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Summary

Human TRAP/Mediator is a key coactivator for many
transcription factors that act through direct interac-
tions with distinct subunits, and MED1/TRAP220 is
the main subunit target for various nuclear receptors.
Remarkably, the current study shows that MED1/
TRAP220 only exists in a TRAP/Mediator subpopula-
tion (less then 20% of the total) that is greatly en-
riched in specific TRAP/Mediator subunits and is
tightly associated with a near stoichiometeric level of
RNA polymerase II. Importantly, this MED1/TRAP220-
containing holoenzyme supports both basal- and acti-
vator-dependent transcription in an in vitro system
lacking additional RNA polymerase II. Furthermore,
chromatin immunoprecipitation experiments demon-
strate an activator-selective recruitment of MED1/
TRAP220-containing versus MED1/TRAP220-deficient
TRAP/Mediator complexes to estrogen receptor (ER)
and p53 target genes, respectively. Finally, RNAi
studies show that MED1/TRAP220 is required for ER-
mediated transcription and estrogen-dependent breast
cancer cell growth. These observations have signifi-
cant implications for our current understanding of the
composition, heterogeneity, and functional specificity
of TRAP/Mediator complexes.

Introduction

Nuclear receptors comprise a large family of transcrip-
tional activators that play diverse roles in cell growth,
differentiation, and homeostasis in metazoans (Man-
gelsdorf et al., 1995). Nuclear receptors share a com-
mon structure with three functional domains: an N-ter-
minal AF-1 activation domain, a central DNA binding
domain (DBD), and a C-terminal ligand binding domain
(LBD) with an associated (ligand-induced) AF-2 activa-
tion domain. The ultimate action of nuclear receptors
on target genes, after site-specific DNA binding, is to
enhance the recruitment and/or function of the general
transcription machinery (RNA polymerase II and gen-
eral transcription factors TFII-A, -B, -D, -E, -F, and -H;
Roeder, 1996) on cognate core promoter elements.
More recent studies have implicated a large multisub-
unit coactivator complex, TRAP/Mediator, as the main
pathway for direct communication between nuclear re-
*Correspondence: roeder@rockefeller.edu
ceptors (as well as other transcriptional activators) and
the general transcription machinery (reviewed in Malik
and Roeder, 2000). Although capable of mediating the
function of transcriptional activators on DNA templates
in defined systems, Mediator is thought to act subse-
quent to other coactivators that modify chromatin
structure on more physiological templates (Glass and
Rosenfeld, 2000; Malik and Roeder, 2000).

The human TRAP/Mediator complex was first iden-
tified through an intracellular ligand-dependent associ-
ation with thyroid hormone receptor (TR) (Fondell et al.,
1996). Identical or closely related complexes (SMCC,
DRIP, ARC, CRSP, PC2, NAT, mMediator) were subse-
quently isolated via other selection methods (reviewed
in Malik and Roeder, 2000). TRAP/Mediator is com-
posed of at least 25–30 distinct polypeptides and is re-
lated to the earlier-identified yeast Mediator (Boube et
al., 2002). Along with earlier reports of yeast Mediator
association with RNA polymerase II within a holoen-
zyme (Kim et al., 1994; Thompson et al., 1993), the
demonstration of TRAP/Mediator interactions, through
distinct subunits, with various transcription factors
(Blazek et al., 2005; Malik and Roeder, 2000) has sug-
gested a model involving activator-based recruitment
of TRAP/Mediator followed by the effects of TRAP/
Mediator on RNA polymerase II recruitment and/or
function.

Whereas TRAP/Mediator has been shown to interact
with and/or mediate the function of diverse activators,
the most detailed information regarding TRAP/Mediator
function has come from studies of nuclear receptor in-
teractions. Thus, TRAP/Mediator has been shown to
mediate nuclear receptor functions in purified cell-free
systems (Fondell et al., 1996; Ge et al., 2002; Kang et
al., 2002), and many nuclear receptors have been
shown to interact either with TRAP/Mediator or with the
MED1/TRAP220 subunit in a ligand-dependent fashion
(Glass and Rosenfeld, 2000; Malik and Roeder, 2000).
Further studies with MED1/TRAP220-deficient or mu-
tated TRAP/Mediator complexes (Ge et al., 2002; Kang
et al., 2002; Malik et al., 2004) have documented MED1/
TRAP220-dependent nuclear receptor interactions with
the entire TRAP/Mediator complex. In support of the
conclusions of the in vitro analyses, studies of Med1/
Trap220 knockout mice (Ito et al., 2000) and derived
Med1/Trap220−/− mouse embryonic fibroblasts have
shown that although not essential for cell survival (and
thus many gene activation events), MED1/TRAP220 is
required for the intracellular function of TR and PPARγ
on ectopic and endogenous target genes (Ge et al.,
2002; Ito et al., 2000). Comparable studies have not yet
been reported for estrogen receptor (ER), which is of
primary interest in the current study. However, it has
been shown that ER interacts with the complete TRAP/
Mediator complex, both in vivo and in vitro, through
the MED1/TRAP220 subunit (Kang et al., 2002) and that
TRAP/Mediator enhances ER-dependent transcription
in vitro (Acevedo and Kraus, 2003; Kang et al., 2002).

Consistent with its key role in mediating TRAP/Medi-
ator-dependent nuclear receptor function, MED1/TRAP220
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has generally been considered an integral core subunit
of the TRAP/Mediator complex (see Discussion). Con-
sistent with this notion, the presumptive yeast ortholog
(Med1) of MED1/TRAP220 has been considered a core
subunit of yeast Mediator (Boube et al., 2002). How-
ever, both a MED1 disruption in yeast (Balciunas et al.,
1999) and a Med1/Trap220 deletion in mammalian cells
(Ito et al., 2000) display only conditional phenotypes.
Moreover, it recently has been shown that the residual
TRAP/Mediator complex in Med1/Trap220−/− mouse
embryonic fibroblasts is essentially intact and retains
basal transcription functions and coactivator functions
for other activators (Malik et al., 2004), suggesting a
tangential association of MED1/TRAP220 with the com-
plex. Therefore, these data raise an important question
as to whether MED1/TRAP220 is an integral core sub-
unit of all TRAP/Mediator complexes or whether it ex-
ists only in a specialized TRAP/Mediator complex that
subserves specific functions.

