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SUMMARY

Pol II(G) is a distinct form of RNA polymerase II that
contains the tightly associated Gdown1 polypeptide
(encoded by POLR2M). Unlike Pol II, Pol II(G) is highly
dependent upon Mediator for robust activatordependent transcription in a biochemically defined
in vitro system. Here, in vitro studies show that
Gdown1 competes with TFIIF for binding to the
RPB1 and RPB5 subunits of Pol II, thereby inhibiting
an essential function of TFIIF in preinitiation complex
assembly, but also that Mediator can actually facilitate Pol II(G) binding to the promoter prior to subsequent Mediator functions. Complementary ChIP and
RNAi analyses reveal that Pol II(G) is recruited to
promoter regions of subsets of actively transcribed
genes, where it appears to restrict transcription.
These and other results suggest that Pol II(G) may
act to modulate some genes while simultaneously,
as a poised (noninitiated) polymerase, setting the
stage for Mediator-dependent enhancement of their
activity.

INTRODUCTION
In the eukaryotic genome, Pol II is the central transcription
machine that is responsible for transcription of protein-coding
genes. Gene transcription is regulated at multiple steps that
involve initiation, elongation, and termination. Upon specific
signals, a constellation of transcription factors converges on
Pol II to achieve transcriptional activation of specific genes.
Among the factors that act in concert with Pol II at core
promoters, the general transcription factors (GTFs) TFIIA, TFIIB,
TFIID, TFIIE, TFIIF, and TFIIH are essential core components that
are involved in formation of a functional preinitiation complex

(PIC) (Thomas and Chiang, 2006). PIC formation is one of the
critical steps in the transcription cycle that may directly regulate
transcription. However, recent genome-wide analyses have
revealed that Pol II may be enriched at promoter-proximal
regions of both transcriptionally active and inactive genes,
indicating that regulation at these genes might take place at
a postrecruitment step (Guenther et al., 2007; Muse et al.,
2007; Zeitlinger et al., 2007). Another factor important for
transcriptional activation is the Mediator, an evolutionarily
conserved 30 subunit complex that facilitates transcription activation of numerous genes and acts at least in part as a bridge
between Pol II and DNA-binding transcriptional factors (Malik
and Roeder, 2010).
From yeast to human, Pol II is composed of 12 highly
conserved subunits, designated RPB1 to RPB12. However,
recent studies of Hu et al. (2006) have revealed a distinct form
of Pol II that contains an additional, tightly associated polypeptide called Gdown1 (encoded by POL2RM). Because of the
high affinity of Gdown1 for Pol II, this form of Pol II was named
Pol II(G). All mammalian species have orthologs of Gdown1,
and genomic sequence comparisons have further identified an
ortholog in Drosophila melanogaster, but not in lower organisms
such as Caenorhabditis elegans. In an in vitro assay system
reconstituted with pure factors, Pol II(G), unlike the 12 subunit
Pol II (designated Pol II), fails to activate transcription in the
absence of Mediator (Hu et al., 2006), indicating that Pol II(G)
has unique properties relative to Pol II. The fact that Mediator
reverses the repressed transcriptional capacity of Pol II(G)
indicates that Pol II(G) depends on Mediator to activate transcription. However, the mechanisms underlying the Gdown1mediated repression of Pol II and the reversal of this repression
by Mediator have not been described.
Here, we show that Gdown1 competes with TFIIF for binding
to Pol II in vitro, resulting in an inhibition of a critical step in PIC
assembly that is controlled by TFIIF. Despite this competition,
Pol II(G) can be recruited to the promoter in an activator- and
Mediator-dependent manner in vitro, with Mediator playing a
critical role in this recruitment. Complementary chromatin
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immunoprecipitation (ChIP) and RNA interference (RNAi) studies
further reveal that Pol II(G) is recruited to the promoter regions of
a subset of actively transcribed genes and that a mechanism
entailing modulation by Gdown1 is at work at these loci. Our
findings identify a distinct role for Pol II(G), relative to Pol II, in
transcriptional regulation through a mechanism that involves
inhibitory effects of Gdown1 on TFIIF functions and establishment of a poised (noninitiated) polymerase for subsequent
Mediator-dependent activation.
RESULTS
Gdown1 Represses Transcription by Inhibiting TFIIF
Function in Preinitiation Complex Assembly
In extending our previous studies (Hu et al., 2006), we first determined whether transcription activation by the tumor suppressor
p53 is also subject to regulation by Pol II(G). In an in vitro system
reconstituted with purified factors (GTFs and the cofactor PC4)
and a model template containing a GADD45-derived p53
responsive element upstream of the adenovirus major late
(AdML) core promoter, we observed that Pol II(G) was markedly
less efficient than Pol II in mediating p53-dependent transcription (Figure 1A, lane 2 versus 6). However, in the presence of
Mediator, Pol II and Pol II(G) exhibited equivalent levels of
activity comparable to that observed with Pol II in the absence
of Mediator (lanes 4 and 8 versus lane 6), indicating that
Gdown1 represses p53-dependent transcription by Pol II and
that Mediator effectively reverses this repression (lane 4). These
results are similar to those observed with HNF4 (Hu et al., 2006),
and further establish the potential for Gdown1-elicited Mediator
function with different activators. Notably, in these and the
following in vitro experiments, p53 has been used as a model
activator, along with the model promoter, to establish basic
mechanistic principles. However, because of this reductionist
approach, and in view of subsequent Gdown ChIP-seq analyses
(described below), Gdown1 function may be restricted to a
limited set of p53 target genes.
Importantly, we also observed that under these conditions
Mediator could reverse not only the Gdown1-mediated repression of activator-dependent transcription but also the Gdown1mediated repression of activator-independent (basal) transcription (lane 3) from the MLD53 control template. This suggested
that factor interactions common to basal and activated transcription are affected by an interplay between Gdown1 and
Mediator. Therefore, and in order to elucidate the mechanism
of inhibition by Pol II(G) in the absence of Mediator, we investigated the effect of Gdown1 on activator-independent transcription. To this end, we employed a reconstituted in vitro
transcription assay containing Pol II, TBP, TFIIB, and TFIIF,
which are sufficient (without TFIIE and TFIIH) for basal transcription from supercoiled TATA-containing DNA templates
(Tyree et al., 1993). The resulting basal activity was dramatically
reduced in a dose-dependent manner by recombinant Gdown1
(rGdown1), with near complete inhibition at a level of 20 ng
(Figure 1B, lane 4). We reasoned that Gdown1 impedes the
function of one or more of the general transcription factors
and that addition of an excess amount of that factor(s) would
reverse the inhibitory effect by Gdown1. To test this possibility,
52 Molecular Cell 45, 51–63, January 13, 2012 ª2012 Elsevier Inc.

