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Mediator is a multisubunit assemblage of proteins originally identified in humans as a coactivator bound to
thyroid hormone receptors (TRs) and essential for thyroid hormone (T3)-dependent transcription. Cyclin-
dependent kinase 8 (CDK8), cyclin C, MED12, and MED13 form a variably associated Mediator subcomplex
(termed the CDK8 module) whose functional role in TR-dependent transcription remains unclear. Using in
vitro and cellular approaches, we show here that Mediator complexes containing the CDK8 module are
specifically recruited into preinitiation complexes at the TR target gene type I deiodinase (DioI) together with
RNA polymerase II (Pol II) in a TR- and T3-dependent manner. We found that CDK8 is essential for robust
T3-dependent Dio1 transcription and that CDK8 knockdown via RNA interference decreased Pol II occupancy,
and also the recruitment of the Pol II kinase CDK9, at the DioI promoter. Chromatin immunoprecipitation
revealed CDK8 occupancy at the DioI promoter concurrent with active transcription, thus suggesting CDK8
involvement in transcriptional reinitiation. Mutagenesis assays showed that CDK8 kinase activity is necessary
for full T3-dependent DioI activation, whereas in vitro kinase studies indicated that CDK8 may contribute to
Pol II phosphorylation. Collectively, our data suggest CDK8 plays an important coactivator role in TR-
dependent transcription by promoting Pol II recruitment and activation at TR target gene promoters.

The physiologic action of thyroid hormone (T3) in mammals
is mediated primarily through thyroid hormone receptors
(TRs), members of the nuclear hormone receptor superfamily
that regulate transcription from target genes bearing T3 re-
sponse elements (TREs) (62, 66). There are two different yet
highly homologous TR subtypes, TR� and TR�, each encoded
on a separate gene. TRs typically bind to the TREs of positively
regulated T3-responsive target genes as heterodimers with reti-
noid X receptors (RXRs) (31). RXR/TR heterodimers activate
transcription on target genes containing positive TREs by recruit-
ing coactivator complexes in a T3-dependent manner (62, 66).
Two key TR coactivators are the p160/SRC-containing complexes
(17, 32) and the Mediator complex (3, 29). The p160/SRC family
of coactivators contain multiple leucine-rich LXXLL motifs im-
portant for T3-dependent binding to TRs and act as platforms for
the recruitment of potent histone lysine acetyltransferases (17, 32,
54) and histone arginine methyltransferases (47, 61). Importantly,
acetylation of lysine residues, and methylation of arginine resi-
dues, on histones H3 and H4 near the positive TREs of target
genes results in a modified chromatin structure that facilitates
transcriptional activation (17, 32, 47, 54, 61).

The evolutionarily conserved Mediator complex plays an
essential coregulatory role in eukaryotic transcription (23).
Originally isolated from human cells as a coactivator activity
bound to TR in the presence of T3 (13), the complex is thought
to bridge DNA-bound nuclear hormone receptors and other
signal-activated transcription factors with the basal transcrip-
tional apparatus, thereby facilitating the assembly and activa-

tion of the RNA polymerase II (Pol II) and its associated
general factors at target gene promoters (3, 25, 29, 49). The
human Mediator complex is comprised of over 30 subunits (45)
and arranged into four subcomplexes termed the head, middle,
tail, and cyclin-dependent kinase 8 (CDK8) modules (3, 29).
Twenty-two of the human subunits are homologs of proteins
found within Saccharomyces cerevisiae Mediator, a large 25-
subunit complex that directly associates with Pol II and is
essential for yeast viability (23). Electron microscopy and bio-
chemical studies of both yeast and human Mediator reveal that
subunits in the head, middle, and tail modules directly contact
Pol II, whereas subunits in all four modules have been impli-
cated in binding to signal-activated, gene-specific transcription
factors (23, 25, 29). Similar to the p160/SRC proteins, the
MED1 subunit of the mammalian Mediator complex contains
two LXXLL motifs and targets Mediator to TR and other
nuclear receptors in a ligand-dependent manner (3, 40).

Biochemical studies show that Mediator subunits MED12,
MED13, cyclin C, and CDK8 comprise a distinct separable
subcomplex (termed the CDK8 module) that is variably asso-
ciated with the core Mediator complex (5, 22). Several lines of
evidence indicate that the CDK8 module has an intrinsic po-
tential to negatively regulate transcription. First, studies in
both human and yeast systems indicate that association of the
CDK8 module with the core Mediator complex can block in-
teractions with Pol II (21, 36, 44). Second, in humans, CDK8
can inactivate the kinase activity of TFIIH (CDK7), which
normally targets the C-terminal domain (CTD) of the largest
subunit of Pol II for activation (1). Third, both yeast and
mammalian CDK8 are able to phosphorylate gene-specific
transcriptional activators, thus targeting them for ubiquitina-
tion and proteasome-based degradation (7, 14).

On the other hand, numerous studies point to positive roles
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for CDK8 in transcriptional regulation. For instance, studies in
yeast have revealed that the CDK8 module is associated with
Mediator complexes in the genome upstream of active genes
(2) and is essential for efficient transcriptional activation by
both the Gal4 and Sip4 activators (19, 24, 57). Similarly, human
Mediator complexes containing the CDK8 module are clearly
recruited to target gene promoters in an activator-dependent
manner both in vitro and in vivo and appear to promote, and in
some cases are essential for, transcriptional activation (6, 9, 10,
16, 20, 28, 39, 58–60). Interestingly, CDK8 can specifically
phosphorylate the CTD of Pol II (18, 26, 41, 42, 48), and CDK8
kinase activity in yeast specifically promotes Pol II transcrip-
tion as well as the formation of a transcription reinitiation
scaffold complex (26). For specific human genes within the
serum response network, CDK8-Mediator complexes can also
facilitate the recruitment of CDK9 (10), another key CTD
kinase implicated in regulating Pol II transcriptional elonga-
tion (15). Taken together, these studies reveal multiple positive
and negative roles for the CDK8 module in transcriptional
regulation that are likely manifested in an activator- or gene-
specific manner.

In this study, T3-dependent activation of the human type I
deiodinase (DioI) gene was utilized as a biological paradigm in
order to investigate the functional role of CDK8 in TR-regu-
lated transcription. Chromatin immunoprecipitation (ChIP)
and immobilized template assays showed that Mediator com-
plexes containing the CDK8 module are specifically recruited
to the DioI promoter along with Pol II in a T3- and TR-
dependent manner. We found that CDK8 is essential for ro-
bust T3-dependent transcription of the DioI gene in T3-re-
sponsive human cells and that CDK8 knockdown via RNA
interference (RNAi) decreased both Pol II occupancy and
recruitment of CDK9 at the DioI promoter. Mutagenesis and
in vitro assays demonstrate that intrinsic CDK8 kinase activity
is necessary for full T3-dependent DioI gene activation and
may contribute to Pol II phosphorylation at the DioI promoter.
Interestingly, ChIP assays further reveal significant levels of
CDK8 at the DioI promoter in vivo during active transcription,
suggesting that the CDK8 module may be involved in tran-
scriptional reinitiation. In sum, our findings suggest that CDK8
plays an important coactivator role in T3-dependent transcrip-
tion by promoting Pol II recruitment and activation.

