions and prevent
the reassortment of protein-RNA complexes in vitro (39, 53). In-
terestingly, we observed that etoposide causes a rapid (15 to 30
min) increase (�2.5- to 3-fold) in bulk levels of PPM1G-7SK

FIG 4 PPM1G interacts directly and transiently with 7SK RNA in response to DNA damage. (A) Etoposide induces rapid DNA damage in HeLa cells.
Induction of the DNA damage response (as shown by the accumulation of the DNA damage marker 	H2AX) in HeLa cells treated with etoposide over a
time course is shown. (B) RIP assay (X-RIP) showing the kinetics of the PPM1G-7SK snRNP interaction in response to etoposide treatment. HeLa cells
were treated with etoposide as described above for panel A and cross-linked with formaldehyde, and endogenous PPM1G was immunoprecipitated to
monitor the interaction between PPM1G and 7SK RNA by qRT-PCR (means � standard errors of the means; n � 3). (C) UV RIP showing direct
interactions between PPM1G and 7SK RNA in response to etoposide treatment. HeLa cells were treated with etoposide (�) or DMSO (�), endogenous
PPM1G was immunoprecipitated after UV treatment, and levels of PPM1G-bound 7SK RNA were quantified by qRT-PCR (means � standard errors of
the means; n � 3). (D) The Lys-rich region of catalytically active PPM1G directs the interaction with 7SK RNA in response to etoposide. WT, �Lys, and
catalytically dead D496A mutant PPM1G proteins or an empty vector was transfected into HeLa cells, and cells were subsequently treated with etoposide
and UV cross-linked. Levels of coimmunoprecipitating 7SK RNA were quantified by qRT-PCR (means � standard errors of the means; n � 3). (E)
Western blot analyses of lysates of HeLa cells transfected with an empty vector, Strep-tagged PPM1G, and the �Lys and catalytically dead (D496A)
mutants, as described above for panel D.
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RNA interactions (Fig. 4B) that temporally correlate with the on-
set of 	H2AX phosphorylation (Fig. 4A). Unlike 	H2AX, the in-
teraction between PPM1G and 7SK RNA was rapidly reversed
after 60 min of etoposide treatment (Fig. 4B), demonstrating that
PPM1G is inducibly recruited to 7SK RNA after DNA damage and
that the interaction is reversible.

Despite the observed interaction between PPM1G and 7SK
RNA in cells using X-RIP, this assay does not provide evidence of
direct protein-RNA interactions. To test whether PPM1G binds
7SK RNA directly, we performed UV cross-linking RIP (UV-RIP)
(39) followed by RNA quantitation using qRT-PCR. With this
method, which specifically cross-links proteins to nucleic acids in
vivo, we observed that endogenous PPM1G coimmunoprecipi-
tates with 7SK RNA in response to a short (30-min) etoposide
treatment (Fig. 4C), demonstrating a direct interaction between
PPM1G and 7SK RNA in response to the stimulus. To further
provide evidence that the Lys-rich region in PPM1G is responsible
for directly contacting 7SK RNA, we transfected HEK 293T cells
with Strep-tagged PPM1G, �Lys, or an empty plasmid and mea-
sured the levels of coimmunoprecipitated 7SK RNA by qRT-PCR.
Remarkably, we observed that deletion of the Lys-rich domain
(PPM1G�Lys) abolishes 7SK RNA binding in response to etopo-
side treatment (Fig. 4D) without affecting protein steady-state
levels (Fig. 4E). These data demonstrate that the polybasic motif is
necessary and sufficient for 7SK RNA binding in cells in response
to DNA damage, in agreement with our in vitro interaction data
(Fig. 1).

To define whether the catalytic activity of PPM1G is required for
binding 7SK RNA in response to etoposide, we transfected cells with
a catalytically dead phosphatase mutant (D496A) and observed that
this nonfunctional mutant is unable to bind RNA in response to stim-
uli in cells (Fig. 4D), even though it is correctly expressed (Fig. 4E).
However, in vitro, the binding affinity of the recombinant D496A
mutant was similar to that of WT PPM1G (see Fig. S2 at http://www
.utsouthwestern.edu/labs/dorso/research/lab-projects.html). Togeth
er, the data suggest that in response to a stimulus, both molecular
events (PPM1G-mediated release of P-TEFb from 7SK snRNP and
7SK RNA binding post-kinase release) are temporally coupled.

PPM1G regulates NF-�B-mediated 7SK RNA-dependent Pol
II transcription in response to DNA damage. Given that DNA
damage activates the NF-�B signaling pathway and that
PPM1G is a transcriptional coactivator of NF-�B, we investi-
gated the role of the PPM1G-7SK RNA interaction in the con-
text of transcription activation in response to DNA damage.
Upon the use of induction stimuli, NF-�B translocates from
the cytoplasm to the nucleus to activate proinflammatory genes
in a P-TEFb-dependent manner (15, 26). Consistent with data
from those reports, several NF-�B target genes, such as the IL-8
and tumor necrosis factor alpha (TNF-
) genes, are rapidly
activated in HeLa cells in response to etoposide without inter-
fering with the expression of nonresponsive, or housekeeping,
genes (Fig. 5A and data not shown). Importantly, in the pres-
ence of a paninhibitor that blocks IKK (inhibitor of �B kinase),
an upstream activating kinase of the NF-�B signaling pathway,
IL-8 is not activated in response to etoposide, demonstrating
that NF-�B is indeed the master transcriptional regulator (see
Fig. S3 at http://www.utsouthwestern.edu/labs/dorso/research
/lab-projects.html). Synthesis of IL-8 RNA increases gradually
upon etoposide treatment, with a maximum at 120 min post-
treatment. Therefore, we used this time point to examine the