5- to 10-fold molar excesses of rTFIIB and rTFIIF were added
independently to basal transcription reactions in the presence
of 20 ng of Gdown1 and the basal activities were measured.
Whereas the addition of excess rTFIIB showed no effect (Figure 1C, lane 2 versus lane 4), a 5-fold molar excess of rTFIIF
resulted in recovery of up to 60% of the basal activity observed
in the absence of Gdown1 (lane 1 versus lane 5). Consistent
with its ability to reverse Gdown1-mediated inhibition of basal
transcription in the complete assay system (Figure 1A) and
Gdown1 effects on TFIIF, Mediator also countered Gdown1mediated inhibition in the minimal assay with TBP, TFIIB and
TFIIF (data not shown).
Since TFIIF is critical for PIC formation and directly associates
with Pol II (Thomas and Chiang, 2006), the observed inhibitory
effect of Gdown1 on transcription might reflect an inhibition of
PIC assembly. To test this possibility, an electrophoretic
mobility-shift assay (EMSA) was employed. An oligonucleotide
containing AdML core promoter sequences from nucleotide
positions 40 to +20 relative to the transcription start site was
used as a probe to test effects of Gdown1 on formation of
promoter subcomplexes (minimal PICs) by TBP, TFIIB, TFIIF,
and Pol II in the presence of PC4 (Malik et al., 1998) (Figure 1D).
The efficient formation of the expected higher-order (TBP-TFIIBTFIIF-Pol II) promoter complex was observed only if all three
factors (TBP, TFIIB, and TFIIF) were added with Pol II (lane 9),
while no comparable level of a higher order promoter complex
was seen when Pol II was incubated with any subset of these
GTFs (lanes 3 to 8). Under our conditions, neither TBP-TFIIB
nor TBP-TFIIB-TFIIF complex formation was observed (lane 1).
Some nonspecific (GTF-independent) binding of Pol II to the
probe was observed; however, this level of nonspecific complex
formation was much lower than that of the bona fide TBP-TFIIBTFIIF-Pol II complex (compare lanes 2 and 9). When rGdown1
was included in the binding reactions, formation of this
TBP-TFIIB-TFIIF-Pol II promoter complex was inhibited in a
dose-dependent manner (lanes 10 to 13), consistent with the
transcription inhibition data (Figure 1B, lanes 4 to 6). Nonetheless, in contrast to the results of the transcription data, some
higher-order promoter complex formation was detectable even
in the presence of 50 ng or 100 ng of rGdown1 (Figure 1D, lanes
12 and 13 versus Figure 1B, lanes 5 and 6). Thus, concomitant
with the partial loss of the slower-migrating TBP-TFIIB-TFIIFPol II promoter complex, a weaker faster-migrating band was
seen upon addition of Gdown1 to these reactions. Further analyses revealed, surprisingly, that the residual slower-migrating
Pol II complex is likely a TBP-TFIIB-Pol II-Gdown1 complex
since it was formed in the absence of TFIIF (lane 14) but not
when either TBP (lane 16) or TFIIB (lane 15) was omitted. By
contrast, and because Gdown1 does not directly bind to the
probe (lane 18), the new faster-migrating band formed in the
absence of all these GTFs (lanes 14 to 17) likely reflects a
nonspecific Pol II(G) complex. Overall, these EMSA data show
that Gdown1 inhibits authentic PIC assembly (with Pol II) while
allowing formation of an alternate, but considerably weaker,
higher order promoter complex [with Pol II(G)].
In the next series of experiments, instead of adding ectopic
Gdown1 to the reactions, we analyzed promoter complex
formation by a standard (12 subunit) Pol II preparation and
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Figure 1. Gdown1 Competes with TFIIF for Binding to Pol II In Vitro
(A) p53-dependent and basal transcription with Pol II and Pol II(G). Transcription was assayed in a completely defined system containing all GTFs, PC4 and
plasmids containing the adenovirus major late (AdML) core promoter and either p53-binding sites (GADD45) (An et al., 2004) or no activator binding sites (MLD53).
p53 and Mediator were added as indicated.
(B) Inhibitory effect of recombinant Gdown1 on basal transcription. In vitro transcription reactions were reconstituted with 10 ng of TBP, 10 ng of TFIIB, 25 ng of
TFIIF, and 50 ng of Pol II. The indicated amounts of rGdown1 were added to reaction mixtures. Reaction mixtures also contained 50 ng of pMLD53.
(C) Partial recovery of basal transcription by addition of excess TFIIF. In vitro transcription reaction mixtures were as described in (B). Reaction mixtures contained
5- or 10-fold excesses of rTFIIB or rTFIIF and 20 ng of rGdown1 as indicated.
(D) Inhibition of PIC assembly by Gdown1. An end-labeled Ad ML oligonucleotide ( 40 to +20) probe was incubated with the indicated combinations of factors:
TFIIB (10 ng, lanes 2–5), TFIIF (50 ng, lanes 2–5), and bovine Pol II (50 ng). All reactions contained PC4 (65 ng) and TBP (10 ng). Reactions were incubated at 30 C
for 40 min and purified RNA products resolved by native PAGE.
(E) Pol II(G)-promoter complex formation in the absence of TFIIF. EMSA was performed as described in (D). Indicated combinations of factors were incubated
with the probe. All the reactions contained TFIIB (10 ng), PC4 (65 ng), and TBP (10 ng). One microgram of a purified IgG (lane 6) or Gdown1 antibody (lane 7) was
added to the reactions. A single asterisk denotes the upper band and two asterisks denote the middle band.
See also Figure S1.

by a Pol II(G) preparation that contains near-stoichiometric
Gdown1 (Hu et al., 2006). Once again, Pol II formed a higher
order promoter complex in the presence of TBP, TFIIB, and TFIIF
(Figure 1E, lane 2). Notably, this analysis reaffirmed the TFIIF
requirement for efficient PIC assembly by Pol II since its omission