Toward a better understanding of the role of MED1/
TRAP220 and cognate TRAP/Mediator complexes in
nuclear receptor function, this study has investigated,
through structural and functional studies, heterogeneity
within TRAP/Mediator complexes, with a special focus
on the MED1/TRAP220-containing TRAP/Mediator. Be-
yond demonstrating a MED1/TRAP220- and RNA poly- F
merase II-enriched subpopulation of TRAP/Mediator, I
we have focused functional studies on estrogen recep- n
tor (ER)-dependent target-gene activation and cell t

pgrowth in a breast cancer cell line that is readily amend-
able to such analyses. Apart from demonstrating a criti-
cal role for MED1/TRAP220 in ER-dependent functions,
our studies provide evidence for the differential utiliza- I
tion of the newly defined MED1/TRAP220-containing C
and MED1/TRAP220-deficient TRAP/Mediator complexes T
in distinct gene activation events. t

t
T

Results r
w

MED1/TRAP220 Exists Only in a Subpopulation d
of TRAP/Mediator Complexes T
Nuclear extracts were repeatedly passed through an w
anti-MED1/TRAP220 antibody column, and the flow- t
through fractions were collected and subjected to sodium M
dodecyl sulfate-polyacrylamide gel electrophoresis o
(SDS-PAGE) and immunoblot analyses. A mock-depleted u
extract treated with preimmune antibodies served as a c
control. The anti-MED1/TRAP220 antibodies quantita- F
tively removed MED1/TRAP220, whereas the levels of T
TATA-Binding Protein (TBP) and TFIIH (p65), compo- a
nents of the general transcription machinery, were un- u
affected (Figure 1). Surprisingly, however, a significant i
level (at least 80%) of all other TRAP/Mediator subunits T
tested still remained in the MED1/TRAP220-depleted T
nuclear extract. This result contrasts with our earlier u
observation of essentially complete depletion of all G
TRAP/Mediator subunits by antibodies against the in- v
tegral TRAP/Mediator subunit MED30/TRAP25 (Baek et M
al., 2002). These data strongly suggest heterogeneity T
in cellular TRAP/Mediator complexes and that MED1/ t
TRAP220, unlike core subunits such as MED30/ c
TRAP25, exists only in a subpopulation of TRAP/Medi- T

ator complexes.
igure 1. Immunodepletion of MED1/TRAP220 from Nuclear Extract

mmunoblots with indicated antibodies of supernatants after immu-
odepletion with anti-MED1/TRAP220 antibody are shown. Un-
reated nuclear extract and derived supernatant after immunode-
letion with preimmune serum are also included as controls.
solation and Characterization of MED1/TRAP220-
ontaining TRAP/Mediator from Nuclear Extracts
o better understand structural and functional similari-
ies and differences between the MED1/TRAP220-con-
aining TRAP/Mediator subpopulation and the total
RAP/Mediator population and to avoid possible dis-
uption of complexes by prior chromatographic steps,
e purified MED1/TRAP220-containing TRAP/Mediator
irectly from nuclear extracts by using anti-MED1/
RAP220 antibodies. Total TRAP/Mediator complex
as purified directly from unfractionated nuclear ex-

racts derived from a cell line expressing FLAG-tagged
ED10/NUT2 (Malik and Roeder, 2000), a core subunit

f the TRAP/Mediator complex, by using M2-agarose
nder the same conditions. Immunoblot analyses indi-
ated that anti-MED1/TRAP220 antibody and anti-
LAG (M2-agarose) antibody immunoprecipitated all
RAP/Mediator subunits tested, whereas preimmune
ntibody did not (Figure 2A). A comparison of the sub-
nit levels relative to the amounts of MED17/TRAP80

n these two preparations clearly revealed that MED1/
RAP220 is enriched (about 5-fold) in the anti-MED1/
RAP220 preparation, whereas most other tested sub-
nits showed very similar levels in both preparations.
el-filtration of nuclear extracts on S300 Sephedex re-
ealed a single MED1/TRAP220 peak (at about 1.6
Da) that was coincident with the majority of other

RAP/Mediator subunits (data not shown). Along with
he fact that antibodies against the MED30/TRAP25
ore subunit are able to quantitatively deplete MED1/
RAP220 (Baek et al., 2002), this indicates that MED1/
TRAP220 exists mainly as a TRAP/Mediator bound
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Figure 2. Immunopurification of a MED1/TRAP220-Containing TRAP/Mediator Subpopulation

(A) Immunoblots of preimmune serum immunoprecipitates, anti-MED1/TRAP220 immunoprecipitates, or anti FLAG-MED10/NUT2 purified
(total) TRAP/Mediator with indicated antibodies are shown.
(B and C) Complexes were immune isolated with the respective antibodies, resolved by SDS-PAGE, and visualized by silver stain. Two
different electrophoretic separations (4%–20% gradient [B] and 6% [C] gels) were run for the same samples. Subunits of the FLAG-MED10/
NUT2 complex are listed next to the corresponding bands. New or enriched proteins associated with MED1/TRAP220-containing Mediator
are indicated by arrows, with yellow arrows indicating RNA polymerase II subunits.
form. Therefore, we conclude that MED1/TRAP220 is
markedly underrepresented (substoichiometeric) in the
total TRAP/Mediator population.