MATERIALS AND METHODS

Antibodies and reagents. Affinity-purified antibodies against MED1, MED13,
MED12, MED26, MED6, MED7, MED17, CDK8, CDK9, Cyclin C, TFIIF-
RAP30, TFIIF-RAP74, TAFII-100, hTBP, RPB6, Brg1, PCAF, SRC1, p300,
TFIIB, and tubulin were all from Santa Cruz Biotechnology (Santa Cruz, CA).
Antibodies against CDK7 were from BioLegend (San Diego, CA). Mouse mono-
clonal antibodies against the largest subunit of Pol II were via the hybridoma
8WG16 provided by Richard Burgess (University of Wisconsin). Ser-5-phosphor-
ylated and Ser-2-phosphorylated Pol II CTD antibodies were from Covance
(Madison, WI). Anti-FLAG antibodies and anti-FLAG–agarose beads were
from Sigma (St. Louis, MO). Antibodies against BAF170 and BAF155 were from
Naoko Tanese (New York University), and antibodies against PRMT1 were
from Harvey Herschman (UCLA). Rabbit polyclonal antibodies against MED24
and MED1 (used for immunoblotting) were described previously (65). Horse-
radish peroxidase-conjugated secondary anti-rabbit and anti-mouse IgG were
from Cell Signaling (Beverly, MA). Immunoblotting was as described previously
(37). The H7 kinase inhibitor and T3 were purchased from Sigma.

Plasmids. To generate the pCIN4-FLAG-MED17 plasmid, the full-length
MED17 cDNA was first subcloned into FLAG(AS)-pGEM7 and, subsequently,
FLAG-MED17 was subcloned into pCIN4. The luciferase reporter gene

2�T3RE-tk-Luc (37) and the in vitro transcription reporter template TRE3�53
template were described earlier (4, 12). The pIRESneo2-CDK8 wild-type and
pIRESneo2-CDK8 kinase mutant (D151A) mammalian expression vectors were
from Yoshiaki Ohkuma (University of Toyama, Japan) (16). The pQE9-12CAS-
GST and pQE9-12CAS-GST-CTD bacterial expression vectors have been de-
scribed previously (52). The recombinant baculoviruses expressing human CDK8
and human cyclin C were provided by Krassimir Yankulov (University of
Guelph, Canada) and have been described elsewhere (38).

Cell culture. The stable FLAG-MED17-expressing cell line was generated by
transfecting pCIN4-FLAG-MED17 into HeLa(s) cells using Lipofectamine 2000.
Stable clones were selected with 0.6 mg/ml of G418 (Invitrogen) and then
expanded for f:MED17 expression analyses via immunoblotting. One clone ex-
hibiting substoichiometric f:MED17 expression relative to endogenous MED17
was chosen for further expansion and CDK8-Mediator purification (see below).
The �-2 cell line stably expressing FLAG-TR� was described earlier (13). HeLa-
f:MED17 and �-2 cells were routinely cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (FBS; Gemini Bioproducts),
10 mM HEPES, and penicillin and streptomycin (Invitrogen, Carlsbad, CA). For
experiments involving T3 stimulation, the cells were cultured in charcoal/dex-
tran-stripped (CDS) FBS (Gemini Bioproducts) for 72 h prior to addition of
hormone.

RNA interference. Smart pool small interfering RNAs (siRNAs) specific for
MED1 and MED17 were from Dharmacon Research, Inc., as previously de-
scribed (37, 56). The CDK8 and cyclin C siRNAs were generated using the
siRNA synthesis kit (Ambion). For each factor, combinations of two siRNAs
were used: for CDK8, 5�-AAG ATG CCT GAA CAT TCA ACA-3� and 5�-AAA
TAG CAT TAC TTC GAG AGC-3�; for cyclin C, 5�-AAT GGA TTG TTG CTT
GAT AGT-3� and 5�-AAA CCA CCT CCA AAC AGT GAA-3�. A scrambled
siRNA smart pool (Dharmacon) was used as a control. For transfections, 3 � 105

cells were seeded the day before transfection in cell culture medium containing
no antibiotics. After 24 h, 100 nM siRNA was transfected using the Lipo-
fectamine 2000 reagent (Invitrogen).

Luciferase assays. Transient transfections were carried out in 12-well plates
using the Lipofectamine 2000 reagent (Invitrogen) according to the manufactur-
er’s instructions. �-2 cells (105) were transfected with siRNAs (100 nM final
concentration) specific for MED1, CDK8, cyclin C, or both CDK8/cyclin C along
with the 2�T3RE-tk-Luc luciferase reporter gene (250 ng) and pSV-�-gal plas-
mid (100 ng) as a transfection control. After culturing for 48 h in CDS-FBS, the
cells were treated with 100 nM T3 for 16 h. Cells were then harvested and
luciferase activity was measured using the luciferase assay system (Promega) and
a luminometer. Luciferase activity was normalized for both protein concentra-
tion and �-galactosidase activity.

Expression and purification of recombinant proteins in Sf9 cells and Esche-
richia coli. Recombinant human FLAG-RXR� and -TR� were baculovirally
expressed in insect Sf9 cells and purified via anti-FLAG immunoaffinity chro-
matography as described earlier (4, 12). Recombinant baculoviruses expressing
His-tagged human CDK8 and human cyclin C were baculovirally expressed in
insect Sf9 cells and purified as described previously (38). The glutathione S-
transferase (GST) and GST-CTD constructs (52) were expressed in BL21 E. coli
and purified as described previously (40).

In vitro kinase assay. A 100-ng aliquot of GST-CTD was incubated with 50 ng
of CDK8/cyclin C in 20 �l kinase buffer (20 mM HEPES [pH 7.9], 8 mM MgCl2,
0.5% glycerol, 0.1% Triton X-100, 1 mM dithiothreitol) containing either 2 �Ci
[�-32P]ATP or nonradioactive ATP (0.1 mM) for 30 min at 30°C. For experi-
ments involving the H7 inhibitor, GST-CTD was preincubated with H7 (at the
concentrations indicated below) for 30 min prior to incubation with CDK8/cyclin
C. The reaction was stopped by adding 2� SDS loading buffer, and the samples
were resolved via 8% SDS-PAGE. The gel was either dried and exposed by
autoradiography or transferred to nitrocellulose and processed for immunoblot-
ting.