resulted in formation, primarily, of a non-specific Pol II complex
(lane 3). By contrast, Pol II(G) was significantly less efficient than
Pol II in forming a comparable higher-order promoter complex in
the presence of TBP, TFIIB, and TFIIF (lane 4 versus lane 2).
Interestingly, however, some residual complexes were still
Molecular Cell 45, 51–63, January 13, 2012 ª2012 Elsevier Inc. 53
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Figure 2. Analysis of Pol II Complexes
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(A) Purification of Gdown1 complex. Nuclear extracts from
HeLa cells (lane 1) or from cell lines that stably express
FLAG-tagged Gdown1 (lane 2) or FLAG-tagged RPB9
(lane 3) were directly purified on M2 agarose in buffer C
containing 0.18 M KCl and 0.1% NP40 and bound proteins
were eluted and analyzed by SDS-PAGE with silver
staining.
(B) Mass spectrometric analysis of the Gdown1 complex.
Proteins identified by MALDI mass spectrometry are
indicated.
(C and D) Gel filtration (Superose 6) analyses of FLAGGdown1 (C) and FLAG-RPB9 (D) complexes. Fractions
were analyzed by immunoblot.
(E) Pol II(G) does not interact with TFIIF. Fractions 24 and
25 in (C) were immunoprecipitated with rabbit IgG or antiGdown1 antibodies. The antibody-bound or unbound
fractions were analyzed by immunoblot with indicated
antibodies.
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E
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complex formed by Pol II(G) indeed contains
RAP74
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Gdown1.
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Overall, we conclude that Gdown1 can
RAP74
1
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3
4
5
exclude TFIIF from the higher order promoter
complex, which prevents efficient PIC formation. This, in part, could explain the lower levels
formed with Pol II(G) (lane 4). These included both a complex that of promoter-dependent transcription by Pol II(G), relative to
migrated similarly to the authentic Pol II promoter complex Pol II, that are seen in the absence of Mediator.
(upper band) and a faster-migrating species (lower band). The
upper band was observed even in the absence of TFIIF Gdown1 and TFIIF Show Mutually Exclusive Interactions
(lane 5), but did require both TBP and TFIIB (lanes 6 to 10). On with Pol II
the other hand, the lower band was observed independently of Since TFIIF directly interacts with Pol II, the above results
TBP and TFIIB and thus, as in the EMSA of Figure 1D, likely predicted that Gdown1 might prevent TFIIF from binding to
represents a nonspecific Pol II(G) complex [note that Pol II(G) Pol II. To test this possibility and to identify other factors that
has a stronger tendency than Pol II to form non-specific might interact with Gdown1, we established a HeLa cell line
complexes]. These data suggest that Pol II(G) can form a higher (f:Gdown1) that stably expresses FLAG-tagged Gdown1.
order promoter complex that is independent of TFIIF but Derived nuclear extract was subjected to immunoaffinity purifidependent upon TBP and TFIIB. However, this complex is cation on anti-FLAG antibody (M2 agarose) beads. In parallel,
formed less efficiently than the Pol II-TBP-TFIIB-TFIIF complex, nuclear extracts from a HeLa cell line (f:RPB9) that stably
at least in the absence of other components such as Mediator, expresses FLAG-tagged RPB9 and from control HeLa cells
and, based on the functional assays, is less capable of produc- (‘‘empty vector’’) were processed as positive and negative
tive transcription.
controls, respectively. As shown in Figure 2A, the f:Gdown1 puriTo further ascertain the composition of the TFIIF-independent fied material contained polypeptides (lane 2) that comigrated
Pol II(G) complexes, we included anti-Gdown1 antibodies in with Pol II subunits in the f:RPB9 purified preparation (lane 3),
the EMSA reactions. Formation of complexes with Pol II but not in the mock-purified preparation (lane1). Mass spectro(both upper and lower bands) was not inhibited by addition of metric analysis of the f:Gdown1 fraction identified 25 proteins,
either an anti-Gdown1 antibody (lane 14) or control IgG including 11 Pol II subunits and 6 Mediator subunits, that were
(lane 13). However, formation of Pol II(G) complexes, including not evident in the mock-purified fraction (Figure 2B). Of the
Fr. No. 20 21 22 23 24 25 26 27 28 29
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Figure 3. Gdown1 Interacts with RPB5 and RPB1
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(A) Far-western blot assay. Purified Pol II was resolved by
SDS-PAGE and blotted to a membrane that then was
incubated with GST (lane 1) or GST-Gdown1 (lane 2)
protein as a probe. Membrane bound proteins were
detected with HRP-labeled anti-GST antibody. The membrane that was probed with GST-Gdown1 was stripped
and immunoblotted with an anti- RPB5 antibody (lane 3).
(B) GST pull-down assay. Selected subunits of Pol II were
expressed as 35S-labeled proteins in a rabbit reticulocyte
coupled transcription and translation system and incubated
with immobilized GST or GST-Gdown1. Bound proteins
were analyzed by SDS-PAGE and autoradiography.
(C) Crosslinking assay. Immobilized GST or GST-Gdown1
was incubated with purified Pol II. Proteins bound to the
beads were incubated with/without DSP for the indicated
times. After washing with 8 M urea buffer, the crosslinks
were reversed and bound proteins were analyzed by
immunoblot.
(D) GST pull-down assay. Immobilized GST or GSTGdown1 was incubated with 35S-labeled RPB5-jaw
domain and bound proteins were analyzed by SDS-PAGE
and autoradiography.
(E) Dissociation of Gdown1 from Pol II by excess TFIIF.
Pol II(G) was purified as described in the Experimental
Procedures. A 5-, 10-, or 25-fold excess of rTFIIF was
added to the Pol II(G) immobilized beads in buffer C
containing 0.3 M KCl and 0.1% NP40. After washing
the beads with buffer C containing 0.1 M KCl and 0.1%
NP40, the proteins that remained on the beads were
analyzed by immunoblot.
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remaining eight proteins, RPAP1 (Jeronimo et al., 2004) and
RECQ5 (Aygün et al., 2008) were reported as Pol II-associating
proteins. No TFIIF or other GTFs were observed.
The affinity-purified f:Gdown1 and f:RPB9 preparations were
further analyzed and compared by gel filtration on a Superose
6 column. Immunoblots of the Superose 6 fractions (Figures
2C and 2D) showed that, under these conditions, Pol II fractions
purified from f:RPB9 nuclear extracts contained detectable
levels of both TFIIF and Gdown1 that are presumably present
in substoichiometric amounts (Figure 2D). By contrast, TFIIF
was not detected in the Pol II fractions purified from f:Gdown1
nuclear extracts (Figure 2C). The Pol II fractions (Figure 2D,
fractions 23–26) then were subjected to immunoprecipitation
with anti-Gdown1 antibody to separate Pol II(G). As shown in
Figure 2E, TFIIF was not detected in the Pol II(G)-containing
immunoprecipitate (lane 3 versus lane 5), but was present with
Pol II in the Gdown1-free unbound fraction.
Altogether, these data suggest that Pol II(G) and Pol II-TFIIF
represent distinct enzyme forms and that, in cells, Gdown1

