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Abstract
Over the past few years, advances in biochemical and genetic studies of the structure and function
of the Mediator complex have shed new light on its subunit architecture and its mechanism of
action in transcription by RNA polymerase II (pol II). The development of improved methods for
reconstitution of recombinant Mediator subassemblies is enabling more in-depth analyses of basic
features of the mechanisms by which Mediator interacts with and controls the activity of pol II and
the general initiation factors. The discovery and characterization of multiple, functionally distinct
forms of Mediator characterized by the presence or absence of the Cdk8 kinase module have led to
new insights into how Mediator functions in both Pol II transcription activation and repression.
Finally, progress in studies of the mechanisms by which the transcriptional activation domains
(ADs) of DNA binding transcription factors target Mediator have brought to light unexpected
complexities in the way Mediator participates in signal transduction.

Introduction
Eukaryotic mRNA synthesis catalyzed by the multisubunit enzyme RNA polymerase II (pol
II) is a critical site for the regulation of gene expression. Over the past thirty years, elegant
biochemical and genetic studies have established that mRNA synthesis can be regulated at
both the initiation and elongation stages of pol II transcription, by a seemingly endless
collection of transcriptional regulatory proteins and mechanisms. Among these proteins are
a core set of evolutionarily conserved transcription factors that function directly with pol II
to control its recruitment to target genes and its activity in transcription initiation and
elongation. These transcription factors include (i) the general initiation factors TFIIB,
TFIID, TFIIE, TFIIF, and TFIIH, which are the minimum set of factors required to assist pol
II to bind selectively to its promoters and initiate transcription, (ii) transcription elongation
factors, such as SII/TFIIS, ELL, DSIF (Spt4/5), Elongin, and P-TEFb, which function by
varied mechanisms to assist pol II to elongate its transcripts, and (iii) the Mediator complex,
which can bind directly to pol II and appears to play important roles at each stage of
transcription, from the recruitment of pol II to genes in response to many signals to
controlling pol II activity during transcription initiation and elongation. Whereas there is
now considerable information concerning the structures and activities of the general
initiation and elongation factors, our understanding of the structure and mechanism of action
of Mediator is less well-developed, owing in part to its enormous size and complexity.
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The Mediator was discovered and first purified to near homogeneity from Saccharomyces
cerevisiae as a more than 20 subunit complex required for activator-dependent transcription
by pol II and the general initiation factors in vitro [1]. Orthologs of all or most of the S.
cerevisiae Mediator subunits are found in higher eukaryotic Mediator complexes. Until
recently, it was thought that metazoa and plant Mediator had acquired a set of additional
subunits during evolution [2*, 3]; however, results of a recent bioinformatic analysis suggest
that orthologs of subunits previously thought to be specific to metazoa and/or plants can be
identified in some fungi, amoebae, and/or red algae, leading to the proposal that genes
encoding nearly all Mediator subunits emerged very early in eukaryotic evolution, followed
by loss or rearrangement of some peripheral subunits in various lineages [4*].

Evidence suggests that Mediator supports activator-dependent transcription in part by acting
as a bridge between DNA binding transcription factors and pol II, the general initiation
factors, and other components of the transcription apparatus. Mediator binds not only to pol
II and its initiation factors, but also to the activation domains (ADs) of many DNA binding
transcription factors [1, 5, 6, 7** and references therein]. Through these interactions,
Mediator can enhance recruitment of pol II and initiation factors to activator-bound DNA in
vitro. Suggesting it performs similar functions in cells, Mediator is detected by whole-
genome ChIP at many activator-bound enhancer regions and at promoters, where it
colocalizes with pol II [see, for example, 8, 9, 10, 11, 12**].

Mediator complexes from both yeast and higher organisms can also stimulate basal
transcription in vitro, independent of DNA binding transcription factors [13, 14, 15].
Together with evidence from genetic experiments in yeast indicating that loss of certain key
Mediator subunits affects transcription as severely as loss of Pol II [16], this observation
suggests that the Mediator complex as a whole should properly be considered a component
of the general transcription machinery. Nevertheless, results of both biochemical and genetic
studies suggest that individual Mediator subunits can have remarkably gene-specific, and
even tissue-specific functions.

Below we discuss recent findings, which are providing a deeper understanding of the
function and regulation of the Mediator complex. We do not attempt a comprehensive
review of the literature, but instead describe a collection of recent studies, which highlight
various aspects of Mediator and its role in gene regulation.

Multiple Functionally Distinct Forms of Mediator
Shortly after the discovery of Mediator, a combination of biochemical, genetic, and EM
structural studies revealed that Mediator exists in cells in at least two distinct forms [1, 6,
17]. In its simplest form, Mediator is composed of a set of core subunits organized into three
modules referred to as the head, middle, and tail (Figure 1). Core Mediator can bind tightly
to pol II to form the so-called holoenzyme; in higher eukaryotes, the holoenzyme is enriched
for an additional subunit, Med26. An alternative form of Mediator is free of pol II but
includes a fourth module referred to as the kinase module, which contains the cyclin-
dependent kinase Cdk8, Cyclin C, and two additional subunits, Med12 and Med13.
Intriguingly, higher chordates include multiple isoforms of one or more of the kinase
module subunits, raising the possibility that association of core Mediator with alternative
kinase modules provides opportunities to fine-tune tissue-, cell, or pathway-specific gene
regulation [3, 4].