Purification of CDK8-Mediator complex. HeLa f:MED17 cells were adapted
to spinner culture in Joklik’s medium (Sigma) containing 10% FBS and ex-
panded into 25 liters at the Biovest International/National Cell Culture Center
(Minneapolis, MN). Nuclear extract was prepared as described in detail else-
where (28). The nuclear extract was dialyzed against BC100 (20 mM Tris-HCl
[pH 7.9], 20% glycerol, 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride,
5 mM �-mercaptoethanol, and 100 mM KCl) and then fractionated on a phos-
phocellulose (P11) ion-exchange column as described in detail elsewhere (30).
The 0.5 M KCl fraction was dialyzed against BC100 for 6 h, centrifuged at 18,000
rpm for 30 min at 4°C to remove insoluble debris, and then subjected to immu-
noaffinity chromatography using anti-FLAG M2 monoclonal antibody-conju-
gated agarose resin (Sigma). The M2 column was washed three times with BC300
(same as BC100 except containing 300 mM KCl) and then once with BC100–
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0.1% NP-40. The CDK8-Mediator complex was eluted with 0.3 mg/ml FLAG
peptide.

Immunodepletion of Mediator from nuclear extracts and in vitro transcription
assay. HeLa cell nuclear extract was immunodepleted of Mediator by passing it
through two columns prepared with affinity-purified antibodies against MED1
and MED6 conjugated to protein G-agarose beads as described previously (30).
Preimmune normal rabbit IgG was used to prepare a mock control column. In
vitro transcription assays were carried out by incubating the TRE3�53 G-free
cassette template (50 ng) in Mediator-depleted or mock-depleted nuclear extract
(50 mg) together with 40 ng recombinant TR�/RXR� in the presence of T3 (100
nM) as described previously (4, 12, 13).

Chromatin immunoprecipitation. �-2 cells were seeded in CDS-FBS-contain-
ing medium for 72 h prior and then treated with 100 nM T3 for 1 h. ChIP assays
were performed as described earlier (46) using the antibodies indicated in the
figure legends. The two sets of PCR primers for the DioI promoter and coding
regions were described earlier (46, 63). The PCR primers for the FAS and
ADRB2 gene promoters were also detailed previously (8).

Real-time PCR. �-2 cells (1 � 106) were either cultured alone or transfected
with siRNAs or mammalian expression vectors using Lipofectamine 2000 as
outlined above. The cells were then treated with 100 nM T3 for 1 h, and total
RNA was extracted using TRIzol reagent (Invitrogen). For experiments involv-
ing the H7 kinase inhibitor, the cells were preincubated with H7 (10 or 25 �M)
for 30 min prior to T3 treatment. First-strand cDNA synthesis was generated by
processing 1 �g of total RNA using a reverse transcription assay kit (Invitrogen).
The cDNA was PCR amplified using Taq DNA polymerase (Roche) together
with specific primers for DioI and �-actin. For real-time PCR, the cDNA was first
normalized for �-actin expression and then a PCR was performed using a SYBR
green PCR kit (Invitrogen) and an Opticon continuous fluorescence detection
system (MJ Research) together with the following specific DioI primers: forward,
5�-GAAGAGGCTCTGGGTGCTCTTG-3�; reverse, 5�-ACTCCCAAATGTTG
CACCTCTGT-3�. The increase in mRNA expression was calculated by the
comparative Ct method (27). In some cases, PCR products were presented
semiquantitatively by running the reactions on a 1% ethidium bromide-stained
agarose gel.

Immobilized DNA template assay. The 740-bp DioI template was PCR am-
plified from the sonicated genomic DNA using the following 5�-biotinylated
primers: forward, 5�-TCG AGC CTG TAA TCC CAG CAC-3�, and reverse,
5�-GCC AGA GTA AGC TCT GAG TTC-3�. The template was fractionated on
a 1% agarose gel, purified using a gel extraction kit (Qiagen), and quantitated by
spectrophotometry. M-280 streptavidin Dynal beads (Invitrogen) were concen-
trated with a magnetic particle concentrator (MPC; Dynal) and washed twice
with binding buffer (5 mM Tris-HCl [pH 7.5], 1 mM EDTA, 1 M NaCl, 0.003%
NP-40) and then resuspended in binding buffer. The equilibrated Dynal beads
were conjugated with 40 ng biotinylated DioI template in binding buffer for 30
min at room temperature with constant agitation. The immobilized template was
then concentrated with the MPC and washed twice in binding buffer and once
with transcription buffer (20 mM HEPES [pH 7.6], 4 mM MgCl2, 60 mM KCl,
0.08 mM EDTA, 8 mM dithiothreitol, 10% glycerol, 0.4 mg bovine serum
albumin/ml, and 0.05% NP-40). The beads were then concentrated with the
MPC, resuspended in 20 �l transcription buffer, and incubated with 50 ng of
TR/RXR along with 100 nM T3 for 30 min at room temperature followed by the
addition of 100 �g HeLa nuclear extract for another 50 min. The Dynal beads
were then washed three times with transcription buffer and resuspended in 2�
SDS loading buffer, resolved on 8% SDS-PAGE, and detected via immunoblot-
ting. For transcription initiation experiments, the immobilized template-bound
proteins were resuspended in 100 �l transcription buffer containing 100 �M
ribonucleoside triphosphates (rNTPs) for 2 to 20 min at room temperature. The
Dynal beads were then washed three times in 300 �l of transcription buffer,
concentrated with the MPC, boiled with 2� SDS-loading buffer, and then pro-
cessed for SDS-PAGE followed by immunoblotting.

RESULTS

CDK8-Mediator activates TR-dependent transcription in
vitro. It was previously reported that Mediator complexes con-
taining the CDK8 module are significantly less active in sup-
porting activator-dependent transcription in vitro than com-
plexes lacking the module (50). To investigate whether a
purified Mediator complex containing the CDK8 module
(hereafter termed CDK8-Mediator) can support TR-mediated
transcription in vitro, we set up a cell-free TR-dependent tran-

scription assay utilizing unfractionated HeLa nuclear extract as
a source of basal transcription factors, Pol II, and other co-
regulatory factors (4, 12). As a source of purified CDK8-Me-
diator, we generated a HeLa-derived cell line stably expressing
FLAG-tagged MED17 (f:MED17) and purified the complex
from nuclear extracts using phosphocellulose fractionation fol-
lowed by anti-FLAG immunoaffinity chromatography (Fig.
1A). MED17 was chosen for purification given its integral
component status within the core Mediator complex (29, 49)
and in light of the fact that it’s been identified in nearly every
mammalian Mediator preparation reported to date (reference
45 and references therein). Mediator complexes containing the
CDK8 module can be separated from core Mediator lacking
the module via phosphocellulose fractionation and elution with
0.5 M KCl (28, 35, 45, 60). Indeed, silver staining and immu-
noblot analyses showed that the purified CDK8-Mediator com-
plex is highly enriched in CDK8, cyclin C, MED12, and
MED13, as well as other subunits from the core Mediator
complex (Fig. 1B and C).