2

Gdown1 Competes with TFIIF by Directly
Interacting with RPB5 and RPB1
To further confirm our hypothesis, we determined the Pol II subunits that interact directly
with Gdown1. To this end, we first employed a far-western
blot analysis. An affinity-purified Pol II (f:RPB9) preparation
was separated by SDS-PAGE and processed for far-western
blotting with GST or GST-fused Gdown1. A prominent signal
was observed around 29 kDa, which coincides with the molecular mass of the RPB5 subunit. By reprobing the blot
membrane with anti-RPB5 antibody, the signal was confirmed
to be RPB5 (Figure 3A). This result was further confirmed by
a GST pull-down assay, with several in vitro translated Pol II
subunits, which revealed a strong interaction of GST-fused
Gdown1 not only with RPB5 but also with RPB1DCTD and
RPB3 (Figure 3B).
To assess direct Gdown1-Pol II subunit interactions in the
natural context of the intact Pol II(G) complex, we employed
a protein-protein crosslinking analysis. Immobilized GST or
GST-fused Gdown1 was incubated with HeLa nuclear extract
and subjected to crosslinking with dithiobis (succinimidyl
proprionate) (DSP) as detailed in the figure legend. Of the
nine Pol II subunits tested, RPB1 and RPB5 showed strong
3

4
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crosslinking signals that are indicative of direct Gdown1 interactions, whereas a suggested interaction with RPB3 (above)
was not confirmed (Figure 3C). These results are consistent
with the colocalization of RPB1 (‘‘foot’’ and ‘‘cleft’’ regions)
and the associated RPB5 (N-terminal ‘‘lower jaw’’ and
C-terminal ‘‘assembly’’ domains) to the ‘‘shelf’’ module of Pol II
(Cramer et al., 2001). Consistent with the reported function of
RPB5 as a protein-protein interaction surface (Miyao and Woychik, 1998), an in vitro synthesized fragment containing the
RPB5 jaw domain bound to GST-fused Gdown1 but not to
GST (Figure 3D). These results show that Gdown1 directly
interacts with RPB5 and RPB1 in the context of the intact
Pol II and, further, that the RPB5 interaction minimally involves
its jaw domain.
To directly test our hypothesis that Gdown1 may compete
with TFIIF, we employed an in vitro competition assay.
Pol II(G), which was purified from f:Gdown1 nuclear extracts,
was immobilized on protein A Sepharose beads that were saturated with an anti-CTD monoclonal antibody (8W16) and incubated with increasing amounts of TFIIF. The result (Figure 3E)
shows that a 10-fold molar excess of TFIIF over Gdown1 significantly decreased the Gdown1 signal (lane 3), indicating that
TFIIF is able to remove Gdown1 from Pol II, at least under
the conditions (0.3 M KCl) employed. Although the competition
was not observed at moderate salt (0.1 M KCl), the result
clearly shows that Gdown1 can compete with TFIIF for binding
to Pol II.
Taken together, these results suggest that Gdown1 competes
with TFIIF for association with Pol II by directly interacting with
RPB1 and RPB5 subunits of Pol II.
56 Molecular Cell 45, 51–63, January 13, 2012 ª2012 Elsevier Inc.

(A) Comparison of the levels of Pol II(G) in HeLa or HeLa
f:Gdown1 nuclear extracts. Pol II in HeLa (‘‘C’’) or HeLa
f:Gdown1 (‘‘Gdn’’) nuclear extracts was immunoprecipitated with mouse IgG (lanes 5 and 6) or 8WG16 (lanes 3
and 4) antibodies. Immunoprecipitates were analyzed by
immunoblot.
(B) Schematic of the immobilized template used.
(C) Pol II(G) is recruited to the promoter in an activator- and
Mediator-dependent fashion. M280-streptavidin Dynabeads carrying a biotinylated DNA fragment were incubated with HeLa f:Gdown1 or HeLa nuclear extract with
p53 (lanes 3 and 6) or without p53 (lanes 2 and 5). After
1.5 hr incubation, the beads were washed, and bound
proteins were analyzed by immunoblot.
(D) Mediator-dependent Pol II(G) recruitment to DNA
template. Mediator was immunodepleted from HeLa
f:Gdown1 nuclear extract as described in the Experimental
Procedures. Factor recruitment was monitored as
described in (C).
See also Figure S2.

Pol II(G) Is Recruited to the Promoter
in an Activator-Enhanced Manner
and Mediator Is Essential for This
Recruitment
In view of the above results indicating that
Pol II(G) is compromised in its ability to form
a functional PIC, we next investigated the basis for our
previous observation that Mediator could restore full activity
to Pol II(G) (Hu et al., 2006) (Figure 1A). An immobilized
template assay was employed in conjunction with nuclear
extract from f:Gdown1-expressing cells. In these cells, ectopic
Gdown1 was overexpressed relative to endogenous Gdown1
(Figure 4A, lane 2). Indeed, as shown by immunoprecipitation
with an anti-CTD monoclonal antibody (8WG16), these extracts
contain proportionately more Pol II(G) (lane 4). To assess
a possible activator-dependent Pol II(G) binding, we immobilized a DNA fragment containing five p53 binding sites
upstream of the AdML core promoter (Figure 4B) on paramagnetic beads. The DNA template-immobilized beads were incubated with either f:Gdown1 or control HeLa nuclear extract in
the absence or presence of p53. After a 1.5 hr incubation,
beads were washed to remove unbound proteins and proteins
retained on the beads were analyzed by immunoblot. As
shown in Figure 4C, Pol II (RPB1), Mediator (MED17, MED30,
and CDK8), and TFIIB were recruited to the DNA template in
a p53-enhanced manner in both f:Gdown1 (lane 2 versus
lane 3) and control (lane 5 versus lane 6) HeLa extracts, confirming the reliability of the assay for analyzing the recruitment
of other factors. Whereas a comparably high p53-dependent
recruitment of TFIIF was not evident, likely because of the
nonspecific binding of TFIIF to DNA (Baek et al., 2006), p53enhanced binding of Gdown1 was observed in both the
f:Gdown1 HeLa extract (lane 2 versus lane 3; upper f:Gdown1
band and lower endogenous Gdown1) and the control HeLa
extract (lane 5 versus lane 6; endogenous Gdown1 only). Since
most of the endogenous Gdown1 is associated with Pol II, this
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result indicates that Pol II(G) is recruited in an activatorenhanced manner.
To determine whether the activator-dependent recruitment of
Pol II(G) is also Mediator-dependent, the template was incubated with f:Gdown1 nuclear extract from which Mediator had
been immunodepleted (Malik and Roeder, 2003). Importantly,
Pol II(G) recruitment was significantly decreased in the absence
of Mediator (Figure 4D, lane 6 versus lane 3), and addition of
purified Mediator restored the recruitment (lane 7 versus lane 6).
Consistent with previous results indicating that Mediator
reverses the inactive state of Pol II(G) in a reconstituted transcription assay (Figure 1A) and associates with Pol II(G)
(Figure 2B), the present results indicate that recruitment of
Pol II(G) to the promoter is enhanced by the Mediator. Although
Gdown1 and TFIIF show competitive binding to Pol II, these
results suggest that Gdown1 can be recruited to the promoter
in an activator-enhanced manner and that Mediator is required
for this recruitment. This activator- and Mediator-enhanced
recruitment of Pol II(G) may facilitate its above-described
(Figures 1D and 1E) intrinsic ability to form a partial (TFIIF-deficient) preinitiation complex with TBP and TFIIB.
Pol II(G) Is Recruited to Promoter Regions In Vivo
To assess Pol II(G) recruitment to promoters in vivo, we employed ChIP-seq analysis to determine which genes are occupied by Pol II(G) in primary human lung fibroblast cells (IMR90).
For this purpose, antibodies against Gdown1 and Pol II, along
with a purified rabbit IgG as the negative control, were used for
ChIP. IMR90 is an extensively studied cell line, and a recent
genome-wide analysis of global run-on sequencing (GRO-seq)
has mapped all transcriptionally engaged RNA polymerases
using this cell line (Core et al., 2008). Thus, the results of GROseq enabled us to map Pol II(G) in conjunction with the corresponding data on nascent RNA products. In interpreting
these results we have assumed, based on the extreme stability
of Pol II(G) (even in 2 M urea) and no apparent presence of
Gdown1 within other complexes, that the presence of Gdown1
on a gene reflects Pol II(G).
The MACS program (Zhang et al., 2008) was used to identify
regions with enriched ChIP-seq signals [i.e., binding sites for
Pol II(G) and Pol II]. Of 22,594 genes, 8625 promoters were
bound by Pol II and, at least 60 promoters were bound by Pol
II(G) (i.e., reacted with Gdown1 antibody). Although this latter
number is smaller than expected based on the apparently high
content of Pol II(G) in liver and calf thymus (Hu et al., 2006), it
is based on very stringent criteria for scoring genes as Gdown1
positive (see the technical note in the Experimental Procedures)—such that the number of actual Gdown1 target genes
could be considerably greater. The 60 high-confidence genes
identified here were further classified on the basis of their
pausing p value (Table S1 available online), which is defined as
the comparison of the density of reads in the sense strand
promoter proximal peak to the density of reads in the body of
the gene as compared to a uniform distribution of all these reads
based on the number of mappable bases (Core et al., 2008).
Among the 60 identified genes, 35 belong to class II genes,
which contain a paused Pol II and are actively transcribed.
Twenty-five genes belong to class I genes, which are active