effect of PPM1G knockdown (KD) on IL-8 gene expression.
Expectedly, PPM1G knockdown decreased IL-8 gene expres-
sion in response to etoposide by �5-fold (Fig. 5B). If PPM1G
functions through the 7SK snRNP to activate IL-8 gene tran-
scription, we would expect that the KD of P-TEFb affects IL-8
induction in response to etoposide. We found that RNAi-me-
diated KD of Cdk9, using a previously validated siRNA (26),
abolished (like PPM1G KD) IL-8 induction in response to eto-
poside but without affecting basal levels (Fig. 5B). Together,
these data indicate that IL-8 expression in response to DNA
damage is regulated by both PPM1G and P-TEFb.

To test whether PPM1G and NF-�B (RelA/p65 subunit) are core-
cruited to the IL-8 promoter in response to etoposide, we performed
ChIP assays on HeLa cells treated with etoposide for various times
(7.5, 15, 30, and 60 min) preceding peak RNA synthesis (120 min)
(Fig. 5A). Similar to the increased NF-�B occupancy detected at the
IL-8 promoter upon etoposide treatment, there was a rapid and tran-
sient recruitment of PPM1G with a peak at 15 min (Fig. 5C), which
precedes the kinetics of PPM1G-7SK RNA interaction (peak at 30
min) (Fig. 4B) and IL-8 gene expression (peak at 120 min) (Fig. 5A).
The profile of PPM1G recruitment to the IL-8 locus in response to
DNA damage is specific for the promoter because we were unable to
detect significant enrichment over background levels at two promot-
er-distal regions located either upstream of the transcription start site
(TSS) (position �2891) or within the IL-8 gene (position �2464)
(see Fig. S4 at http://www.utsouthwestern.edu/labs/dorso
/research/lab-projects.html).

Like NF-�B and PPM1G, Pol II and Cdk9 were strongly re-
cruited to the IL-8 promoter, with their levels peaking at 15 min
after-etoposide treatment and gradually resetting to those under
basal conditions. Expectedly, Pol II levels at the gene body in the
absence of stimuli were undetectable. However, both Pol II and
Cdk9 (which travels with Pol II) levels were increased in the gene
body in response to etoposide (Fig. 5C), in agreement with in-
creased transcription elongation in response to stimuli. PPM1G
and NF-�B were not detected at the gene body, thus revealing that
they are recruited to the promoter only in response to stimuli and
do not travel with elongating Pol II (Fig. 5C).

Furthermore, the occupancy of the inhibitory 7SK snRNP
components (Hexim1 and Larp7) at the promoter decreased sig-
nificantly with etoposide treatment (�2- to 8-fold depending on
the time point evaluated) and was temporally correlated with
PPM1G recruitment (Fig. 5C). The snRNP complex was detected
at the promoter but not at the gene body, consistent with previ-
ously reported data (25–27). More importantly, the peak of 7SK
snRNP eviction from the promoter was observed after PPM1G
recruitment (15 to 30 min) but before the maximum increase in
the formation of the 7SK-PPM1G snRNP complex, thus provid-
ing evidence that these molecular events are intimately linked,
both kinetically and functionally.

Of note, we found that low levels of P-TEFb and the 7SK
snRNP (Hexim1 and Larp7) were detected at the promoter before
stimulation, probably to rapidly promote the first round of tran-
scription elongation in response to etoposide. However, increased
levels of Cdk9 were detected at the promoter in response to the
stimuli but without an evident increase in the 7SK snRNP level.
The fact that more Cdk9 was detected during activation is consis-
tent with the model where additional P-TEFb is recruited to the
promoter from the nucleoplasmic pool to stimulate multiple
rounds of elongation. Because the 7SK snRNP complex is enzy-
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FIG 5 PPM1G controls transcription of 7SK snRNP-regulated NF-�B target genes in response to DNA damage. (A) Transcription of NF-�B target genes (IL-8
gene) in response to etoposide. HeLa cells were treated with etoposide over a time course, and RNA was isolated for quantitation of gene expression by qRT-PCR.
The expression level of IL-8 was normalized to that of �-actin (means � standard errors of the means; n � 3). (B) KD of PPM1G and Cdk9 abolishes transcription
of the IL-8 gene in response to etoposide. HeLa cells were transfected with nontarget control, PPM1G, or Cdk9 siRNAs for 48 h to knock down the indicated
proteins, followed by treatment with etoposide (�) or DMSO (�) for 120 min. Total RNA was extracted, and IL-8 gene expression was quantified by qRT-PCR
(means � standard errors of the means; n � 3). The bottom panel shows Western blotting for validation of the RNAi-mediated KD. (C) ChIP assay showing levels of
NF-�B, PPM1G, Pol II, and 7SK snRNP components (Cdk9, Hexim1, and Larp7) at the IL-8 promoter and gene body in response to a time course of etoposide treatment
(means � standard errors of the means; n � 3). Normal serum (IgG) was used as a negative control to demonstrate the specificity of enrichment with the antibodies used.
(D) Kinetic plots for IL-8 gene expression (as determined by qRT-PCR as described above for panel A), PPM1G recruitment to the IL-8 promoter (as determined by ChIP
as described above for panel C), and PPM1G-7SK RNA interactions (as determined by an X-RIP assay as described for Fig. 4B) in HeLa cells in response to etoposide.
Note that the time scale (x axis) is on a log2 scale for better data visualization.
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matically disassembled at the promoter, only Cdk9 that is loaded
onto Pol II, but not the inhibitory snRNP components (Hexim1
and Larp7), is readily detected (Fig. 5C).