To test the ability of purified CDK8-Mediator to facilitate
TR-mediated transcription in vitro, we utilized a naked DNA
reporter plasmid containing three TREs inserted upstream of
the adenovirus major late minimal promoter (�53 to 	10;
TRE3�53). In order to specifically address the functional role
of the purified CDK8-Mediator complex in TR-dependent tran-
scription, we immunodepleted Mediator from HeLa cell nuclear
extracts using affinity-purified antibodies against MED1 and
MED6 conjugated to protein G-agarose beads. The resulting
immunodepleted nuclear extract (�MED) was 
80% devoid of
Mediator (based on the loss of the specific subunits assayed for
here) (Fig. 2A), yet still replete for components of the Pol II
basal transcription machinery, the SNF/SWI chromatin remod-
eling complex, and other nuclear receptor coactivators (Fig.
2A and B). Importantly, addition of purified human RXR/�R
plus T3 to the mock-depleted nuclear extract efficiently acti-
vated transcription from the TRE3�53 template, but not when
added to the �MED nuclear extract (Fig. 2C, compare lanes 2
and 4). Consistent with the notion that Mediator containing
the CDK8 module can effectively support TR-mediated tran-
scription in vitro, addition of the purified CDK8-Mediator
complex restored RXR/TR/T3-dependent transcriptional acti-
vation in the �MED nuclear extract in a dose-dependent man-
ner but had no significant effect on basal transcription
(Fig. 2D).

TR-dependent recruitment of CDK8-Mediator into a PIC at
the DioI promoter coincides with the recruitment of Pol II. Pol
II and its associated general transcription factors (GTFs;
TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH) assemble
into a preinitiation complex (PIC) at the core promoters of all
class II eukaryotic genes, and in the presence of NTPs, Pol II
dissociates from the PIC and initiates transcription (43). Gene-
specific activators like TR are thought to act in concert with the
Mediator complex to promote the assembly, activation, and
reinitiation of PICs at target gene promoters, thereby enhanc-
ing the rate of transcription (3, 20, 25, 29, 49). While the
findings in Fig. 2 implicate CDK8-Mediator in facilitating TR-
dependent transcriptional activation, it remained plausible that
our presumptive purified CDK8-Mediator preparation addi-
tionally contained core Mediator complexes lacking the CDK8
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module, or that the CDK8 module was disassociating from the
core complex prior to the recruitment of Pol II into a PIC.

To more carefully examine whether CDK8-Mediator is di-
rectly recruited to promoter-bound TR and plays a functional

role in promoting transcriptional initiation, we carried out
immobilized template assays using a biotinylated human DioI
gene promoter fragment spanning the two positive TREs in the
proximal promoter as well as the transcription start site (46,

FIG. 1. Purification of CDK8-Mediator complex from HeLa cells. (A) Purification scheme for isolation of human CDK8-Mediator from
nuclear extract prepared from HeLa cells stably expressing f:MED17. (B) Silver staining of purified human CDK8-Mediator. (C) Immunoblot
analyses of purified CDK8-Mediator complexes isolated directly by using an anti-FLAG affinity column (M2 IP) or purified via P11 phosphocel-
lulose chromatography followed by anti-FLAG affinity purification (CDK8 MED).

FIG. 2. CDK8-Mediator facilitates TR-dependent transcription in vitro. (A and B) Immunodepletion of Mediator from HeLa cell nuclear
extracts, as shown by results of immunoblot analysis of HeLa cell nuclear extracts incubated with either anti-MED1/anti-MED6 antibodies or
preimmune serum (mock). Specific antibodies used for immunoblotting are indicated to the right of the panels. (C) Mediator depletion abrogates
TR-dependent transcription. Transcription was measured in vitro by incubating the TRE3�53 reporter gene in Mediator-depleted (�MED) or
mock-depleted nuclear extract together with purified baculovirus-expressed TR�, RXR�, and T3 (10�7 M) as described previously (4). (D) Pu-
rified CDK8-Mediator restores TR-dependent transcription in a concentration-dependent manner. In vitro transcription assays were performed
exactly as described for panel C, except that increasing concentrations of purified CDK8-Mediator were added to the reaction mixtures as
indicated.
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53) (Fig. 3A). The DioI promoter was immobilized on mag-
netic streptavidin beads and then incubated with purified hu-
man RXR/TR plus T3 in a HeLa nuclear extract allowing PIC
assembly. The PICs were then washed and the bound proteins
eluted, fractionated by SDS-PAGE, and analyzed by immuno-
blotting. In the absence of RXR/TR/T3, the GTFs TBP/
TAFII100 (TFIID), TFIIB, and RAP74 (TFIIF) were all de-
tected at the DioI promoter along with low levels of Pol II (Fig.
3C and D). Interestingly, addition of RXR/TR/T3 triggered
the recruitment of subunits in the CDK8 module, the core
Mediator complex, and Pol II to the immobilized DioI pro-
moter (Fig. 3C and D). These data thus indicate that ligand-
activated TR induces the recruitment of both the CDK8-Me-
diator complex and Pol II into a PIC at the DioI core promoter.

In yeast immobilized PIC studies, a subset of GTFs (TFIIA,
TFIID, TFIIE, and TFIIH) together with components of the
core Mediator complex (MED6, MED15, MED17, and
MED20) remain bound at the core promoter following tran-
scription initiation, presumably forming a scaffold complex al-

lowing for reinitiation (64). We were therefore interested in
investigating whether TR-recruited CDK8 likewise remains
bound at the DioI promoter upon transcriptional initiation.
Toward this end, RXR/TR/T3-dependent PICs were again as-
sembled at the DioI promoter in nuclear extract and washed as
before (see above), but this time NTPs were then added to the
immobilized PICs to initiate transcription. After another
round of washing, the DNA-bound complexes were eluted and
analyzed by immunoblotting. Interestingly and consistent with
the earlier yeast studies (64), TBP/TAFII100 (TFIID) and the
core Mediator subunits MED6, MED7, and MED17 all re-
mained bound at the promoter, whereas TFIIB, TFIIF, and
CDK8 all dissociated from the PIC along with Pol II upon
transcription initiation (Fig. 3D). Addition of ATP alone also
triggered CDK8 and Pol II disengagement from the immobi-
lized PIC, thus indicating that ATP hydrolysis is sufficient for
CDK8 dissociation (Fig. 3E).

In contrast to previous mammalian immobilized PIC studies
using hybrid activators (GAL-p53 or GAL-VP16) and showing