but display no paused Pol II. None of the 60 identified genes
were found to belong to either class III (inactive, paused Pol II)
or class IV (inactive, no paused Pol II). Thus, and most importantly, these results indicate that Gdown1 is associated with
actively transcribed genes.
Importantly, Pol II(G) was found mostly in the promoter regions
of the identified genes (Figures 5A, 5B, 5D, and 5E). In class II
genes, the Pol II peak of the read density is mostly located at
the promoter proximal region due to the pausing, which is clearly
observed in FUS and RPL19 (Figures 5A and 5B). Interestingly,
the Pol II(G) peaks that are located at the promoter regions
(from 1 to 200 relative to the transcription start site [TSS]) of
these genes do not coincide with the Pol II peaks (Figures 5A
and 5B). Thus, the averaged Pol II peak from the 20 identified
genes in this group maps 50 bp downstream of the transcriptional start sites, whereas the averaged Pol II(G) peak maps
50 bp upstream of the transcriptional start sites (Figure 5C).
Similarly, for class I genes, which do not contain a paused Pol II
(Figures 5D and 5E), the averaged Pol II peak from 13 identified
genes does not coincide with, and lies downstream of, the averaged Pol II(G) peak (Figure 5F). These results indicate that
Pol II(G) is associated with actively transcribed genes, primarily
at a region(s) just upstream of the transcription start site, and
that Gdown1 does not necessarily cause promoter-proximal
pausing of Pol II as had been anticipated. Although interpretation
of these results is potentially complicated by divergent transcription events, an analysis of the IMR90 GRO-seq data for these
cells (Core et al., 2008) has indicated that some of the highlighted
Gdown1 target genes do not have divergent transcription—
indicating that Pol II(G) is not necessarily involved in divergent
transcription. These and other results have implications for
a proposed model (see the Discussion) involving poised Pol II(G).
Pol II(G) Regulates Transcription at Its Target Genes
Our in vitro results have demonstrated that Gdown1 has the
potential to negatively regulate PIC formation. To ascertain
whether Gdown1 also negatively regulates transcription in vivo,
IMR90 cells were infected with lentivirus vectors expressing
Gdown1-targeted short hairpin RNA and effects on expression
of Gdown1 and its target genes identified by the ChIP-seq analysis were examined. This treatment reduced the Gdown1 RNA
level by more than 90% (data not shown) and, as well, significantly reduced the level of the Gdown1 protein (Figure 6A, inset).
Quantitation of RNA levels of the target genes indicated that
most were upregulated 2- to 4-fold upon Gdown1 knockdown,
whereas at least two genes (ANKRD13a and RNF14) were significantly downregulated (Figure 6A). Expression of genes that
showed no enrichment of Gdown1, such as GAPDH and histone
genes, was not affected by Gdown1 knockdown (data not
shown). These results suggest that Pol II(G) negatively regulates
expression of a majority of the target genes identified here.
We have demonstrated that Gdown1 is recruited to promoters
in an activator/Mediator-dependent manner in vitro. To further
explore the role of Pol II(G) as a negative regulator in vivo, we
investigated the impact of Gdown1 knockdown on activation
of several target genes that were found to be upregulated by
doxorubicin treatment in IMR90 cells. Doxorubicin induces
a DNA damage stress response that results in activation of
Molecular Cell 45, 51–63, January 13, 2012 ª2012 Elsevier Inc. 57
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Figure 5. Pol II(G) Is Enriched at Promoter Regions of a Subset of Genes
ChIP-seq data for Gdown1, Pol II, and IgG with antibodies that recognize Gdown1 (black), the RPB1 subunit (blue), and IgG (orange) are shown for four genes,
plotted as relative read density versus base pair units. The start site and direction of transcription are shown by arrows, with boxes depicting exons and lines
representing introns. FUS (A), RPL19 (B), PRKCI (D), and ANKRD13a (E) are shown. Averaged read densities of Pol II (blue) and Pol II(G) (black) with class II (C)
or class I (F) genes identified by ChIP-seq are shown. See also Table S1.

p53-target genes. We found that among Gdown1 target genes,
the PKIA and PIK3R3 genes, in particular, were strongly induced
by doxorubicin treatment (Figure 6B,C).
Importantly, doxorubicin treatment also induced a marked
decrease in cell viability of Gdown1 knockdown cells (30%
survival) relative to control cells (Figure S3), which suggests
that Pol II(G) may be involved in the transcriptional regulation
of stress-inducible genes. Consistent with this possibility, the
expression of several well-documented p53-target genes
58 Molecular Cell 45, 51–63, January 13, 2012 ª2012 Elsevier Inc.