In summary, the kinetics of PPM1G recruitment to the IL-8
gene promoter in response to etoposide precedes the increase in
bulk levels of the PPM1G-7SK RNA complex and peak gene ex-
pression (Fig. 5D). Interestingly, both PPM1G-promoter and
PPM1G-7SK RNA interaction steps precede RNA synthesis, are
transient and reversible, and show a similar unimodal “binding/
unbinding” distribution (Fig. 5D). These results are consistent
with a model in which PPM1G couples the disassembly of the
promoter-bound 7SK snRNP with 7SK RNA binding to initiate
and sustain the NF-�B transcriptional program in response to
DNA damage.

PPM1G functions downstream of NF-�B and Pol II recruit-
ment to gene promoters to induce 7SK snRNP disassembly and
Pol II elongation in response to DNA damage. Given that
PPM1G appears to be important in the induction of P-TEFb-
dependent NF-�B target genes, such as the IL-8 gene, in response
to DNA damage (Fig. 5), we examined the functional conse-
quences of the loss of PPM1G on the activation kinetics of these
genes (Fig. 6). Because excessive siRNA-mediated knockdown of
PPM1G in HeLa cells causes abnormal growth, which impeded us
from obtaining a large number of cells, we switched to an induc-
ible-RNAi approach (see Materials and Methods). In this system,
HeLa cells were transduced with self-inactivating lentiviruses ex-
pressing IPTG-inducible nontarget shRNA (NTsh) or PPM1G
shRNA (PPM1Gsh). After 72 h of IPTG induction of shRNAs,
cells were treated with etoposide for different times (0, 7.5, 15, 30,
and 60 min) to analyze effects at the level of gene expression and
the dynamics of NF-�B, PPM1G, 7SK snRNP, and Pol II recruit-
ment to target genes.

Despite the efficient PPM1G KD, we did not observe profound
changes in bulk protein levels for the transcription factor NF-�B
and cofactors required for target gene activation, including Pol II,
Cdk9, Hexim1, and Larp7 (Fig. 6A). Importantly, the etoposide
treatment functioned as expected based on the appearance of the
DNA damage marker 	H2AX. Different from the NTsh cell line,
the PPM1Gsh line showed a slight increase in the level of 	H2AX
in the absence of etoposide treatment (time zero), owing to
PPM1G’s role in endogenous DNA repair (33; R. P. McNamara
and I. D’Orso, unpublished data). Despite these slight increases in
endogenous DNA damage as well as basal IL-8 RNA levels (�3.2-
fold [data not shown]), which were similar to those in the siRNA-
mediated RNAi experiment (Fig. 5B), PPM1G KD largely reduces
IL-8 expression over time (�4-fold) in response to etoposide
(Fig. 6B).

Having established the inducible RNAi system to define the
importance of PPM1G in the induction of NF-�B target genes in
response to DNA damage, we asked whether the loss of PPM1G
affects 7SK snRNP disassembly at the promoter and Pol II elon-
gation, thus conferring reduced induction in response to stimuli
(Fig. 6B). To examine this, we performed detailed analysis of the
kinetics of NF-�B and cofactor occupancy at the IL-8 locus in both
the NTsh and PPM1Gsh cell lines. Expectedly, PPM1G was rap-
idly recruited (15 min) to the IL-8 promoter but not to the gene
body in response to etoposide in the NTsh, but not in the
PPM1Gsh, cell line. These data are consistent with the ChIP data
for HeLa cells in the absence of RNAi (Fig. 5C). Importantly, while
the dynamics of NF-�B and Pol II recruitment to the promoter

remained mostly unaffected, Cdk9 levels were increased (�3- to
5-fold at between 15 and 30 min post-etoposide treatment) at the
IL-8 promoter in response to DNA damage only in the NTsh cell
line, indicating that 7SK snRNP disassembly promotes further
Cdk9 recruitment for multiple rounds of elongation. Consis-
tently, the snRNP (Hexim1 and Larp7) was normally disassem-
bled at the promoter of the NTsh cell line in response to etoposide,
but levels remained more constant in the PPM1Gsh cell line, in-
dicating that in the absence of PPM1G, the 7SK snRNP is not
properly ejected, and levels of Cdk9 (promoter-bound 7SK
snRNP) remain low. Even when Pol II recruitment to the pro-
moter remained very similar, Pol II did not efficiently transition
into the elongation phase because the level of Pol II occupancy in
the gene body in PPM1Gsh cells was �3-fold lower than that in
NTsh cells (Fig. 6C). In addition, the ChIP data demonstrate that
NF-�B, PPM1G, and 7SK snRNP binding is restricted to the IL-8
promoter but not to the gene body. As a ChIP control, normal IgG
showed no enrichment in the promoter or gene body, thus reveal-
ing the specificity of the antibodies used.

Collectively, the data indicate that the loss of PPM1G interferes
with Pol II transition into the elongation phase because of reduced
7SK snRNP disassembly and Cdk9 activity at the promoter. How-
ever, importantly, the loss of PPM1G does not affect NF-�B and
Pol II recruitment to the promoter in response to the stimuli.