FIG. 3. TR-dependent recruitment of CDK8-Mediator and Pol II into a functional PIC at the DioI promoter in vitro. (A) Schematic
representation of the DioI promoter, showing the locations of TREs and biotin-conjugated PCR primers. (B) Single-round immobilized PIC
assembly and transcriptional initiation assay. (C) TR-dependent recruitment of CDK8-Mediator and Pol II. Biotinylated immobilized DioI
template was incubated with or without purified baculovirus-expressed TR�, RXR�, or T3 (10�7 M) in HeLa cell nuclear extract for 40 min. The
PICs were then isolated by using streptavidin beads, washed, fractionated by SDS-PAGE, and then probed by immunoblotting using the specific
antibodies indicated to the right of each panel. (D and E) CDK8 and Pol II dissociate from the PIC upon transcription initiation. PIC assembly
on immobilized DioI promoter templates was carried out as described for panel C. The PICs were then isolated by using streptavidin beads, washed,
and then resuspended in transcription buffer containing NTPs (100 �M) for the times indicated (D) or containing ATP or NTPs (100 �M) for 2
min (E). The streptavidin conjugates were then precipitated, washed, fractionated by SDS-PAGE, and then probed by immunoblotting using the
specific antibodies indicated to the right of each panel.
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that the Mediator subunit MED1 dissociates from the PIC
upon transcription initiation (28, 55), we observed here that
MED1 remains firmly bound at the DioI promoter following
transcription initiation, as well as in the presence of ATP (Fig.
3D and E). This observation is presumably accounted for by
MED1’s ability to directly bind RXR/TR (which also remains
stably bound at the promoter) and underscores the importance
of the promoter-specific activator in influencing the composi-
tion of the recruited Mediator complex during both PIC as-
sembly and PIC dissociation. Significantly, these findings indi-
cate that MED1 serves as a component of the reinitiation
scaffold at TR-regulated core promoters and as such, may play
an important in recycling Pol II and other distinct Mediator
components back to the promoter (see Discussion). Collec-
tively, our findings show that TR specifically recruits a Medi-
ator complex containing the CDK8 module into a functional
PIC at the DioI promoter in vitro and that this event coincides
with the recruitment and subsequent activation of Pol II.

CDK8-Mediator is recruited to the DioI gene promoter in
vivo in a T3-dependent manner, and its presence coincides
with ongoing active transcription. To investigate whether
CDK8-Mediator is directly recruited to the T3-responsive hu-
man DioI gene in vivo, we carried out ChIP assays using human
�-2 cells stably expressing human TR� (13, 46). To that end,
the cells were first cultured in charcoal/dextran-stripped serum
for 72 h and then treated with or without T3 for 1 h. ChIP was
then carried out using antibodies specific for different Media-
tor subunits together with PCR primers spanning the two pos-
itive TREs in the DioI promoter region (Fig. 4A). Consistent
with our immobilized template data, and in agreement with
earlier studies showing activator-dependent recruitment of
CDK8 to transcriptionally active gene promoters in vivo (9, 34,
58, 59), treatment of �-2 cells with T3 triggered a marked
occupancy of both core Mediator subunits and the CDK8 mod-
ule at the DioI promoter (Fig. 4B). Our data also revealed the
T3-dependent recruitment of MED26, a subunit previously
reported to be only associated with Mediator complexes lack-
ing the CDK8 module (49).

Phosphorylation of specific serine residues in the CTD of the
largest subunit of Pol II are important regulatory events con-
trolling both transcriptional initiation and elongation (33). In
mammals, the CTD consists of 52 repeats of the heptapeptide
YSPTSPS with phosphorylation of serine 5 (Ser-5P) important
for transcriptional initiation and phosphorylation of serine 2
(Ser-2P) important for elongation (15, 33). In general, phos-
phorylation of Ser-5 is believed to be predominantly mediated
by CDK7, the kinase subunit of TFIIH (33), whereas phosphor-
ylation of Ser-2 is thought to be catalyzed by CDK9, the kinase
subunit of the positive transcription elongation factor b (P-
TEFb) (15). In agreement with our immobilized PIC findings,
we detected significant T3-dependent Pol II recruitment at the
DioI promoter, as well as both Ser-5 and Ser-2 phosphorylation
of the Pol II CTD (Fig. 4B). Consistent with the observed
T3-induced recruitment and phosphorylation of Pol II at the
DioI promoter, we found that stimulation of �-2 cells with T3
for 1 h significantly activated DioI mRNA expression as mea-
sured by both semiquantitative and real-time PCR (6- to
7-fold) (Fig. 4C and D). Taken together, these data are indic-
ative of high levels of active gene transcription by Pol II due to
elevated rates of transcriptional initiation and reinitiation at

the DioI promoter. It is notable in this regard that significant
levels of CDK8 are clearly present at the DioI promoter during
this time period and are suggestive of potential positive roles
for CDK8 in the transcriptional initiation and/or reinitiation
process.

CDK8 promotes both Pol II occupancy and CDK9 recruit-
ment at T3-responsive promoters and is required for T3-de-
pendent activation of DioI mRNA expression. Given the occu-
pancy of CDK8-Mediator at the DioI promoter upon T3
treatment and during active transcription, we were interested
in determining whether CDK8 or its heterodimeric binding
partner cyclin C are functionally required for T3-dependent
activation of DioI mRNA expression. Accordingly, �-2 cells

FIG. 4. T3-dependent recruitment of CDK8-Mediator to the DioI
promoter in vivo coincides with active transcription. (A) Schematic
representation of the human DioI promoter. TREs and the specific
location of the PCR primers are indicated. (B) T3-dependent recruit-
ment of CDK8-Mediator to the DioI promoter in T3-responsive cells.
Chromatin was prepared from �-2 cells cultured with or without T3
(10�7 M) for 1 h and then immunoprecipitated using the specific
antibodies indicated on the right. The immunoprecipitates were sub-
jected to semiquantitative PCR using specific primers spanning the
TREs in the promoter region (shown in panel A). (C and D) T3-
dependent activation of DioI mRNA expression. Total RNA was ex-
tracted from �-2 cells cultured with or without T3 (10�7 M) for 1 h and
then assayed by RT-PCR semiquantitatively (C) or in real time (D) us-
ing primers specific for DioI or for �-actin as a control.
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were transfected with siRNA specific for either CDK8 or cyclin
C and then assayed for T3-dependent DioI activation via real-
time PCR (Fig. 5A and B). As positive controls for RNAi-
induced Mediator impairment, we included siRNAs specific
for MED1 that directly targets Mediator to TR and for
MED17 that serves as an integral structural component of the
core Mediator complex. Interestingly, knockdown of CDK8 or
cyclin C inhibited T3-stimulated DioI mRNA expression �2.3-
and 1.8-fold, respectively, thus revealing a functional require-
ment for these cofactors in T3-dependent DioI activation in
vivo (Fig. 5B). Similarly, we found that RNAi silencing of
either CDK8, or CDK8 together with cyclin C, abolished T3-
dependent activation of a transiently transfected TRE-linked
reporter gene (Fig. 5C). Together these results suggest that
CDK8 serves as a positive coactivator for TR-mediated tran-
scription.

In light of our findings showing that T3-dependent recruit-
ment of CDK8-Mediator at the DioI promoter coincides with
Pol II recruitment, we next examined whether CDK8 silencing
influences T3-dependent Pol II recruitment at the DioI gene in
vivo. To perform these experiments, �-2 cells were first trans-
fected with CDK8 siRNA or a scrambled control and then
cultured with or without T3. ChIP was then carried out using
PCR primers spanning the DioI proximal promoter or span-

ning an intragenic region �1 kb downstream in the DioI tran-
scription start site (Fig. 6A). Consistent with the observed loss
of activated DioI gene expression, knockdown of CDK8 in �-2
cells by RNAi resulted in a significant decrease in Pol II re-
cruitment at the proximal DioI promoter as well as a decrease
in actively transcribing Pol II within the intragenic region (Fig.
6B and C). Knockdown of CDK8 expression in �-2 cells also
decreased Pol II occupancy at the promoter regions of two
other T3-responsive genes, fatty acid synthase (FAS) and �-ad-
renergic receptor (ADRB2) (Fig. 6E and F).