appears to be repressed by Gdown1 (Figure S4), although our
initial ChIP-seq analyses failed to detect significant enrichment
of Gdown1 on these genes. In relation to other Gdown1 target
genes, PKIA and POR were induced significantly by doxorubicin
treatment in control cells. These levels approached those
observed upon Gdown1 knockdown in control (untreated) cells
(Figures 6B and 6C). Expression of PKIA was further increased
in the knockdown cells by doxorubicin treatment, albeit only by
30%–35% (Figure 6B), suggesting that the expression of PKIA
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is normally downregulated by Pol II(G). In the case of PIK3R3,
doxorubicin treatment of control cells induced the expression
by 6-fold. This level of induction is greater than what was seen
either by Gdown1 knockdown (3-fold) or by subsequent doxorubicin treatment of Gdown1 knockdown cells (4-fold relative to
untreated knockdown cells). However, the absolute levels in the
latter case exceeded the doxorubicin-treated levels of control
cells by 2-fold (Figure 6D). This suggests that PIK3R3 transcription is also negatively regulated by Pol II(G). Expression of
GADD45A and BAX was not affected by Gdown1 knockdown
(Figures 6E and 6F), consistent with the failure to find Gdown1
on these genes by ChIP-seq.
Although Gdown1 competes with TFIIF in vitro, immobilized
template assays demonstrated that Gdown1 is recruited to
promoters in a Mediator-dependent fashion in the presence of
TFIIF. To confirm the in vitro results, ChIP assays were employed
to assess TFIIF occupancy on promoter regions of PIK3R3
(Gdown1 target gene, as shown in Figure 6G) and GADD45A
(nontarget gene, as shown in Figure 6H). As shown in Figure 6I,
significant occupancies of TFIIF were detected on both genes,
which confirms that TFIIF is indeed recruited to the promoter
regions of Gdown1 target genes in vivo.
Taken together, these results suggest that Pol II(G) negatively
regulates transcription at specific target genes, presumably by
inhibiting TFIIF function.
DISCUSSION
In following up our earlier demonstration (Hu et al., 2006) of
Mediator-dependent transcription by Pol II(G), we now have
demonstrated (1) that Gdown1 can inhibit basal as well as activator-dependent transcription, indicative of functions through
the general transcriptional machinery, (2) that Gdown1
competes with TFIIF for binding to Pol II in vitro, which can result
in an inhibition of PIC formation, (3) that Gdown1, like TFIIF,
directly interacts with the RPB5 and RPB1 subunits of Pol II,
(4) that Pol II(G) is recruited to promoter regions of subsets of
active genes in vivo, but does not co-localize with paused
polymerases on these genes, and (5) that Pol II(G) modulates
transcription at these target genes. These results suggest
additional mechanisms for regulation of transcription initiation
on specific genes, by a poised but noninitiated Pol II, as well
as an additional mechanism of action of the Mediator complex.
Mechanism of Transcription Inhibition by Gdown1
Given that Gdown1 and TFIIF interact competitively with Pol II
(this study) and that TFIIF plays critical roles in PIC assembly

(Cabart
et al., 2011; Thomas and Chiang, 2006) Gdown1 functions likely relate mechanistically to the regulation of TFIIF
functions. In this regard, studies of yeast TFIIF, whose heterotrimeric subunit composition is somewhat different from the
metazoan heterodimeric TFIIF, have suggested dynamic interactions between its various structured domains and discrete
regions across Pol II—as well as the likelihood that additional
unstructured TFIIF segments might interact with Pol II in
a context-determined manner. Thus, an electron microscopy
analysis of the yeast Pol II-TFIIF complex suggested that, among
other domains, TFIIF density extends broadly along the Pol II