We next examined the two TRAP/Mediator prepara-
tions by silver stain to assess potential differences in
their compositions. Consistent with the immunoblot re-
sults, the anti-MED1/TRAP220 and FLAG-MED10/NUT2
preparations showed the expected subunit patterns
(Figures 2B and 2C). Interestingly, however, in addition
to all known TRAP/Mediator subunits present in the
FLAG-MED10/NUT2 preparation, anti-MED1/TRAP220 im-
munoprecipitates contained a few obvious extra bands
(arrows). The most prominent of these were in the sub-
21 KDa region, which contains the MED22/Surf5,
MED21/SRB7, MED31/SOH1, and MED10/NUT2 sub-
units in the FLAG-MED10/NUT2 preparation. Impor-
tantly, these new protein bands showed silver-stain in-
tensities comparable to those of the MED22/Surf5,
MED21/SRB7, MED31/SOH1, and MED10/NUT2 sub-
units in the same preparation. In addition, this analysis
revealed a few other high-molecular weight bands that
are either specific to, or enriched in, the anti-MED1/
TRAP220 preparation. Because these proteins could
potentially be specific to the MED1/TRAP220-contain-
ing TRAP/Mediator complex, it seemed that further
identification might provide novel insights into the
structure and function of the MED1/TRAP220-contain-
ing TRAP/Mediator complex.

Mass Spectrometry Analyses of Purified MED1/
TRAP220-Containing TRAP/Mediator
The immunopurified MED1/TRAP220-containing TRAP/

Mediator and FLAG-MED10/NUT2 TRAP/Mediator prepa-
rations were subjected to Mass Spectrometry (MS)
analyses as described in the Experimental Procedures.
MS data indicated that both TRAP/Mediator prepara-
tions are highly pure, and all TRAP/Mediator subunits
detected in these two preparations are listed in Table
S1 (see Table S1 in the Supplemental Data available
with this article online).

The FLAG-MED10/NUT2 preparation contains, in ad-
dition to components previously found in our TRAP/
Mediator and PC2 preparations, MED26/CRSP70 (Naar
et al., 2002) and several components (MED11/HSPC296,
MED18/p28b, MED19/LCMR, and MED15/TIG1) that re-
cently have been reported by others in MudPIT and
other analyses of various Mediator preparations (Mittler
et al., 2003; Sato et al., 2004). The anti-MED1/TRAP220
preparation was found to contain all of the TRAP/Medi-
ator subunits found in the FLAG-MED10/NUT2 prep-
aration and, in addition, MED13L/KIAA1025, MED25/
ARC92/ACID1, MED9/FLJ10193, MED28/FSKG20, and
MED29/Hintersex (Mittler et al., 2003; Sato et al., 2004).

We next performed immunoblotting with available
antibodies against the newly identified proteins to con-
firm their association and potential enrichment within
the MED1/TRAP220-containing TRAP/Mediator com-
plex. By normalizing the levels of these components to
the levels of MED17/TRAP80 in the MED1/TRAP220-
containing and FLAG-MED10/NUT2 TRAP/Mediator com-
plexes, we found that whereas MED18/p28b shows
similar levels in these two preparations, all of the other
tested subunits (MED19/LCMR, MED25/ARC92/ACID1,
MED15/TIG1, and MED11/HSPC296) are specifically
enriched in the MED1/TRAP220-containing TRAP/Me-

diator complex (Figure 3A). To further confirm that
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Figure 3. Association of the Newly Identified
Proteins with TRAP/Mediator Complex

(A) Immunoblots of anti-MED1/TRAP220
immunoprecipitates or FLAG-MED10/NUT2
TRAP/Mediator preparations with the indi-
cated antibodies are shown.
(B) GST only and indicated GST fusion pro-
teins were expressed in bacteria, purified,
and analyzed by SDS-PAGE with Comassie
brilliant blue R-250.
(C) Immobilized GST fusion proteins purified
in (B) were incubated with Hela nuclear ex-
tract, and bound proteins were eluted and
analyzed by immunoblot with indicated anti-
bodies.
MED9/FLJ10193, MED28/FSKG20, and MED29/Hin-
Mtersex (for which appropriate antibodies are not avail-

able) associate with the MED1/TRAP220-containing t
aTRAP/Mediator complex, corresponding GST fusion

proteins (Figure 3B) were tested for interactions with s
sproteins in Hela nuclear extract (Figure 3C). The

MED28/FSKG20, MED29/Hintersex, and MED18/p28b w
p(as a positive control) GST fusion proteins, but not GST

alone, were able to pull down MED1/TRAP220 and l
Mother TRAP/Mediator subunits. As expected and as an

additional control, the TBP component of TFIID was not
mpulled down by any of the fusion proteins. Although

GST-MED9/FLJ10193 failed to pull down any of the Me- P
Mdiator subunits tested, studies with a cell line express-

ing FLAG-MED9/FLJ10193 have indicated that this pro- i
Rtein is mainly associated with the TRAP/Mediator

complex (data not shown). These data further confirm l
ban association of all these proteins with the MED1/

TRAP220-containing TRAP/Mediator complex but do r
znot establish that the interactions are specific to this

complex relative to the MED1/TRAP220-deficient TRAP/ a
(Mediator complex. However, in the case of MED28/

FSKG20, MED29/Hintersex, and MED18/p28b, the na- I
1ture of the results (interactions of TRAP/Mediator with

extrinsic GST-fusion proteins) suggests either that the (
sextrinsic components readily displace intrinsic subunits

or that a fraction of the TRAP/Mediator population is c
adevoid of these components (and thus free to bind).
In addition, MS analysis indicated that the anti-
ED1/TRAP220 TRAP/Mediator preparation also con-

ains a few proteins that have no obvious homology to
ny known TRAP/Mediator subunits. Preliminary data
uggest that these proteins are not TRAP/Mediator
ubunits but rather are proteins that simply associate
ith MED1/TRAP220-containing TRAP/Mediator com-
lex (data not shown). Indeed, we have found that at

east one of these proteins directly interacts with
ED1/TRAP220.
Somewhat surprisingly, the cluster of abundant low-
olecular weight proteins that appeared (by SDS-
AGE and silver stain) to be greatly enriched in the anti-
ED1/TRAP220-purified TRAP/Mediator (Figure 2B) were

dentified by MS analysis as eight small subunits of
NA polymerase II. Peptides corresponding to other

arger RNA polymerase II subunits also were detected
y MS analysis in this study, although they were not

eadily discernable in the gel because of their colocali-
ation with MED4/TRAP36 and MED27/TRAP37 (RPB3)
nd MED23/MED23/hSUR2 (RPB2) and MED1/TRAP220
RPB1). Overall, a total of 11 out of 12 RNA polymerase
I subunits was identified by MS. The presence of the
2th subunit, RPB5, has been confirmed by immunoblot

data not shown). These results contrast with the re-
ults of most other published studies of TRAP/Mediator
omplexes, in which no RNA polymerase was found,
nd both confirm and extend more recent studies
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(Malik et al., 2005; Sato et al., 2004), indicating the pres-
ence of a low level of RNA polymerase II in human Me-
diator preparations.