A notable reduction in Pol II CTD Ser-2 and Ser-5 phos-
phorylation was also observed at the DioI proximal promoter
in the absence of CDK8 (Fig. 6B), possibly accounted for by a
concomitant decrease in either CDK7/TFIIH and/or CDK9/
PTEF-b recruitment. To explore this issue, ChIP was carried
out on T3-stimulated �-2 cells transfected with or without
CDK8 siRNA using antibodies specific for CDK7 and CDK9
(Fig. 6D). Interestingly, we found that CDK8 knockdown
markedly decreased CDK9 recruitment at the Dio1 promoter
as well as elicited a modest inhibitory effect on CDK7 recruit-
ment. Taken together, our findings suggest that loss of CDK8
expression in �-2 cells decreases T3-dependent DioI mRNA
expression primarily at the level of reduced Pol II recruitment

FIG. 5. CDK8 is required for T3-dependent activation of DioI mRNA expression. (A) RNAi knockdown of Mediator subunits in �-2 cells.
Whole-cell extract was prepared from �-2 cells transfected with siRNAs specific for MED1, MED17, CDK8, cyclin C, or a nonspecific scrambled
control siRNA and then probed with the specific antibodies indicated on the right. The immunoblots were then stripped and reprobed with
antibodies against �-tubulin. (B and C) Loss of CDK8 or cyclin C inhibits T3-dependent gene expression. �-2 cells transfected with either control
or Mediator-specific siRNAs were treated with or without T3 (10�7 M) for 1 h (B). Total RNA was then extracted processed for quantitative
RT-PCR in real time using primers specific for DioI. Alternatively, �-2 cells were transfected with 2�TRE-tk-Luc along with either control or
Mediator-specific siRNAs for 48 h and then treated with or without T3 (10�7 M) for 16 h (C). The cells were then harvested and assayed for
luciferase activity, which was normalized against expression from a cotransfected �-galactosidase control vector. In the lower panels, equal amounts
of cellular lysate from the harvested cells were probed by immunoblotting using the antibodies indicated on the right.
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and reduced recruitment of CTD kinases that regulate Pol II
activity.

To further investigate whether the kinase activity of CDK8
itself is functionally required for T3-dependent DioI mRNA
expression, �-2 cells transfected with CDK8 siRNA were ad-
ditionally transfected with expression vectors for wild-type
CDK8 or a kinase-deficient CDK8 mutant (D151A) (16). The
transfected cells were then treated with or without T3 for 1 h,
and DioI mRNA expression was measured by real-time PCR.
As shown in Fig. 7, ectopic overexpression of wild-type CDK8
partially restored T3-dependent DioI activation, whereas over-
expression of the kinase-deficient CDK8 mutant had no effect.
We suspect that the inability of wild-type CDK8 to fully restore
T3-dependent DioI expression in these assays is likely due to
partial RNAi knockdown of the ectopically expressed CDK8
protein as evidenced from the immunoblotting (Fig. 7, lower
panels). Nonetheless, these data indicate that CDK8 kinase
activity is functionally required for full T3-dependent DioI
mRNA expression in vivo.

H7 inhibits both CDK8 phosphorylation of the Pol II CTD
and T3-dependent DioI expression. To gain further insights
into the functional significance of CDK8 kinase activity, we
expressed full-length human CDK8 and cyclin C together in
insect Sf9 cells via recombinant baculovirus and then copuri-
fied the proteins as a heterodimer (Fig. 8A). Consistent with
previous studies reporting that CDK8 can specifically phos-
phorylate the CTD of the largest subunit of Pol II (16, 18, 26,
41, 42), we found that incubation of the purified CDK8/cyclin
C pair with a GST-CTD fusion protein containing 27 hexapep-
tide repeats robustly facilitated CTD-specific phosphorylation
in a dose-dependent manner (Fig. 8B). To identify specific
residues within the Pol II CTD that are phosphorylated by
CDK8, we incubated CDK8/cyclin C with GST-CTD and sub-
sequently performed immunoblot analyses utilizing monoclo-

nal antibodies specific for phosphorylated serine 5 or serine 2
of the hexapeptide repeat. In agreement with previous findings
(48), the purified CDK8/cyclin C pair facilitated phosphoryla-
tion of both Ser-2 and Ser-5 at the Pol II CTD (Fig. 8D and E).

FIG. 6. Loss of CDK8 expression reduces Pol II occupancy at T3-responsive gene promoters and decreases recruitment of CDK9 at the DioI
gene. (A) Schematic representation of the DioI gene, showing the locations of PCR primers in the proximal promoter and downstream intragenic
regions. (B, C, and D) �-2 cells were transfected with CDK8 siRNA or a control siRNA for 72 h and then treated with or without T3 (10�7 M)
for 1 h. The cells were then processed for ChIP analyses using the antibodies shown to the right of the panels and specific PCR primer sets indicated
below the panels. (E and F) ChIP was carried out exactly as described above except that PCR primers specific for the T3-responsive FAS and
ADRB2 gene promoters were used.

FIG. 7. CDK8 kinase activity is required for full T3-dependent DioI
mRNA expression. �-2 cells were transfected with either scrambled or
CDK8-specific siRNAs along with either a wild-type CDK8 expression
vector or a mutant CDK8 expression vector (D151A) deficient in
kinase activity. At 72 h posttransfection, the cells were treated with or
without T3 for 1 h and then harvested. Total RNA was processed by
quantitative RT-PCR in real time using primers specific for DioI, while
whole-cell lysate was analyzed by immunoblotting using antibodies
specific for CDK8 and �-tubulin.
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These findings confirm that the Pol II CTD is a specific sub-
strate for CDK8 and that CDK8 phosphorylates specific serine
residues within the CTD hexapeptide repeats that are func-
tionally associated with transcriptional initiation and elonga-
tion.

The small-molecule kinase inhibitor H7 has been shown to
selectively inhibit CDK8 kinase activity in vitro (41). To exam-
ine whether H7 inhibits CDK8/cyclin C phosphorylation of the
Pol II CTD, we incubated CDK8/cyclin C with various concen-
trations of H7 and then assayed the heterodimer for phosphor-
ylation of GST-CTD. We found that H7 treatment completely
inhibited phosphorylation of the Pol II CTD at concentrations
as low as 10 �M (Fig. 8C) and that the chemical inhibitor
specifically blocked phosphorylation at both Ser-2 and Ser-5 of

the CTD hexapeptide repeat (Fig. 8D and E). In light of our
data showing that CDK8 kinase activity is functionally required
for full T3-dependent DioI mRNA expression in vivo, we fur-
ther examined whether treatment of cultured �-2 cells with H7
could block T3-dependent DioI activation. Interestingly, we
found that H7 inhibited T3-dependent DioI mRNA activation
at concentrations similar to those used to block CDK8 phos-
phorylation of the Pol II CTD in vitro (Fig. 9A).