PPM1G is required for NF-�B-mediated Pol II transcription
elongation at other target genes. Given that we found a critical
role for PPM1G in the NF-�B-mediated induction of IL-8 in re-
sponse to etoposide, we asked whether other target genes are also
regulated by a similar mechanism. We selected a few target genes,
including the A20/TNFAIP3 gene (which encodes a deubiquiti-
nase required to shut off the NF-�B signaling pathway) and ana-
lyzed their activation in the inducible RNAi system discussed
above (NTsh and PPM1Gsh). Remarkably, we found that A20 is
rapidly induced by etoposide (peaking at 15 min) in the NTsh cell
line but that its expression is virtually impaired in the PPM1Gsh
cell line (�3- to 4-fold decrease compared with the control) (Fig.
7A). Of note, A20 was more rapidly induced than IL-8, with a peak
at 15 to 30 min post-etoposide treatment.

Because PPM1G appears to be involved in the NF-�B-medi-
ated induction of A20 in response to etoposide, we performed
ChIP assays to examine NF-�B, PPM1G, 7SK snRNP, and Pol II
recruitment dynamics at two sites within the A20 locus (promoter
and gene body). Similar to the results with the IL-8 gene, the loss
of PPM1G did not have much of an effect on the kinetics or levels
of NF-�B and Pol II recruitment to the promoter-proximal re-
gion, but Pol II levels in the gene body were increased (�2- to
3-fold) in response to etoposide only in the NTsh cell line, indi-
cating that PPM1G is required for the Pol II transition to the
elongation phase. Expectedly, PPM1G was recruited to the A20
promoter region only in the NTsh, but not in the PPM1Gsh, cell
line (Fig. 7B). Moreover, while the loss of PPM1G did not affect the
levels of Cdk9 and inhibitory 7SK snRNP components (Hexim1 and
Larp7) recruited to the A20 promoter in the absence of stimuli, the
ejection of the snRNP components from the promoter in response to
etoposide was mostly impaired, consistent with the loss of further
Cdk9 recruitment (probably from the nucleoplasmic pool) to the
promoter. In agreement, Cdk9 levels detected in the gene body in
response to etoposide dropped between�1.5- and 5-fold (depending
on the time of treatment) in the PPM1Gsh cell line. Similar to the
ChIP data for the IL-8 locus, normal IgG serum showed a very low
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level of enrichment at the A20 loci, thus revealing the specificity of all
the antibodies used (Fig. 7B).

Together, we have identified two NF-�B target genes that are con-
trolled by PPM1G at the elongation step, thus suggesting that this

regulatory mechanism might be more common than expected. Un-
doubtedly, further genome-wide experiments are required to deter-
mine how widespread this regulatory mechanism is and to identify all
target genes within the NF-�B transcriptional program.

FIG 6 PPM1G functions downstream of NF-�B and Pol II recruitment to gene promoters to induce 7SK snRNP disassembly and Pol II elongation in response to DNA
damage. (A) HeLa cells were transduced with lentiviruses (pLKO) inducibly expressing nontarget (NTsh) or PPM1G (PPM1Gsh) shRNAs, induced with IPTG for 3 days,
and treated with etoposide. PPM1G KD efficiency, induction of DNA damage (	H2AX), and stability of transcriptional components were evaluated by Western blotting
over time. (B) PPM1G KD antagonizes IL-8 gene expression in response to etoposide. The cell lines from panel A were used for total RNA extraction, and IL-8 gene
expression in response to etoposide was quantified by qRT-PCR (means � standard errors of the means; n � 3). The data were normalized to levels of the �-actin
transcript. (C) ChIP assay of cell lines from panel A showing levels of NF-�B, PPM1G, Pol II, and 7SK snRNP components (Cdk9, Hexim1, and Larp7) at the IL-8
promoter-proximal region (�10 amplicon) and gene body (�2464 amplicon) in response to a time course of etoposide treatment (means � standard errors of the
means; n � 3). Normal serum (IgG) was used as a negative control to demonstrate the specificity of enrichment with the antibodies used.
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PPM1G-7SK RNA interaction and PPM1G-dependent
NF-�B transcription in response to DNA damage are regulated
by the ATM kinase. PPM1G has been shown to play a major role
in the DDR pathway, where ataxia telangiectasia mutated (ATM)

kinase-dependent phosphorylation of PPM1G is required for its
activation (33, 54). ATM activation and phosphorylation of its
substrates are two of the primary responses to DNA damage.
Through ATM signaling, the cell activates multiple pathways to