MED1/TRAP220-Containing TRAP/Mediator
Selectively and Tightly Associates with a Near-
Stoichiometeric Level of RNA Polymerase II
and Supports In Vitro Transcription in the Absence
of Additional RNA Polymerase II
To confirm the above data, indicating that RNA poly-
merase II is specifically associated with the MED1/
TRAP220-containing TRAP/Mediator complex, further
immunoprecipitations were carried out with antibodies
against two other core Mediator subunits (MED21/
SRB7 and MED30/TRAP25). MED1/TRAP220 and, es-
pecially, RPB1 and RPB2 were present at low levels in
both of these immunoprecipitates in comparison to the
anti-MED1/TRAP220 immunoprecipitates, whereas most
other TRAP/Mediator subunits were present at very
similar levels (Figure 4A). These results are consistent
with data presented above and further confirm the exis-
tence of MED1/TRAP220 in only a subpopulation of the
TRAP/Mediator and the preferential association of RNA
polymerase II with MED1/TRAP220-containing TRAP/
Mediator.

To examine the strength of the RNA polymerase II
association, the MED1/TRAP220-containing TRAP/Me-
diator isolated by immobilized anti-MED1/TRAP220 an-
tibody was divided into equal aliquots that were
washed separately with solutions containing different
Figure 4. RNA Polymerase II Specifically As-
sociates with MED1/TRAP220-Containing
TRAP/Mediator Complex

(A) Immunoblots of purified MED1/TRAP220-
containing complex with indicated antibod-
ies. TRAP/Mediator complexes immunopre-
cipitated through core subunits MED21/
SRB7 and MED30/TRAP25 by their respec-
tive antibodies were also included as con-
trols.
(B) Immunoblots of MED1/TRAP220-con-
taining complex with the indicated antibod-
ies after extensive washes with BC buffers
containing the indicated concentrations of
KCl.
(C) Basal and ER-dependent transcription
assays on the pSMERE4�53 template with
preimmune or anti-MED1/TRAP220 immuno-
precipitates.
concentrations of salt (KCl), ranging from 100 mM to
850 mM. Remarkably, and indicative of a very tight
association, TRAP/Mediator and RNA polymerase re-
mained quantitatively associated under all salt condi-
tions tested (Figure 4B).

The ability of the MED1/TRAP220-containing TRAP/
Mediator-RNA polymerase II holoenzyme complex to
mediate transcription was tested in an in vitro assay
containing all of the highly purified general transcription
factors except RNA polymerase II (Fukuda et al., 2001).
As expected, preimmune immunoprecipitates failed to
support any basal or estrogen receptor (ER)-dependent
transcription (Figure 4C, lanes 1 and 2). In contrast,
anti-MED1/TRAP220 immunoprecipitates effected both
basal (activator-independent) transcription (Figure 4C,
lane 3) and ER-dependent transcription (Figure 4C, lane
4). These data indicate that the MED1/TRAP220-con-
taining holoenzyme complex contains a fully functional
RNA polymerase II.

MED1/TRAP220-Containing TRAP/Mediator
Is Selectively Recruited to Endogenous
Target Gene Promoters through
an Activator-Dependent Mechanism
Results presented above indicate that MED1/TRAP220
exists only in a subpopulation of TRAP/Mediator, whereas
previous results have shown that MED1/TRAP220 is re-
quired only for selected transcription activators (Ge et
al., 2002; Malik et al., 2004; Taatjes and Tjian, 2004).
This raises the possibility of mechanistic differences in
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the activation of target genes by MED1/TRAP220-con- w
utaining and MED1/TRAP220-deficient TRAP/Mediator

complexes. An intriguing model consistent with the l
labove observations is that different TRAP/Mediator

subpopulations are recruited to distinct target gene t
dpromoters and that the MED1/TRAP220-containing

TRAP/Mediator is selectively recruited to target gene b
Ipromoters through its interacting activators. It is known

that MED1/TRAP220 directly interacts with estrogen re- w
Tceptor (ER) and, through TRAP/Mediator, serves as an

ER coactivator in vitro (Kang et al., 2002), whereas it L
fneither interacts with nor is required for transcriptional

activation by p53 (Ito et al., 2000; Malik and Roeder, t
2000). Reciprocally, MED17/TRAP80 directly interacts
with p53, but not nuclear receptors, and is thought to M
mediate TRAP/Mediator-dependent transcription by T
p53 (Ito et al., 2000; S.Y. and R.G.R., unpublished data). E
The above model was tested by performing chromatin T
immunoprecipitation (IP) experiments to examine the c
recruitment of the MED1/TRAP220-containing TRAP/ t
Mediator subpopulation versus the MED1/TRAP220- c
deficient TRAP/Mediator population to ER and p53 tar- t
get gene promoters upon activation by estrogen and M
UV damage, respectively. Antibodies against MED1/ d
TRAP220 and the MED21/SRB7 core subunit of TRAP/ K
Mediator were employed to distinguish these two pop- a
ulations. T