To investigate whether inhibition of CDK8 kinase activity
via H7 negatively influences Pol II recruitment into a TR-
dependent PIC, immobilized PIC assays at the DioI promoter
were carried out as before (Fig. 3), but this time in the pres-
ence or absence of H7. Although H7 had no significant affect
on Pol II recruitment into the PIC, addition of the inhibitor

FIG. 8. CDK8/cyclin C specifically phosphorylates the Pol II CTD in vitro. (A) Recombinant human CDK8 and cyclin C expressed in Sf9 cells
via baculovirus were purified and stained with Coomassie blue. (B) Purified recombinant CDK8/cyclin C phosphorylates GST-Pol II-CTD in a
concentration-dependent manner (see Materials and Methods for further information on the in vitro kinase assay). (C to E) H7 inhibits
CDK8/cyclin C kinase activity. (C) GST-Pol II-CTD was preincubated with various concentrations of H7 prior to incubation with CDK8/cyclin C
in the presence of [�32]ATP. (D and E) GST-Pol II-CTD was incubated with CDK8/cyclin C together with unlabeled ATP in the presence or
absence of H7 (10 �M). The reaction mixtures were resolved by SDS-PAGE and then probed by immunoblotting using antibodies specific for the
Pol II CTD, phosphorylated Pol II CTD Ser-2P, or phosphorylated Pol II CTD Ser-5P.

FIG. 9. H7 inhibits both T3-dependent DioI expression and Pol II phosphorylation at the DioI promoter. (A) �-2 cells were cultured with or
without T3 (10�7 M) in the presence or absence of H7 (10 or 25 �M, as indicated) for 1 h and then harvested. Total RNA was processed by
quantitative RT-PCR in real time using primers specific for DioI. (B) H7 inhibits Pol II CTD phosphorylation at the DioI promoter in vitro. PICs
were assembled on biotinylated DioI promoter templates in the presence of RXR/TR/T3 and HeLa nuclear extract essentially as described for Fig.
3 except that H7 (10 �M) was added to the reaction mixtures as indicated (lanes 4 and 6). The PICs were then isolated by using streptavidin beads
and washed, and in selected reactions, transcription was initiated upon the addition of NTPs (100 �M) for 2 min (lanes 5 and 6). The streptavidin
conjugates for all reactions were then precipitated, fractionated by SDS-PAGE, and then probed by immunoblotting using antibodies specific for
CDK8, Pol II, and phosphorylated Ser-5 Pol II CTD. In reaction 5 (lane 5), the transcription initiation reaction eluate was trichloroacetic acid
precipitated and processed for immunoblotting as described above. (C) H7 inhibits Pol II CTD phosphorylation at the DioI promoter in vivo. �-2
cells were cultured with or without T3 in the presence or absence of H7 (10 �M) and then processed for ChIP analyses exactly as described in the
Fig. 4 legend.
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blocked NTP-induced Ser-5 phosphorylation of the Pol II CTD
as well as Pol II dissociation from the PIC (Fig. 9B). Similarly,
ChIP assays revealed that H7 treatment of �-2 cells dramati-
cally decreased T3-dependent Ser-5 phosphorylation of the Pol
II CTD at the DioI promoter but did not appear to significantly
influence Pol II recruitment (Fig. 9C). While we cannot rule
out some concomitant inhibition of CDK7/TFIIH kinase ac-
tivity by H7, it is important to note that the 50% inhibitory
concentration (IC50) of H7 for CDK8 is 10-fold less than that
for CDK7 (41). Our findings thus suggest that the kinase ac-
tivity of CDK8 may play a contributory role in phosphorylating
(and thus activating) the CTD of Pol II at TR-regulated gene
promoters and as such, are reminiscent of previous studies in
yeast showing that CDK8 kinase activity promotes Pol II tran-
scription and formation of reinitiation scaffold complex at dis-
tinct activator-dependent target genes (26).

DISCUSSION

Mediator was originally purified from human cells as a mul-
timeric nuclear protein complex bound to TRs and was later
shown to be an essential transcriptional coactivator for TR and
other nuclear hormone receptors (3), as well as for other types
of signal-activated transcription factors (25, 29). The CDK8
module is a variably associated subcomplex of Mediator impli-
cated in both negative and positive transcriptional regulation,
yet its functional role in nuclear hormone receptor signaling
has remained unclear. In this study, we utilized in vitro and
cellular assays to investigate the functional role of the CDK8
module during TR-regulated transcription of the T3-respon-
sive human DioI gene. Our results indicate the following: (i)
CDK8-Mediator complexes are directly recruited into PICs at
the DioI promoter together with Pol II in a TR- and T3-
dependent manner, (ii) the CDK8 module is present at the
DioI promoter in vivo concurrent with multiple rounds of ac-
tive transcription, (iii) CDK8 is essential for robust T3-depen-
dent transcription of the DioI gene in T3-responsive human
cells, (iv) loss of CDK8 expression markedly reduces Pol II
occupancy and CDK9 recruitment at TR-target gene promot-
ers, and (v) CDK8 kinase activity is required for full T3-de-
pendent DioI gene activation in cultured cells and can phos-
phorylate the Pol II CTD in vitro. Collectively, our in vitro and
in vivo experiments suggest that CDK8-Mediator plays positive
functional roles during at least two separate steps of TR-
dependent transcription: (i) recruitment of Pol II into a PIC
and (ii) facilitating the phosphorylation and activation of
Pol II.

The results of our study showing that TR specifically recruits
CDK8-Mediator to the DioI gene promoter parallel earlier
reports showing that Mediator complexes containing the
CDK8 module are directly recruited to actively transcribed
eukaryotic gene promoters (2, 9, 10, 58, 59). Furthermore, and
consistent with the findings here, a functional requirement for
CDK8 has been demonstrated for activator- and gene-specific
transcriptional activation in both yeast (19, 24, 57) and humans
(9, 10, 16). Nonetheless, our findings suggesting that TR re-
cruitment of CDK8-Mediator facilitates Pol II recruitment at
the DioI promoter appear to contradict earlier in vitro studies
showing that core Mediator, but not CDK8-Mediator, func-
tionally interacts with Pol II (21, 36). We propose that the

T3-induced binding of TR to Mediator elicits a distinct con-
formational change that promotes or stabilizes the association
of both Pol II and the CDK8 module and allows for the sub-
sequent integration of this holocomplex into the PIC assem-
bled at the core promoter of genes bearing positive TREs. In
support of this supposition, electron microscopy studies show
that core Mediator complexes bound to TR adopt a confor-
mational state distinctly different from Mediator bound to
other unrelated activators (e.g., VP16 and SREBP-1a) (51).
Indeed, when compared to VP16-bound Mediator, TR-bound
Mediator was demonstrated to expose an alternate Pol II bind-
ing pocket on the opposite face of the complex. This observa-
tion suggests that T3-induced TR binding to Mediator may
expose novel Pol II binding sites that are otherwise inaccessible
in the presence of the CDK8 module and/or other types of
activators. Considering that the loss of CDK8 expression via
RNAi significantly reduced Pol II occupancy at the T3-respon-
sive DioI, FAS, and ADRB2 promoters (Fig. 6), we further
hypothesize that when in association with TR-Mediator, the
CDK8 module serves to stabilize, rather than inhibit, the in-
teraction with Pol II.