cleft to span the RPB5-containing jaw (Chung et al., 2003). By
contrast, more recent crosslinking analyses (Eichner et al.,
2010; Chen et al., 2010) localized the bulk of the yeast TFIIF
interactions to the RPB2 lobe on one side of the cleft, while
leaving open the possibility that certain TFIIF segments (Tfg1/
RAP74 WH domain) might hover in the vicinity of the Pol II
jaw domain. Earlier studies with individual polypeptides additionally suggested an interaction of human RAP30 with the
RPB5 subunit of Pol II (Wei et al., 2001). We have demonstrated
here that Gdown1 directly binds to the jaw domain of RPB5,
although we cannot exclude additional interactions of Gdown1
with the assembly domain. Consistent both with this observation
and with the close proximity of the C-terminal domain of RPB5
to RPB1 (Cramer et al., 2001), our analyses have shown that
Gdown1 also interacts with RPB1. We further have found that
Gdown1 forms a dimer in vitro (M.J. and R.G.R., unpublished
data), which may facilitate the extended interactions spanning
RPB5 and RPB1. The significance of a joint interaction of
Gdown1 with RPB1 and RPB5 is underscored by the fact that
whereas RPB5 is a common subunit of Pol I, Pol II, and Pol III,
Gdown1 interacts only with Pol II. Thus, the Gdown1 specificity
rests on its joint interaction with RPB1 and RPB5. Notably, the
competition between TFIIF and Gdown1 that we describe here
can be explained either by their binding to the same (or overlapping) domains on Pol II or through mutual steric effects.
The idea of competition between TFIIF and Gdown1 for Pol II
binding is further supported by our observation that Pol II(G)
purified from various nuclear extracts is not associated with
TFIIF and, reciprocally, that an extract-derived Pol II-TFIIF
complex contains no associated Gdown1. Functionally, this
competition can result in an inhibition of PIC assembly that leads
to repression of transcription. Indeed, gel shift assays have
demonstrated that whereas TBP, TFIIB, TFIIF, and Pol II form
a minimal functional promoter complex, the presence of
Gdown1 results in the formation of an analogous promoter
complex that lacks TFIIF. Although the formation of a minimal
promoter complex with TBP, TFIIB, and Pol II(G) is inefficient
compared to complex formation with TBP, TFIIB, TFIIF, and
Pol II, it appears that Gdown1 can form a significant level of
a minimal promoter complex in the absence of TFIIF. This raises
the possibility that under appropriate conditions (e.g., in the
presence of Mediator, see below, and possibly other Mediator/
Pol II(G)-associated factors described herein) Gdown1 may
partly substitute for TFIIF in facilitating recruitment of the Pol II
complex to the promoter. Indeed, TFIIF-independent Pol II(G)
promoter complex formation may provide another possible
mechanism wherein Pol II might occupy a promoter, as
a ‘‘poised’’ polymerase, but not transition to an active PIC
because of Gdown1-mediated constraints to TFIIF interactions
with Pol II.
Intriguingly, the C terminus of Gdown1 shows significant
sequence similarity to a RAP30 C-terminal region (residues 162
to 249) that possesses cryptic DNA-binding activity (Tan et al.,
1994) and belongs to the eukaryotic ‘‘winged’’ HTH family of
DNA binding domains (Groft et al., 1998). In particular, the
upstream region of a helix H1 of RAP30 is strikingly similar to
the C-terminal region of Gdown1 (Figure S1), with six of the 17
potential DNA contact sites in RAP30 being conserved in
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Gdown1. Thus, this C-terminal region of Gdown1 may contribute
to the binding of Pol II(G) to target genes.
A Role for Mediator in Pol II(G)-Mediated Transcription
Consistent with the competitive binding of Gdown1 and TFIIF
to Pol II, excess TFIIF can counter the Gdown1-mediated
repression of basal transcription in vitro. However, whereas the
recovery by excess TFIIF is partial (60%), Mediator can
completely reverse the inhibitory effect of Gdown1 in a reconstituted system (Figure 1A) (Hu et al., 2006). Thus, it is conceivable
that Mediator might compensate for an otherwise inefficient
formation of a Pol II(G)-containing promoter complex by stabilizing such a complex during PIC formation, with consequent
full recovery of transcription in the reconstituted system. The
normal association of Gdown1 with Pol II is very strong, as
evidenced by the fact that, in the absence of other factors,
Gdown1 does not dissociate from Pol II even under denaturing
conditions (Hu et al., 2006). Despite such a tight association,
and surprisingly, a 25-fold molar excess of TFIIF can partially
remove Gdown1 from Pol II under high-salt conditions. However,
since these conditions are far from physiological, it is likely that
Mediator may facilitate TFIIF interactions with Pol II during
formation of a functional PIC involving Pol II(G). While the nature
of such a mechanism remains unknown, it is interesting to note
that Gdown1 is phosphorylated both in vivo (Dephoure et al.,
2008) and during transcription in vitro (Figure S2). Since protein
phosphorylation events often play critical roles in regulating
protein-protein interactions, it is tempting to speculate that
phosphorylation of Gdown1 might contribute to its dissociation
from Pol II. Moreover, a mass spectrometry analysis (Kyono
et al., 2008) has revealed that the Gdown1 phosphorylation sites
are evolutionarily conserved from flies to human, suggesting
that the phosphorylation of Gdown1 is important for Gdown1
function.
A Role for Gdown1 in the Regulation
of Gene Expression In Vivo
Our global ChIP-seq analysis identified at least 60 genes in
human fibroblasts that had peaks of Gdown1 within 200 bp of
the transcription start site. This result suggests that Pol II(G)
regulates transcription in a gene-specific manner rather than
globally. This notion is also supported by the Gdown1 knockdown analysis in IMR90 cells, which showed no apparent
defects for maintaining normal cell growth. A potential caveat
is that low residual levels of Gdown1 in the knockdown analysis
or incomplete crosslinking in the ChIP analysis might have
precluded detection of a broader group of Gdown1-regulated
genes, although this would not detract from the significance

of the present results indicating a select group of target genes
that may be more dependent on normal (high) levels of Gdown1.
More importantly, our results provide in vivo evidence showing
that Pol II(G) is indeed recruited to promoter regions of genes
that are actively transcribed. This is consistent with our demonstration (discussed above) that Pol II(G) can form a minimal
preinitiation complex in vitro.
In conjunction with GRO-seq results (Core et al., 2008), the
global ChIP-seq analysis has revealed that the identified
Gdown1 target genes belong to either class I or class II, but
not to class III or class IV, genes. This clearly indicates that Pol
II(G) associates with actively transcribed genes. Although
Gdown1 has the potential to negatively regulate transcription
under selective conditions in vitro, the primary function in vivo
seems, paradoxically, not to completely inactivate gene transcription per se but rather to serve a modulatory role and/or to
poise Pol II for promoter activation. Among 16,882 active genes
in IMR90 cells, 30% contain a paused Pol II at promoter-proximal
regions (Core et al., 2008), which has led to the suggestion that
the regulation of transcription at a postrecruitment step(s) also
plays an important role in gene transcription. However, our
results indicate that Pol II(G) resides in part on class I (unpaused)
promoters, which suggests that Pol II(G) does not directly or
necessarily cause pausing. Furthermore, the Pol II(G) peak,
which is localized to a promoter region just upstream of the
transcriptional start site, does not coincide with the Pol II peak
in class II (paused) genes (Figure 5C), which is centered just
downstream of the transcriptional start site. Although it remains
unclear whether Gdown1 fully dissociates from Pol II during
initiation, these observations reinforce our hypothesis that
Gdown1 acts upstream of transcription initiation and promoterproximal pausing events, serving rather to reversibly constrain
a poised (promoter-associated) Pol II from transitioning to an
active PIC.
Expression of most of the currently identified Gdown1 target
genes in IMR90 cells was upregulated by Gdown1 knockdown,
suggesting that Gdown1 might negatively regulate transcription.
Interestingly, the increased expression of several Gdown1 target
genes in Gdown1 knockdown cells was comparable to the
induced expression by doxorubicin in control cells. Although it
is not yet known whether these doxorubicin-inducible Gdown1
target genes are direct p53 target genes, these observations
suggest that Pol II(G) may be involved in the transcriptional
regulation of stress-inducible genes. Given that transcription
by Pol II(G) is critically dependent on Mediator, we further
hypothesize that under stress-free conditions, in which Mediator
is not stably recruited to the genes (or is otherwise not fully
functional), transcription by Pol II(G) that is detected at the