These analyses utilized an estrogen-dependent breast m
cancer cell line, MCF-7, that shows a strong and rela- t
tively rapid induction of several well-characterized
genes in response to estrogen. Chromatin IP experi- T
ments revealed little or no p53, MED21/SRB7, or MED1/ (
TRAP220 on the estrogen-responsive pS2 promoter be- d
fore estrogen treatment, whereas high levels of MED21/ i

tSRB7 and MED1/TRAP220, but not p53, were recruited
tto the pS2 promoter after estrogen treatment (Figure
E5A, top). These observations are consistent with previ-
Mous reports of MED1/TRAP220/PBP and ER recruit-

ment to the pS2 gene in response to estrogen (Shang
eet al., 2000). As controls, occupancy of the p53-respon-
tsive p21 promoter by these factors was examined. A
olow but significant (basal) level of all three proteins was
iobserved on the p21 promoter prior to estrogen treat-
bment, consistent with the basal level of p21 expression
ain U2OS cells (Espinosa et al., 2003). Importantly, how-
cever, their levels did not change after estrogen induc-
Mtion (Figure 5A, bottom), indicating the promoter speci-
Tficity of ER function and MED1/TRAP220 recruitment.
qIn contrast to the results with estrogen treatment, UV
rirradiation resulted in a significant and selective in-
pcrease of p53 recruitment to the p21 promoter (Figure
m5B, bottom). UV irradiation also resulted in an increased
Toccupancy of MED21/SRB7 on the p21 promoter, indi-
tcating UV-dependent recruitment of TRAP/Mediator to
athis promoter. Interestingly, however, in contrast to the
uincreased recruitment of p53 and MED21/SRB7, no sig-
Mnificant increase in MED1/TRAP220 recruitment to the
dp21 promoter was observed after UV treatment. As
qcontrols, no p53, MED21/SRB7, or MED1/TRAP220

was detected on the pS2 promoter in response to UV
treatment (Figure 5B, top). These data clearly indicate M

Ea selective recruitment of two different TRAP/Mediator
populations by p53 and ER upon target gene activation I

rby UV and estrogen, respectively. Comparable results
ere obtained with U2OS cells, which are commonly
sed to study p53 functions (Figure 5C). These data

end support to the hypothesis that distinct subpopu-
ations of the TRAP/Mediator complex can be differen-
ially recruited to target gene promoters by activator-
ependent mechanisms and further indicate a molecular
asis for the specificity of TRAP/Mediator complexes.

n further support of these conclusions and consistent
ith their preferential association with the MED1/
RAP220-containing TRAP/Mediator complex, MED19/
CMR, MED25/ACID1, and MED11/HSPC296 also were
ound to be recruited to the pS2 promoter in response
o estrogen (Figure S1).

ED1/TRAP220 Is Required for ER-Mediated
ranscription of Both Ectopic (Reporter) and
ndogenous Target Genes
he chromatin IP experiments described above indi-
ate a specific recruitment of MED1/TRAP220 to an ER
arget gene promoter in ER-positive MCF-7 cells. Re-
ent studies also showed estrogen-dependent interac-
ions of ER with TRAP/Mediator complex through the

ED1/TRAP220 subunit and TRAP/Mediator-depen-
ent ER function in vitro (Acevedo and Kraus, 2003;
ang et al., 2002). In an extension of the above studies
nd to further examine the physiological roles of MED1/
RAP220, the requirement of MED1/TRAP220 for ER-
ediated transcription was examined by using RNA in-

erference to reduce intracellular MED1/TRAP220 levels.
MED1/TRAP220 siRNAs selectively reduced MED1/

RAP220 protein to about 10% of the wild-type level
Figure 6A) and significantly impaired estrogen-depen-
ent activation of the ERE-TK-Luc reporter gene but,

mportantly, showed minimal effects on expression of
he control TK-Luc reporter gene (Figure 6B). An addi-
ional control with GFP siRNA showed no effect on
RE-TK-LUC activity, indicating the specificity of the
ED1/TRAP220 siRNA (Figure 6C).
To examine MED1/TRAP220 siRNA effects on endog-

nous ER target gene expression, reverse transcrip-
ase-polymerase chain reaction (RT-PCR) was carried
ut on the cathepsin-D gene (to which MED1/TRAP220

s also recruited in response to estrogen stimulation,
ut not UV irradiation; Figure S2). Consistent with the
bove observations, estrogen-dependent activation of
athepsin-D mRNA expression also was blocked by
ED1/TRAP220 siRNA (Figure 6D). Because MED1/

RAP220 does not interact with p53 and is neither re-
uired for p53-mediated transcriptional activation nor

ecruited to a p53 target gene promoter in response to
53 activation by UV treatment, another control experi-
ent was designed to examine the effect of MED1/
RAP220 siRNA on p53 target-gene expression. Impor-
antly, and as expected, MED1/TRAP220 siRNA did not
ffect activation of the MDM2-Luc reporter by p53 (Fig-
re 6E). These data further confirm the specificity of
ED1/TRAP220 siRNA treatment. In summary, all these
ata indicate that MED1/TRAP220 is selectively re-
uired for ER-mediated target-gene expression.

ED1/TRAP220 Plays an Essential Role in Mediating
strogen-Dependent Growth of MCF-7 Cells

t is well known that estrogen-mediated functions in
egulating mammary gland development and in pro-
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Figure 5. Activator-Selective Recruitment
of MED1/TRAP220-Containing and MED1/
TRAP220-Deficient Complexes to Target Gene
Promoters

(A) Chromatin IP experiments were performed
on MCF-7 cells by using anti-MED21/SRB7,
anti-MED1/TRAP220, and anti-p53 antibodies
before and after estrogen treatment.
(B) MCF-7 cells were processed for chroma-
tin IP after UV treatment by using the same
set of antibodies as in (A).
(C) Chromatin IP experiments were per-
formed as in (B) except that U2OS cells
were used.
moting growth of breast tumor cells are carried out
through estrogen receptors (Nilsson et al., 2001). Be-
cause MED1/TRAP220 siRNA was effectively used to
document a MED1/TRAP220 requirement for ER-medi-
ated transcription in MCF-7 cells, it was also used to
determine whether estrogen-dependent growth of MCF-7
cells is affected by depletion of MED1/TRAP220. As ex-
pected, estrogen markedly stimulated the growth of
MCF-7 cells (Figure 7A). However, and significantly,
MED1/TRAP220 siRNA treatment nearly abolished the
estrogen-dependent growth of MCF-7 cells. As a con-
trol, the same experiment with GFP siRNA showed no
effect on estrogen-dependent growth of MCF-7 cells
(Figure 7B). These data demonstrate a MED1/TRAP220
requirement for estrogen-dependent growth of breast
cancer cells and raise the possibility of MED1/TRAP220
as a potential therapeutic target in the treatment of
breast cancer.