FIG 7 PPM1G is required for NF-�B-mediated Pol II transcription elongation at the A20 gene in response to etoposide. (A) PPM1G KD abolishes A20 gene
expression in response to etoposide. The cell lines from Fig. 6A (HeLa NTsh and PPM1Gsh) were used for total RNA extraction, and A20 gene expression in
response to etoposide was quantified by qRT-PCR (means � standard errors of the means; n � 3). The data were normalized to levels of the �-actin transcript.
(B) ChIP assay of cell lines from Fig. 6A showing levels of NF-�B, PPM1G, Pol II, and 7SK snRNP components (Cdk9, Hexim1, and Larp7) at the A20
promoter-proximal region (�27 amplicon) and gene body (�17751 amplicon) in response to a time course of etoposide treatment (means � standard errors
of the means; n � 3). Normal serum (IgG) was used as a negative control to demonstrate the specificity of enrichment with the antibodies used.
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facilitate DSB repair, activation of cell cycle checkpoints, and in-
duction of NF-�B-activated prosurvival genes (48, 55–57). We
therefore asked whether NF-�B-mediated IL-8 gene activation in
response to etoposide treatment is controlled by the ATM kinase.
To assess this, we treated HeLa cells with a well-characterized
ATM inhibitor (ATMi) (KU55933) or vehicle (DMSO) for 120
min, followed by treatment with etoposide or DMSO for different
times (Fig. 8A). To validate that ATMi indeed inhibited ATM
activity, we monitored the 	H2AX signal in response to short-
term etoposide treatment. Indeed, pharmacological inhibition of
ATM virtually abolished 	H2AX after etoposide treatment (Fig.
8B), consistent with previously reported data (47). Using this sys-
tem, we monitored IL-8 gene expression in the presence of etopo-
side or DMSO in cells pretreated or not pretreated with ATMi by
qRT-PCR (Fig. 8A). Expectedly, treatment with ATMi drastically
abrogated transcription from the IL-8 promoter in response to
DNA damage (Fig. 8C; see also Fig. S5 at http://www
.utsouthwestern.edu/labs/dorso/research/lab-projects.html),
thus providing evidence that NF-�B-mediated IL-8 induction
upon genotoxic stress requires the ATM kinase.

The idea that ATM is required for the phosphorylation of
PPM1G at specific SQ/TQ motifs (54, 58) prompted us to test if
ATM regulates the PPM1G-7SK RNA interaction. To test this hy-
pothesis, we performed an X-RIP assay on cells treated with eto-
poside in the presence and absence of an ATMi. Interestingly, we
found that upon etoposide treatment, PPM1G’s inducible recruit-
ment to 7SK RNA is lost in the presence of ATMi (Fig. 8D). This
supports the model that the ATM kinase plays an important role
in regulating the interaction between PPM1G and 7SK RNA (as
part of the inhibitory snRNP) in response to DNA damage.

Previous studies reported that etoposide triggers PPM1G
phosphorylation at residue S183, which is part of a canonical
ATM-regulated SQ motif (33). To investigate the functional rele-
vance of this posttranslational modification and the role of ATM
in the PPM1G-7SK RNA interaction, we further evaluated the
mechanisms. First, to test whether PPM1G is phosphorylated at
S183 (pS183) in response to etoposide, we transfected HeLa cells
with Strep-tagged WT PPM1G or the S183A mutant and exam-
ined their expression and relative site-specific phosphorylation by
Western blotting. Interestingly, we found that etoposide triggers
rapid (30 min) phosphorylation of PPM1G at residue S183 using
a phospho-specific antibody (pS183), but pretreatment with an
ATMi completely eliminated this event (Fig. 8E). As a control, we
transfected a point mutant (S183A) and observed no phosphory-
lation, thus revealing the specificity of the antibody used. To fur-
ther evaluate the role of ATM in this pathway, we performed an in
vitro kinase assay where the Strep-tagged WT PPM1G or S183A
mutant protein was incubated with ATM and monitored PPM1G
phosphorylation by Western blotting with the phospho-specific
PPM1G antibody (pS183). In agreement with the data from the
pharmacological inhibition experiment, ATM indeed mediated
PPM1G phosphorylation at S183, and mutation of this residue
(S183A) abrogated detection with the phospho-specific antibody
(Fig. 8F).

Our above-described findings suggested that ATM regulates
the PPM1G-7SK RNA interaction in response to DNA damage
(Fig. 8D). To evaluate the functional role of ATM-mediated site-
specific PPM1G phosphorylation, we transfected HeLa cells with
the Strep-tagged WT PPM1G or S183A mutant protein, treated
the cells with etoposide or DMSO, and performed X-RIP assays to

monitor levels of PPM1G-7SK RNA interactions. We found that
PPM1G-7SK RNA levels increase �8-fold upon short-term eto-
poside treatment and that the S183A mutation decreased the pro-
tein-RNA interaction to �2.5-fold, demonstrating that ATM-me-
diated S183 phosphorylation on PPM1G is an important
regulatory step in the mechanism of interaction between PPM1G
and 7SK RNA in cells (Fig. 8G). To further examine the role of this
mutation in the activation of NF-�B transcription, we performed
an RNAi rescue assay in which the siRNA-resistant WT PPM1G
and S183A mutant proteins were transfected after knockdown of
endogenous PPM1G. While the ectopic expression of WT PPM1G
rescued IL-8 induction, the S183A mutant played a dominant neg-
ative role in blocking the activation of this NF-�B target gene (Fig.
8H). Together, we provide compelling evidence that ATM kinase
promotes the PPM1G-7SK snRNP interaction through site-spe-
cific PPM1G phosphorylation to facilitate NF-�B gene activation
in response to DNA damage.

To further investigate the requirement for the S183 residue in the
context of P-TEFb dephosphorylation/release from the snRNP com-
plex and 7SK RNA binding, we affinity purified the WT and the
S183A mutant (Fig. 8I). Using an in vitro binding assay and gel shift
analysis, we observed that both the WT and S183A proteins bind 7SK
RNA with nearly identical affinities (Kd

app values of 0.49 and 0.48
�M, respectively) (Fig. 8J and K), similar to the catalytically dead
D496A mutant (see Fig. S2 at http://www.utsouthwestern.edu/labs
/dorso/research/lab-projects.html). Taken together, while the S183
residue does not play any direct role in PPM1G’s ability to bind 7SK
RNA in vitro, it serves as a site of ATM phosphorylation to regulate
7SK snRNP binding in vivo in response to DNA damage.