Figure 6. Effects of Gdown1 Knockdown on Gene Expression
(A) Gene expression of Pol II(G) target genes in Gdown1 knockdown cells. Error bars represent the standard deviation from five independent experiments. Inset:
Gdown1 knockdown in IMR90 cells. Inset: Whole-cell lysates were prepared from control or knockdown cells and analyzed by immunoblot.
(B–F) Doxorubicin effects on expression of the Pol II(G) target genes (B–D) or apoptotic genes (E and F). Error bars represent the standard deviation from three
independent experiments.
(G and H) ChIP-seq data for PIK3R3 (G) and GADD45A (H).
(I) ChIP analysis on the promoter regions of PIK3R3 and GADD45A genes. ChIP analysis was performed with the indicated antibodies. Error bars represent the
standard deviation from three independent experiments.
See also Figures S3 and S4.
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genes remains relatively inefficient. At the same time, transient
occupancy of Pol II(G) at promoter regions might preclude the
recruitment of functional Pol II-TFIIF. However, once Mediator
is stably recruited (or ‘‘activated’’) by activators upon a stress
response, Pol II(G) can execute transcription as efficiently as
normal Pol II. Therefore, Gdown1 may play a role in maintaining
diminished (but not fully inhibited) expression of these stressinducible genes. This regulatory mechanism would be particularly suitable for these genes as it would enable cells to immediately or coordinately respond to the stress signals. Since only
a fraction of the target genes are regarded as stress-inducible
(Table S1), similar considerations would apply to the other
Gdown1 target genes in other signaling pathways.
In relation to the Pol II(G)-Mediator connection established
here and in previous studies (Hu et al., 2006), our current finding
of a limited number of intracellular Gdown1 target genes may
seem inconsistent with the broad involvement of Mediator in
transcription of protein-coding genes (Malik and Roeder, 2010)
and, as well, with the potentially high fractional content of
Pol II(G) in the total cellular Pol II pool (Hu et al., 2006) and the
lack of a transcription factor-specific inhibition by Gdown1 in
our in vitro assays. However, several points are relevant to
these issues. First, beyond Gdown1, which elicits a Mediator
requirement in our in vitro assays, other natural constraints to
transcription that are not present in these assays (Malik et al.,
2007) may also elicit Mediator requirements in vivo. Second,
and as noted earlier, technical matters (detailed in the Experimental Procedures) may have precluded our identification of
a much broader group of Gdown1 target genes and led us to
focus here only on high-confidence Gdown1-associated genes.
Thus, there may well be a much larger number of Gdown1 target
genes and functions other than those indicated here. In this
regard, our demonstration of antagonistic Gdown1-TFIIF
functions, along with previous indications of TFIIF functions in
transcription elongation (Saunders et al., 2006) and postinitiation
Mediator functions (Malik and Roeder, 2010), raise the interesting possibility of Gdown1 functions in transcription elongation. Consistent with this possibility, we have shown an ability
of Gdown1 to affect transcription elongation in vitro (data not
shown).
In summary, we propose that Pol II(G) plays a distinct role in
regulating the expression of selected genes by a mechanism
that modulates the inhibition of TFIIF function and that this in
turn elicits a role for Mediator in counteracting these inhibitory
functions under appropriate inducing conditions.

EXPERIMENTAL PROCEDURES
Generation of a Gdown1 Epitope-Tagged Stable Cell Line and
Purification of Pol II(G)
Human Gdown1 was cloned into the pIRES1neo-derived vector VP5, which
allows expression of target proteins as fusions with FLAG and HA. HeLa S
cells were transfected with the resulting plasmid and stable G418-resistant
clones expressing Gdown1 were selected as described (Malik and Roeder,
2003). For identification of Gdown1-associated proteins, nuclear extract
from the FLAG-tagged Gdown1 stable cell line was directly applied to M2
agarose and bound proteins eluted with FLAG peptide. For purification of
Pol II(G), nuclear extracts were first fractionated on a DE52 column; the
0.3 M KCl fraction was then purified over M2 agarose. The eluted protein
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complex was further purified on 8WG16-protein A Sepharose for some
experiments, as indicated.
Antibodies and Immunodepletion of Nuclear Extracts
Antibodies against RAP74, RPB5, RPB6, MED17, and MED30 were raised in
rabbits and have been described elsewhere. Antibodies against RPB1,
CDK8, and p53 were from Santa Cruz. Antibodies against RPB2, RPB3,
RPB8, RPB9, RPB11, and RPB4 were a gift of Koji Hisatake (University of
Tsukuba). Two different antibodies against Gdown1 were generated: one
using full-length human Gdown1 that was expressed in bacteria and used to
immunize rabbits (Covance) and one by genomic antibody technology
(Strategic Diagnostics). For immunodepletion, affinity-purified antibodies
were crosslinked to protein A Sepharose and incubated with nuclear extracts
as described previously (Malik and Roeder, 2003). For Mediator depletion,
nuclear extracts were incubated sequentially with immobilized anti-MED6
and anti-MED30 antibodies.
In Vitro Transcription and Electrophoretic Mobility-Shift Assays
Pol II, GTFs, PC4, and Mediator were purified as described previously (Malik
and Roeder, 2003). Recombinant Gdown1 and bovine Pol II and Pol II(G)
were purified as described previously (Hu et al., 2006). In vitro transcription
with purified components was performed as described (Malik and Roeder,
2003). Electrophoretic mobility-shift assays were performed as described
(Malik et al., 1998).
ChIP-Seq
Detailed methods are presented in the Supplemental Experimental Procedures. However, on an important technical matter related to the relatively
small number of reported Gdown1 peaks, we note that both input and IgG
control samples showed many peaks, especially around promoter regions.
Therefore, we chose a conservative strategy by focusing on those Gdown1
peaks that did not overlap with input and/or IgG peaks, thereby reducing the
number of Gdown1 peaks that also overlapped with Pol II. Thus, the results
that are presented reflect only high-confidence peaks, and do not exclude
the possibility of a much broader group of Gdown1 target genes on which
Gdown1 functions at some of the other binding sites.
For further experimental procedures, see the Supplemental Experimental
Procedures available online.
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GSE33128.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and one table and can be found with this article online at
doi:10.1016/j.molcel.2011.12.014.
ACKNOWLEDGMENTS
We are grateful to Leighton Core and John Lis for providing unpublished data,
Marc Vigneron and Richard Ebright for RPB1 expression vectors, Wei-Yi Chen
for discussion of the project, Debabrata Biswas for supporting data, Satoshi
Iida for critical reading of the manuscript, and Zheng-Yuan Fu and Adam
Nock for technical assistance. This work was supported by National Institutes
of Health grants CA129325 (R.G.R.), DK071900 (R.G.R.), GM64474 (A.G.), and
RR00862 (B.T.C.), by the Natural Science Foundation of China (30800169)
(X.H.), and by the Ludwig Institute for Cancer Research and the California
Institute of Regenerative Medicine (RN2-00905) (B.R.).
Received: November 8, 2011
Revised: December 6, 2011
Accepted: December 12, 2011
Published online: January 12, 2012

Molecular Cell
Mediator-Dependent Activation of Poised Pol II(G)

REFERENCES
An, W., Kim, J., and Roeder, R.G. (2004). Ordered cooperative functions of
PRMT1, p300, and CARM1 in transcriptional activation by p53. Cell 117,
735–748.
Aygün, O., Svejstrup, J., and Liu, Y. (2008). A RECQ5-RNA polymerase II
association identified by targeted proteomic analysis of human chromatin.
Proc. Natl. Acad. Sci. USA 105, 8580–8584.
Baek, H.J., Kang, Y.K., and Roeder, R.G. (2006). Human Mediator enhances
basal transcription by facilitating recruitment of transcription factor IIB during
preinitiation complex assembly. J. Biol. Chem. 281, 15172–15181.

Cabart,
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