Discussion

With a principal objective of understanding the role of
MED1/TRAP220 through TRAP/Mediator in ER func-
tions, this study has emphasized a structural and func-
tional analysis of MED1/TRAP220-containing TRAP/
Mediator. The main conclusions are as follows: (1) that
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Figure 6. Effects of MED1/TRAP220 siRNA on
the MED1/TRAP220 Protein Level and Estro-
gen-Induced Gene Expression in MCF-7 Cells

(A) Immunoblot of MED1/TRAP220 and
β-actin (control) levels in mock and MED1/
TRAP220 siRNA-treated MCF-7 cells.
(B) MCF-7 cells were treated with mock (−)
or MED1/TRAP220 siRNA (+) for 24 hr, trans-
fected with plasmids containing ERE-TK-
LUC and TK-LUC (control) in the presence of
vehicle (white bar) or estrogen (black bar) for
30 hr, and harvested for luciferase assays.
All luciferase activities reflect an average
value ± standard deviation (SD).
(C) Estrogen-dependent ERE-TK-LUC ex-
pression (±SD) in MCF-7 cells was examined
under the same conditions as described in
(B), except that control GFP siRNAs were
used.
(D) Estrogen-dependent expression of the
endogenous cathepsin-D gene in MCF-7
cells was determined by RT-PCR analysis af-
ter mock or MED1/TRAP220 RNAi treatment
as described above.
(E) p53-dependent MDM2-LUC expression
(±SD) examined in MCF-7 cells after mock or
MED1/TRAP220 siRNA treatment is shown.
MED1/TRAP220 only exists in a subpopulation of TRAP/ (
lMediator complexes; (2) that the MED1/TRAP220-con-

taining TRAP/Mediator population is enriched in spe- (
Tcific Mediator subunits (or associated proteins) relative

to the predominant MED1/TRAP220-deficient popula- c
ction; (3) that the MED1/TRAP220-containing popula-

tion shows a preferential association, relative to the c
Mpredominant (MED1/TRAP220-deficient) TRAP/Media-

tor population, with RNA polymerase II and is able to e
cmediate both basal and activator-dependent transcrip-

tion in the absence of additional RNA polymerase II in 2
ga highly purified in vitro transcription system; (4) that

MED1/TRAP220-containing and MED1/TRAP220-defi- t
Mcient TRAP/Mediator complexes are selectively re-

cruited to estrogen-activated and ER-dependent and T
mUV-activated and p53-dependent promoters, respec-

tively; and (5) that MED1/TRAP220 is required both for t
lER-dependent transactivation and for estrogen-depen-

dent growth of breast cancer cells. The implications of p
cthese findings for our current understanding of TRAP/

Mediator structure and function are discussed. c

iHeterogeneity and Specificity
of TRAP/Mediator Complexes M

tTRAP/Mediator consists of 25–30 subunits that are
thought to assemble in relatively discrete modules i
Malik and Roeder, 2005; Blazek et al., 2005). It is be-
ieved that PC2-, CRSP-, or B-Med-like complexes
minimally defective in MED13/TRAP240, MED12/
RAP230, cyclin C, and CDK8) represent a Mediator
ore with which other modules loosely (and dynami-
ally) associate. These modules include a subcomplex
omposed of MED23/hSUR2, MED24/TRAP100, and
ED16/TRAP95 polypeptides (Ito et al., 2002; Stevens

t al., 2002) and the MED13/TRAP240, MED12/TRAP230,
yclin C, and CDK8 subcomplex (Malik and Roeder,
005; Samuelsen et al., 2003). MED1/TRAP220 has
enerally been considered a core subunit despite varia-
ions in MED1/TRAP220 levels among different human

ediator preparations (Malik et al., 2004; Taatjes and
jian, 2004). Because most Mediator complexes docu-
ented to date have been isolated through methods

hat include ion exchange chromatography, variable
evels of MED1/TRAP220 in some of these Mediator
reparations were thought to reflect disassociation of
ertain subunits, including MED1/TRAP220, from the
omplex during chromatography.
Importantly, and contradictory to some of the earlier

deas, this study has provided strong evidence that
ED1/TRAP220 naturally exists only in a subpopula-

ion of TRAP/Mediator complexes. This is evident from
mmunodepletion studies and subsequent immuno-
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Figure 7. Effect of MED1/TRAP220 RNAi on Estrogen-Dependent
Growth of MCF-7 Cells

(A) MCF-7 cells were transfected with mock (−) or MED1/TRAP220
siRNA (+) and grown in the presence of vehicle or estrogen. Cell
growth (±SD) measured by counting cell numbers every 24 hr for 6
days under these conditions is shown.
(B) Experiments were performed as described in (A) except that
control (GFP) siRNAs were employed.
precipitation experiments with unfractionated nuclear
extract and antibodies against MED1/TRAP220 and
several TRAP/Mediator core subunits. We also have
confirmed the marked enrichment of several Mediator
subunits (including MED25/ARC92/ACID1, MED15/TIG1,
MED19/LCMR, and MED11/HSPC296) in the MED1/
TRAP220-containing complex relative to the predomi-
nant MED1/TRAP220-deficient population of TRAP/
Mediator; and several of these enriched subunits have
also been found to be recruited along with MED1/
TRAP220 to the pS2 promoter in response to estrogen
stimulation (Figure S1). Other more recently identified
subunits for which reliable antibodies necessary for
quantitation are unavailable, including MED13L/PRO-
SIT240, MED9/FLJ10193, MED29/Hintersex, and MED28/
FSKG20, remain to be scored for selective distribution
in MED1/TRAP220-containing versus MED1/TRAP220-
deficient complexes. While this manuscript was in
preparation, others have identified most of these pro-
teins as TRAP/Mediator subunits (or associated pro-
teins) by other means (Mittler et al., 2003; Sato et al.,
2004). However, these analyses failed to show any se-
lective distribution of these, or other Mediator compo-
nents, among any specific Mediator complexes.