Since PPM1G catalytic activity is required for 7SK RNA
binding post-P-TEFb release from the snRNP complex (Fig.
4D), we next further examined whether the reduced binding of
the S183A mutant to 7SK RNA in response to etoposide is due
to its compromised catalytic activity (Fig. 8G). To test this, we
performed kinetic experiments using para-nitrophenyl phos-
phate (pNPP), a widely used phosphatase substrate, to deter-
mine whether the S183 mutation has altered kinetic parameters
(Km and Vmax). We observed that both the WT and S183A
proteins have very similar, if not identical, Km and Vmax values
(Fig. 8L), in contrast to the D496A mutant, demonstrating that
S183 does not contribute to the catalytic activity of the phos-
phatase on this substrate.

Because pNPP is an artificial substrate, we examined the effi-
ciency of both the WT and the S183A mutant on a natural sub-
strate (Cdk9) as part of the P-TEFb complex and found that both
proteins can dephosphorylate the T-loop (pT186) of Cdk9 after 30
min of incubation with the substrate (Fig. 8M).

Given that Cdk9 T-loop dephosphorylation is required for P-
TEFb’s release from the 7SK snRNP, we examined whether the
S183A mutant can couple the dephosphorylation of Cdk9’s T-
loop with its release from the inhibitory snRNP. To test this pos-
sibility, we performed an in vitro dephosphorylation-release assay
as previously described (26). Purified snRNP was incubated with
the WT or the S183A mutant under dephosphorylation condi-
tions, and P-TEFb was then purified by using FLAG beads to sep-
arate bound and unbound Cdk9 (pellet and supernatant, respec-
tively). Using this assay, we found that mutation of the S183
residue in PPM1G does not alter its ability to dephosphorylate/
release the P-TEFb kinase from the snRNP complex (Fig. 8N) or
its 7SK RNA-binding potential (Fig. 8J and K).
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FIG 8 PPM1G-7SK RNA interaction and activation of NF-�B transcription in response to DNA damage are ATM kinase dependent. (A) Scheme showing the
protocol used to pretreat HeLa cells with ATMi (or DMSO as a control) for 120 min, followed by a time course of etoposide treatment or DMSO. (B) Validation
of ATM inhibition with an ATMi by Western blotting with 	H2AX antibody. HeLa cells were pretreated for 120 min with an ATMi or DMSO as a control,
followed by a 120-min etoposide or DMSO treatment. Cell pellets were used for Western blotting with the indicated antibodies (�-actin was used as a loading
control). (C) ATM inhibition blocks NF-�B transcription (IL-8 gene) from HeLa cells in response to etoposide. Cells were pretreated with an ATMi or vehicle
(DMSO) for 120 min and sequentially treated with etoposide or vehicle (DMSO) for the time points indicated. Total RNA was then extracted, and the IL-8 gene
expression level, normalized to the �-actin level, was calculated by qRT-PCR (means � standard errors of the means; n � 3). (D) ATM inhibition abolishes the
PPM1G-7SK protein-RNA interaction in response to etoposide. HeLa cells were pretreated (�) or not pretreated (�) with an ATMi (120 min), followed by a
30-min treatment with etoposide or DMSO (�). Cells were cross-linked with formaldehyde, and endogenous PPM1G was immunoprecipitated to quantify the
levels of coprecipitated 7SK RNA in response to etoposide by qRT-PCR (means � standard errors of the means; n � 3). (E) PPM1G is phosphorylated at Ser183
(S183) in response to etoposide, and an ATMi blocks site-specific PPM1G phosphorylation (pS183) upon etoposide treatment. HeLa cells were transfected with
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Collectively, the above-described data support a model in
which ATM-mediated phosphorylation of PPM1G at S183 is re-
quired for the recruitment of PPM1G to the 7SK snRNP to regu-
late NF-�B-mediated Pol II transcription elongation in response
to DNA damage.

Functional interplay between PPM1G, the 7SK snRNP, and
the ATM kinase during activation of the NF-�B transcriptional
program in response to DNA damage. Our findings are consis-
tent with a model in which an initial DNA damage insult (DSB) is
recognized and the ATM kinase is activated, which in turn phos-
phorylates a number of substrates, including the histone variant
H2AX (	H2AX), at the site of DNA damage (Fig. 9). Concur-
rently, ATM phosphorylates and activates IKK in the cytoplasm,
which in turn phosphorylates the NF-�B inhibitor (I�B), trigger-
ing its ubiquitination (Ub) and proteasomal degradation and the
translocation of NF-�B to the nucleus (56). In this subcellular
compartment, NF-�B recruits its transcriptional coactivator
PPM1G to target gene promoters (such as the IL-8 and A20 pro-
moters) to dephosphorylate the 7SK snRNP-bound Cdk9 (P-
T186) (26), thus releasing P-TEFb to induce phosphorylation of
the Pol II CTD, which is paused in the vicinity of the transcription
start site (TSS). Simultaneously, once P-TEFb is released from the
7SK snRNP complex and the inhibitory subunits are ejected from
the promoter, PPM1G undergoes site-specific phosphorylation
(P-S183), which promotes the assembly of the 7SK-PPM1G
snRNP. In this protein-RNA complex, PPM1G interacts with
Hexim1 (at its P-TEFb-binding domain), thereby preventing the
kinase-inhibitory function of Hexim1. These interactions directly
antagonize the P-TEFb reassociation with 7SK RNA and snRNP
complex formation, thereby sustaining the transcriptional pro-
gram (multiple rounds of elongation) until the insult is resolved.
Importantly, a combination of the these molecular events leads to
transcriptional activation and maintenance of several NF-�B pro-
inflammatory genes, resulting in the secretion of proinflamma-
tory cytokines, such as IL-8, which alert neighboring cells of the
damage, and the expression of factors such as A20/TNFAIP3,
which participate in a negative-feedback loop, leading to an atten-
uation of the NF-�B signaling/transcription pathway (59).