The TR-induced shift in Mediator structure is dependent on
direct TR interactions with the MED1 subunit and the subse-
quent rearrangement of MED1 within the complex (51). In-
terestingly, MED1 has been reported to exist only in a specific
Mediator subpopulation (less than 20% of the total pool) that
is highly enriched for specific Mediator subunits including the
CDK8 module and associated with near-stoichiometric levels
of Pol II (67). Thus, in accordance with the findings here, it
appears that TR (via MED1) preferentially targets Mediator
complexes containing the CDK8 module and Pol II. Given that
MED1 contains distinct binding motifs for both TR and its
heterodimeric partner RXR (40), it is conceivable that the
binding of a RXR/TR heterodimer to MED1 might further
promote and/or stabilize the association of the CDK8 module
and Pol II with Mediator. Along these same lines, the specific
DNA structure/sequence of a positive TRE within a T3-re-
sponsive promoter region may additionally influence the con-
formational state of the RXR/TR-Mediator complex in such a
manner that promotes the association of both the CDK8 mod-
ule and Pol II during PIC assembly.

Previous in vitro immobilized template studies showed that
CDK8-Mediator can be directly recruited into a PIC in an
activator-dependent fashion (6, 20, 28, 55) and, analogous to
this study, both CDK8 and Pol II were shown to dissociate
from the PIC upon one cycle of transcription (28, 55). Inter-
estingly, we observed here that MED1, together with RXR/
TR, remain firmly associated with the RXR/TR/T3-induced
PIC assembled at the DioI promoter upon transcriptional ini-
tiation (Fig. 3E), whereas in the other immobilized PIC studies
using unrelated activators, MED1 was observed to rapidly dis-
engage from the PIC (28, 55). Thus, at TRE-linked genes in
which TR remains firmly bound at the promoter, MED1 ap-
pears to serve as part of the reinitiation scaffold. Given the
MED1 specificity for Mediator complexes containing the
CDK8 module and Pol II (67), it is intriguing to speculate that
a MED1-containing scaffold complex might selectively pro-
mote the recycling of CDK8 and Pol II back to the TR-bound
core promoter at reinitiation. Alternatively, existing MED1-
CDK8-Mediator complexes in association with Pol II might be
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newly recruited to promoter-bound RXR/TR heterodimers at
the reinitiation step. In either case, such a model is consistent
with our data showing that significant levels of CDK8 are
present at the DioI promoter in vivo coincident with active
ongoing transcription (Fig. 4) and that loss of CDK8 or MED1
expression via RNAi significantly reduces Pol II occupancy at
the DioI promoter (Fig. 6 and data not shown).

The Pol II CTD is the target of dynamic phosphorylation
events that regulate its transcriptional activity (33). Whereas a
nonphosphorylated Pol II is initially recruited into a PIC, tran-
scriptional initiation is marked by the phosphorylation on Ser-5
of the CTD heptapeptide repeats by the kinase subunit of
TFIIH (CDK7), whereas productive transcriptional elongation
is marked by phosphorylation of Ser-2 by the CDK9 subunit of
P-TEFb (15). Strikingly, we observed here that loss of CDK8
expression in T3-stimulated �-2 cells was accompanied by a
marked decrease in CDK9 recruitment at the Dio1 promoter
as well as a modest reduction in CDK7 recruitment (Fig. 6D).
Notably in this regard, the CDK8 submodule of the Mediator
complex was recently found to interact with P-TEFb, including
the CDK9 subunit (10). Thus, CDK8-Mediator may act as a
transcriptional coactivator by facilitating the corecruitment of
CDK9 to target gene promoters, which in turn phosphorylates
Ser-2 of the Pol II CTD and promotes transcriptional elonga-
tion. Along these same lines, a positive role for the Mediator
complex in facilitating the recruitment of CDK7/TFIIH into a
functional PIC has also been reported in yeast (11), but
whether or not the CDK8 module is specifically required for
CDK7/TFIIH recruitment remains unclear.

CDK8 itself is also uniquely capable of directly phosphory-
lating both Ser-2 and Ser-5 of the Pol II CTD (26, 41, 42, 48).
Using a chemical genetics approach, Hahn and coworkers
found that inhibition of yeast CDK8 (Srb10) kinase activity
resulted in loss of activator-dependent transcription in vitro,
decreased Pol II occupancy at the endogenous ADH1 and
PMA1 gene promoters in vivo, and decreased Pol II CTD
phosphorylation and dissociation from a PIC (26). We ob-
served here that the CDK8-selective kinase inhibitor H7 failed
to significantly influence TR- or T3-dependent recruitment of
Pol II at the DioI promoter either in vitro or in vivo (Fig. 9B
and C). However, and consistent with the notion that CDK8
kinase activity can promote activator-specific transcription in
mammals, we found that ectopic overexpression of wild-type
CDK8, but not a kinase-defective CDK8 mutant, restored T3-
dependent DioI activation in human cells lacking endogenous
CDK8 expression (Fig. 7). Moreover, the H7 inhibitor mark-
edly decreased Pol II phosphorylation at the DioI promoter
and inhibited Pol II phosphorylation and dissociation from a
PIC (Fig. 9B and C). While we cannot rule out some concom-
itant inhibition of CDK7 by H7 in these assays, our findings are
consistent with the yeast studies indicating that CDK7 and
CDK8 may have overlapping roles in promoting phosphoryla-
tion-dependent Pol II dissociation from a PIC and formation
of a reinitiation scaffold (26).

In addition to the Pol II CTD, it remains plausible that
CDK8 may further phosphorylate novel components of the
basal transcription apparatus or possibly other accessory fac-
tors that have functional consequences for PIC assembly and
activation. Interestingly, we have observed that MED1 is a
specific substrate for CDK8 phosphorylation in vitro (M.

Belakavadi and J. D. Fondell, unpublished data). This obser-
vation parallels earlier reports showing that MED1 is a regu-
latory target for mitogen-activated protein kinases (4, 37) and
leaves open the possibility that CDK8 phosphorylation of
MED1 (and potentially other Mediator subunits) might in turn
promote PIC assembly and/or formation of a MED1-contain-
ing reinitiation scaffold. In view of the fact that MED1 is the
primary binding target for DNA-bound TR, such a model is
entirely consistent with our findings here demonstrating a
unique requirement for the CDK8 module in TR-dependent
transcriptional activation. Future studies will be required to
precisely identify the MED1 phosphorylation sites and to de-
termine how these modifications affect Pol II recruitment and
activation at TR target genes.
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