The finding that MED1/TRAP220 exists only in a sub-
population of TRAP/Mediator complexes extends our
understanding of TRAP/Mediator heterogeneity beyond
the above-mentioned modular model. Moreover, our re-
sults indicate an enrichment of certain TRAP/Mediator
subunits in the MED1/TRAP220-containing TRAP/Media-
tor complex. The finding of additional heterogeneity
and structural complexity within TRAP/Mediator com-
plexes suggests more diverse functional and regulatory
roles through various structurally distinct TRAP/Media-
tor subpopulations. Related, and most significantly, our
results have shown that different TRAP/Mediator sub-
populations can be specifically recruited to different
target gene promoters. Specifically, the MED1/TRAP220-
containing TRAP/Mediator complex is selectively re-
cruited to an ER-dependent target-gene (pS2) promoter
in response to estrogen, whereas a MED1/TRAP220-
deficient TRAP/Mediator complex is recruited to the
p53-dependent p21 gene promoter upon UV treatment.

TRAP/Mediator and RNA Polymerase II
Mediator was initially isolated from yeast in association
with RNA polymerase II in the form of a holoenzyme
either with (Thompson et al., 1993) or without (Kim et
al., 1994) other associated general transcription fac-
tors. However, because only extremely low (Malik et al.,
2005; Sato et al., 2004) or nondetectable levels of RNA
polymerase II have been reported for the bulk of TRAP/
Mediator complexes thus far isolated from mammalian
cells, it has been uncertain as to whether any signifi-
cant level of mammalian Mediator exists as a holoen-
zyme. This study has documented a high level of tightly
associated RNA polymerase II in the MED1/TRAP220-
containing TRAP/Mediator preparation, thus providing
strong evidence that a mammalian TRAP/Mediator
complex can also exist as a holoenzyme. More recently,
one study (Sato et al., 2004) detected a low level of
RNA polymerase II in bulk Mediator preparations, albeit
with no functions demonstrated, whereas a study from
our lab (Malik et al., 2005) has documented a functional
association of RNA polymerase II with the PC2/Media-
tor complex. These and other studies (Naar et al., 2002;
Samuelsen et al., 2003) also suggest that RNA polymer-
ase II and the MED13/TRAP240, MED12/TRAP230,
cyclin C, and CDK8 modules exhibit mutually exclusive,
stable interactions with TRAP/Mediator complex. Al-
though our MED1/TRAP220-containing TRAP/Mediator
preparation contains MED13/TRAP240, MED12/TRAP230,
cyclin C, and CDK8 as well as RNA polymerase II, our
results do not necessarily contradict the conclusions
of these studies. Thus, it is possible that our MED1/
TRAP220-containing preparation is heterogeneous and
contains at least two Mediator complexes: one that
contains a core Mediator in association with RNA poly-
merase II and another that contains a core Mediator in
association with MED13/TRAP240, MED12/TRAP230,
cyclin C, and CDK8. Structural studies of yeast holoen-
zyme have shown extensive interactions between the
“head” domain of Mediator and RNA polymerase II
(Chadick and Asturias, 2005), whereas structural
studies of human Mediator complexes have assigned
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MED1/TRAP220 to the head domain (Taatjes et al., l
a2004). Therefore, it is highly possible that MED1/

TRAP220 itself and/or proteins that are specific to the T
vMED1/TRAP220-containing complex, alone or together

with other TRAP/Mediator subunits, may somehow sta- M
bilize the interaction of RNA polymerase II with TRAP/
Mediator. The underlying mechanisms are currently un- i

oder investigation through structural and functional
analyses. (

tThe isolation of MED1/TRAP220-containing TRAP/
Mediator as a holoenzyme with RNA polymerase II t

Praises the question as to whether it can be recruited to
the promoter as a holoenzyme. Although this was ini- a

atially suggested for the yeast holoenzyme, recent struc-
tural studies have suggested that threading of template h

pDNA on RNA polymerase II may require dissociation of
Mediator and RNA polymerase II (Chadick and Asturias, m

m2005) and, therefore, favors a two-step recruitment of
Mediator and RNA polymerase II. Furthermore, it has f

tbeen shown both in yeast (Cosma et al., 2001; Kuras et
al., 2003) and in Drosophila (Park et al., 2001) that Medi- s

fator and RNA polymerase II are recruited independently
to specific activated promoters. However, these studies d

ido not exclude the possibility of holoenzyme recruit-
ment to select promoters with subsequent rearrange- p

Tment to accommodate the RNA polymerase II-DNA in-
teractions. It has been reported that binding of Mediator c

fto RNA polymerase II causes significant conformational
changes in both Mediator and RNA polymerase II M

o(Chadick and Asturias, 2005) and that binding of activa-
tor to Mediator also causes conformational changes in p

athe Mediator (Taatjes et al., 2004). Furthermore, we
have found that instead of dissociating RNA polymer-
ase II, estrogen receptor and thyroid hormone receptor E

both form complexes with MED1/TRAP220-containing
Gholoenzyme in vitro (X.Z. and R.G.R., unpublished
Mdata). Related to this notion, a high-resolution kinetic
(

analysis has reported that MED1/TRAP220 and RNA p
polymerase II are recruited concomitantly to the pS2 f

2promoter upon estrogen induction (Metivier et al.,
2003), consistent with a corecruitment model for MED1/
TRAP220-containing TRAP/Mediator and RNA poly- I

Tmerase II. Importantly, the MED1/TRAP220-containing
Aholoenzyme complex described here is active in medi-
lating basal and activator-dependent transcription in
t

lieu of ectopic core RNA polymerase II in a purified, M
cell-free transcription system. Therefore, more detailed i

Wstudies of the structure of this MED1/TRAP220-con-
Ktaining holoenzyme and how activator interactions

elicit conformational changes likely will shed light on
Pour understanding of the assembly and function of ho-
Tloenzyme complexes on target gene promoters.
a
T