Collectively, we have identified a transcriptional mechanism
involving a master regulator (the ATM kinase), a substrate of
ATM (the PPM1G phosphatase), and a noncoding RNA-protein
complex (the 7SK snRNP), which participate in a novel transcrip-
tional regulatory network activated in response to DNA damage.

DISCUSSION

The relevance of P-TEFb in the activation of transcription elon-
gation programs is undisputed, yet the mechanisms through
which it maintains the active transcriptional state are poorly un-
derstood. In particular, it is unclear how P-TEFb is kept in the
kinase-active, 7SK-unbound state, once it becomes released from
the inhibitory snRNP complex during transcription activation. In
this article, we provide genetic and biochemical evidence of a mo-
lecular mechanism in which the PPM1G phosphatase (a novel
transcriptional coactivator [26]) regulates P-TEFb availability for
transcription elongation after mediating the disassembly of the
inhibitory 7SK snRNP complex. While other factors functioning
to promote transcription elongation through the 7SK snRNP were
recently identified, such as the JMJD6 demethylase, the bromodo-
main-containing protein BRD4, SR splicing factors, and the RNA
helicase DDX21 (27–29), our findings provide the first evidence
that a cellular enzyme functions to both activate and maintain
transcription elongation programs. In addition to the previously
reported roles for PPM1G in histone exchange, splicing, and DNA
damage repair (32, 40, 54), our findings indicate that PPM1G also
plays a critical role in the transcriptional regulation of NF-�B-
mediated Pol II transcription.

We demonstrated that in response to DNA damage, PPM1G is
rapidly recruited to NF-�B target gene promoters with kinetics
similar to those of the transcription factor NF-�B and Pol II. Upon
its recruitment, PPM1G dephosphorylates residue T186 in the
activating T-loop of Cdk9 (26), thereby releasing P-TEFb from its
endogenous inhibitors (Hexim1 and 7SK RNA) and allowing Pol
II phosphorylation and rapid activation of the transcription elon-
gation program. Interestingly, we found that once P-TEFb is re-
leased from the 7SK snRNP, PPM1G remains bound with Hexim1
on 7SK RNA (7SK-PPM1G snRNP complex) to prevent the reas-
sociation of P-TEFb on 7SK RNA, thereby blocking the formation
of the inhibitory snRNP complex. We propose that this step main-
tains high levels of active, free P-TEFb to sustain transcription
elongation. Remarkably, supporting this model, the PPM1G-7SK
RNA interaction is direct, kinetically follows the recruitment of
PPM1G to target gene promoters, and temporally precedes tran-
scription activation. It is noteworthy that this protein-RNA inter-
action is reversible, since PPM1G dissociates from the RNA upon
resolution of the transcriptional program. At this point, the equi-
librium shifts back to P-TEFb binding to Hexim1-7SK RNA and

Strep-tagged WT PPM1G or the S183A mutant and treated as described above for panel D. Proteins were affinity purified and used for Western blot assays with
the indicated antibodies. (F) PPM1G is phosphorylated by the ATM kinase at S183. Strep-affinity-purified WT PPM1G or the S183A mutant was incubated with
(�) or without (�) ATM kinase, and Western blot analyses (total PPM1G and the pS183 form) were performed. (G) Mutation of the Ser183 residue (S183A) in
PPM1G reduces the PPM1G-7SK RNA interaction in response to etoposide. HeLa cells were transfected with Strep-tagged WT PPM1G or the S183A mutant,
treated with etoposide (�) or DMSO (�) for 30 min, and cross-linked with formaldehyde, and a RIP assay (X-RIP) was performed to quantitate the association
between PPM1G and 7SK RNA by using qRT-PCR (means � standard errors of the means; n � 3). (H) Mutation of Ser183 in PPM1G (S183A) reduces activation
of IL-8 gene expression in response to etoposide. HeLa cells were transfected with siRNA-resistant (HS_PPM1G_6 [see Table S3 at http://www.utsouthwestern
.edu/labs/dorso/research/lab-projects.html]) Strep-tagged WT PPM1G or the S183A mutant and retransfected 24 h later with a PPM1G siRNA to knock down
endogenous PPM1G. Forty-eight hours later (at which time the PPM1G KD level was �80%), cells were treated with etoposide (�) or DMSO (�) for 120 min,
RNA was extracted, and IL-8 gene expression was quantified by qRT-PCR and normalized to the �-actin level (means � standard errors of the means; n � 3).
(I) Strep-tagged WT PPM1G and S183A mutant proteins were affinity purified and visualized by Coomassie staining. MK, protein molecular size marker. (J) Gel
shift assays with 7SK RNA and increasing amounts of WT PPM1G or the S183A mutant. (K) Binding curves for the gel shifts shown in panel J. (L) Determination
of the kinetic parameters Km and Vmax for WT PPM1G, the S183A mutant, and the catalytically dead mutant (D496A) on the phosphatase substrate pNPP. (M)
Purified P-TEFb was incubated with WT PPM1G or the S183A mutant under dephosphorylation conditions, and Cdk9 T-loop phosphorylation at Thr186
(pT186) was monitored by Western blotting. (N) The S183A mutation in PPM1G does not affect the enzymatic release of P-TEFb from the 7SK snRNP complex.
7SK-bound P-TEFb complexes were incubated with WT PPM1G or the S183A mutant under dephosphorylation conditions. Subsequent purification of P-TEFb
using FLAG beads was done to monitor released (supernatant) and retained (pellet) components by Western blotting.
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reassembly of the inhibitory 7SK snRNP complex, resetting the
transcriptional circuitry to the off state. Although the RIP assay
measures bulk levels of PPM1G-7SK RNA, and not gene-specific
interactions, using a temporal analysis of PPM1G recruitment to
gene promoters, in combination with RIP and gene expression
data, we provide compelling evidence for the proposed model.

Despite our previous report that PPM1G binds 7SK RNA (26),
the molecular and structural determinants involved in this inter-
action remained unknown. In this study, we showed that PPM1G
binds to a distal portion in 7SK RNA stem I, a critical element
through which Hexim1 interacts with P-TEFb to assemble the
inhibitory 7SK snRNP complex (42, 45, 46, 60, 61). Strikingly,
PPM1G bears a Lys-rich region that resembles the RNA-binding
motif of Hexim1 to recognize 7SK RNA (45). While Hexim1 binds
7SK RNA as a homodimer to sequester the P-TEFb kinase (21),
Hexim1 forms a heterodimer with PPM1G to block Hexim1-me-

diated P-TEFb recruitment to 7SK RNA and thus interfere with
the assembly of the inhibitory snRNP complex. Consistent with
this model, we showed that PPM1G interacts with coiled-coil re-
gion 1 (CR1) on the Hexim1 C-terminal domain, which is respon-
sible for P-TEFb binding, 7SK snRNP assembly, and inhibition of
transcription elongation (36, 37).

Since PPM1G by itself appears to bind the full-length RNA
with much higher affinity than that for stem I alone, it is possible
that several PPM1G monomers contact multiple high-affinity
(stem I) and low-affinity (stem III) binding sites and oligomerize
on the RNA. In addition, given that PPM1G also binds other 7SK
snRNP components (Larp7 and MePCE) (26), in vitro reconstitu-
tion experiments with this ribonucleoprotein complex are re-
quired to precisely define the stoichiometry of all subunits as well
as the assembly mechanism.

If the in vitro PPM1G-7SK interactions were relevant, we

FIG 9 Model depicting the functional interplay between PPM1G, the 7SK snRNP, and ATM kinase during the activation of the NF-�B transcriptional program
in response to DNA damage. In response to double-strand breaks (DSB), ATM activates the NF-�B signaling pathway through phosphorylation of the NEMO
subunit of the IKK complex, which in turn phosphorylates the NF-�B inhibitor (I�B), leading to its ubiquitination (Ub) and proteasomal degradation. NF-�B
translocates to the nucleus, where it recruits ATM-phosphorylated PPM1G to target genes such as the IL-8 gene, dephosphorylating and releasing the P-TEFb
kinase from the promoter-bound 7SK snRNP complex. Upon its release, P-TEFb phosphorylates (P) paused Pol II in proximity to the transcription start site
(TSS) to promote transcriptional pause release. After releasing P-TEFb, the inhibitory snRNP subunits are evicted from chromatin, and phosphorylated PPM1G
binds 7SK RNA along with Hexim1 to prevent the reassociation of P-TEFb back into the snRNP to sustain transcription elongation. Once the damage is resolved,
this regulatory circuitry subsides, PPM1G is dislodged from the snRNP, and P-TEFb is recycled back to promote the formation of the inhibitory 7SK snRNP at
the promoter, thereby blocking Pol II pause release.
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would expect the assembly mechanism to be regulated in vivo
during the activation of inducible transcription elongation pro-
grams. Strikingly, we found that in response to DNA damage,
PPM1G is phosphorylated by the ATM kinase at S183, which is
part of a canonical SQ motif. Importantly, we showed that this
posttranslational modification is required for the recruitment of
PPM1G to the 7SK snRNP complex to facilitate NF-�B-mediated
Pol II transcription in response to DNA damage. Since inhibition
of ATM blocks the PPM1G-7SK RNA interaction as well as the
activation of NF-�B transcription in response to DNA damage
(48, 57, 62), it appears that both molecular events are intimately
coupled and that the role of ATM in promoting the PPM1G-7SK
RNA interaction relies on NF-�B signaling. However, further in-
vestigation is needed to define whether ATM-mediated PPM1G
phosphorylation requires NF-�B translocation to the nucleus and
whether S183 phosphorylation is needed for PPM1G recruitment
to the 7SK snRNP assembled at gene promoters. Notwithstand-
ing, we provide evidence for a previously unprecedented role for
the ATM-PPM1G-7SK snRNP network in NF-�B-mediated Pol II
transcription elongation during DNA damage signaling.

Previous studies have implicated several coactivators in the
regulation of transcription elongation (1, 63). However, mecha-
nisms controlling both the activation and maintenance of tran-
scription elongation programs were largely unexplored. We have
described the molecular basis by which the transcriptional coacti-
vator PPM1G couples both steps of the transcriptional process.
Our results thus provide, to the best of our knowledge, the first
example of the establishment of a full cycle of transcriptional ac-
tivation and maintenance through the formation of a protein-
RNA complex with a regulatory enzyme.
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