MED1/TRAP220 and Estrogen Receptor Function 2
uRecent studies have shown estrogen-dependent
tinteractions of MED1/TRAP220 (and TRAP/Mediator)
wwith ER as well as TRAP/Mediator-dependent ER func-

tions in vitro (Acevedo and Kraus, 2003; Kang et al.,
G2002). In a major extension of this work, studies with
OMED1/TRAP220 siRNA have provided strong evidence
2

that MED1/TRAP220 is indeed required for ER function w
on both ectopic and endogenous estrogen-stimulated a

bgenes in ER-expressing MCF-7 cells. This also has al-
owed further validation of the studies (described
bove) showing activator-selective recruitment of MED1/
RAP220-containing TRAP/Mediator (by estrogen-acti-
ated ER) versus MED1/TRAP220-defective TRAP/
ediator (by UV-activated p53).
Given that estrogen plays a prominent role in promot-

ng breast cancer, inhibitors that target the production
f estrogen and selective estrogen receptor modulators

SERMs) that show tissue-specific effects on ER func-
ion have been widely used in the treatment of ER-posi-
ive breast cancers (Johnston and Dowsett, 2003;
owles, 2002). In relation to the action of SERMs, co-
ctivator levels can be a critical factor in regulating the
ctivity of their interacting nuclear receptors. Thus, it
as been reported that the coactivator SRC-1 is ex-
ressed at a higher level in endometrial cells than in
ammary epithelial cells and that this represents the
olecular basis for the activation versus repression

unctions of tamoxifen in ER-mediated transcription in
he respective tissues (Shang and Brown, 2002). In this
tudy, we have found that MED1/TRAP220 is required
or the ER-dependent transcription and estrogen-
ependent growth of breast cancer cells and that it ex-

sts only in a subpopulation of TRAP/Mediator com-
lexes. Interestingly, it has been reported that MED1/
RAP220 is amplified and overexpressed in a high per-
entage of breast cancer cells (Zhu et al., 1999). There-
ore, it is conceivable that this elevated expression of

ED1/TRAP220 could result in a higher concentration
f MED1/TRAP220-containing TRAP/Mediator com-
lexes in these cells, which then would enhance the
bility of ERs to activate the expression of target genes.

xperimental Procedures

eneration of Anti-MED1/TRAP220 Antibody
ED1/TRAP220 fragments corresponding to the NR box region

1516–2259) and to a C-terminal region (4006–4663) were ex-
ressed in Escherichia coli as his6-tagged fusion proteins and puri-

ied for antibody production (Covance) as described (Baek et al.,
002).

mmunopurification and Depletion of MED1/TRAP220-Containing
RAP/Mediator
nti-MED1/TRAP220 antibodies were antigen-purified and cross-

inked to protein-A Sepharose as described (Baek et al., 2002) for
he purification and depletion of MED1/TRAP220-containing TRAP/
ediator from nuclear extract. Proteins were visualized either by

mmunoblot with an enhanced chemiluminescence SuperSignal
est Pico kit (Pierce) or by silver staining with a Rapid-Ag-Stain
it (ICN).

rotein Identification by Mass Spectrometry
ryptic-digested peptides from purified MED1/TRAP220-containing
nd FLAG-MED10/NUT2 complexes were analyzed with MALDIQq-
OF and MALDI-ion trap mass spectrometers (Krutchinsky et al.,
001). Masses of the tryptic peptides and derived fragments were
sed to identify proteins by searching the National Center for Bio-
echnology Information (NCBI) database through Xproteo (http://
ww.xproteo.com).

ST Pull-Down Assays
ne �g of each immobilized GST fusion protein was incubated with
.5 mg Hela nuclear extract for 2 hr at 4°C. The beads then were
ashed extensively with BC300 containing 0.1% NP-40, 1 mM DTT,
nd 0.25 mM PMSF. Associated proteins were eluted with binding
uffer plus 0.2% Sarkosyl and analyzed by immunoblot.

http://www.xproteo.com
http://www.xproteo.com
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In Vitro Transcription
Transcription reactions employed recombinant TFIIA, IIB, IIE, IIF,
IIH, and PC4 (purified from bacteria or sf9 cells) and affinity-purified
f:IID (Fukuda et al., 2001), FLAG-tagged ER (expressed and pur-
ified from sf9 cells), immunoprecipitated MED1/TRAP220-contain-
ing TRAP/Mediator complex (above), and the DNA template
pSMERE3�53 (Kang et al., 2002).

Cell Culture, RNA Interference, Transient Transfection,
and RT-PCR Assay
MCF-7 cells were maintained as described (Shang et al., 2000).
siRNA duplexes (Dharmacon) were introduced into cells by using
Oligofectmine (Invitrogen). Transient transfection assays were car-
ried out with Fugene 6 (Roche), and luciferase activities were as-
sayed by a Dual-Luciferase Reporter Assay System (Promega). For
RT-PCR, total RNA was purified with an RNAeasy Mini Kit (Qiagen).
Reverse transcription reactions were carried out with the Super-
script First-Strand Synthesis System (Invitrogen), and the resulting
products were subjected to PCR amplification with previously de-
scribed primers (Steinfeld et al., 2000).

Chromatin IP Experiments
Chromatin immunoprecipitation (ChIP) assays were performed
essentially as described (Espinosa et al., 2003; Shang et al., 2000).
Antibodies against MED1/TRAP220 (this study), MED21/SRB7 (Gu
et al., 1999), and p53 (Santa Cruz) were used. Cells were either
treated with estrogen (or vehicle) for 40 min or exposed to UV (50
J/m2) and then incubated for 4 hr at 37°C prior to fixation. For PCR,
amplifications with a serial dilution of input and various cycles (25–
35 cycles) were performed to ensure that all were in the linear
range.

Supplemental Data
Supplemental data including three figures and one table are avail-
able online with this article at http://www.molecule.org/cgi/content/
full/19/1/89/DC1/.
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