Initial efforts to establish functions of the different forms of Mediator suggested that core
Mediator and/or holoenzyme might be responsible for Mediator's activities in transcriptional
activation, whereas Mediator associated with the kinase module might serve as a
transcriptional repressor. Results of genetic analyses indicated that the kinase module
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negatively regulates a subset of genes in both budding and fission yeast [18, 19]. Core
Mediator and holoenzyme were found to stimulate basal transcription and support activation
of transcription in vitro by a variety of DNA binding transcription factors, whereas Mediator
complexes containing kinase module did not [20, 21, 22, 23]; in addition, recent studies
have shown that core Mediator can be converted to an inactive form by addition of purified
kinase module [24]. Consistent with these biochemical observations, a repressive form of
the transcription factor C/EBPβ appeared to block transcription of target genes in cells by
recruiting Mediator with the kinase module to promoters, while C/EBPβ activated by
phosphorylation through the RAS-MAPK pathway recruited Mediator that is free of kinase
module and includes Med26 [25]. Similarly, kinase module subunits were found to be
displaced from Mediator at a model promoter concomitant with VP16-dependent pol II
recruitment and transcriptional activation both in vitro and in cells [26].

Although there is evidence that the kinase module can, in some cases, repress transcription
via Cdk8-dependent phosphorylation of DNA binding transcriptional activators or general
initiation factors [6], results of a combination of biochemical studies and single particle EM
reconstructions indicate that kinase module can also repress transcription independent of
Cdk8 kinase activity. In particular, binding of the kinase module to Mediator was found to
block assembly of Mediator with pol II, either by occluding the pol II binding site on
Mediator or by an allosteric mechanism [24, 27]. Core Mediator adopts a relatively compact
structure, in which the middle and tail modules (or the middle module alone in fission yeast,
which lacks the tail) are folded against the head in a way that blocks the pol II interaction
surface [27, 28, 29]. When assembled with pol II into the holoenzyme, yeast Mediator
undergoes a major conformational change to an elongated structure that allows extensive
contact of each of the core Mediator modules with pol II [24, 28, 30*, 31, 32, 33]. EM
studies performed with fission yeast Mediator suggest that the kinase module can interact
with the head and middle modules in a way that locks the core into a closed conformation
and, in so doing, sterically blocks the pol II binding site on Mediator [27].

Although it is clear that the kinase module can prevent Mediator binding to pol II and
thereby block transcription, a growing body of evidence indicates that the kinase module can
function by additional mechanisms not only to repress, but also to activate transcription. One
intriguing new mechanism of kinase-independent transcriptional repression by the kinase
module comes from the observation that Mediator, through the kinase module subunit
Med12, can recruit the histone H3K9 methyltransferase G9a to genes regulated by the DNA
binding transcriptional repressor, RE1 silencing transcription factor or REST [34**].
Recruitment of Mediator by REST in turn depends on REST binding to the Mediator subunit
Med26, a somewhat surprising finding since Med26 (i) had been generally thought to
function specifically in transcriptional activation and (ii) is present in only a small fraction
of kinase module-associated Mediator [35].

Examples of roles for the kinase module in transcriptional activation have been
accumulating. Cdk8 was found to be required for activation of transcription of a thyroid
receptor-regulated gene [36*] and of several p53 target genes including p21 [6, 37*].
Phosphorylation of receptor-activated Smads by Cdk8 promotes recruitment of YAP and
subsequent activation of transcription of genes involved in BMP suppression of neural
differentiation of mouse ES cells [38*]. Cdk8 is also a positive regulator of transcription of
several serum response genes; interestingly, Cdk8 was found to regulate these genes not
during transcription initiation, but rather during elongation, where it is needed for
recruitment of P-TEFb and BRD4 to transcribing pol II [39**]. Cdk8 has been shown to
participate indirectly in activation of β-catenin-dependent transcription by phosphorylating
and inactivating E2F1, an inhibitor of β-catenin; notably, the gene encoding Cdk8 was
recently shown to be amplified in some colon cancers, with Cdk8 overexpression correlating
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with de-regulation of β-catenin [40]. Evidence that the kinase module plays a more direct
role in transcriptional activation by β-catenin has come from the observations (i) that, in
human cells, the β-catenin AD recruits Mediator to genes via interaction with Med12 and (ii)
that, in Drosophila, the β-catenin cofactor Pygopus activates transcription by recruiting
Mediator in a way that depends on both Med12 and Med13 [41*]. Med12 and/or Med13
have also been shown to interact with or to be required for transcriptional activation by other
transcription factors, including Nanog [42], members of the GATA and RUNX families
[43*], and yeast Pdr3 [44]. Some of these activities of Med12 and Med13 do not require
Cdk8 and Cyclin C [41, 43], indicating that there are phosphorylation-independent functions
of the kinase module in transcriptional activation, just as there are in repression.

Complexities Arising in the Targeting of Mediator by Activation Domains
In light of Mediator's crucial role as an intermediary between ADs of DNA binding
transcription factors and pol II and the general transcription machinery, a major goal has
been to understand, at the molecular level, how ADs recruit and regulate the activities of
Mediator. Early studies suggested that ADs might target Mediator via simple binary
mechanisms, where a given Mediator subunit would be responsible for Mediator's physical
and functional interactions with a particular transcription factor or class of transcription
factors. For example, Med25 was found to be a target for the AD of the viral transactivator
VP16 [45, 46], while MED15 has been shown to be targeted by the Smad2-Smad4 and
Smad3-Smad4 transcriptional activators in response to transforming growth factor-β
signaling [47] and by the sterol regulatory element binding protein (SREBP), which has a
critical role in lipid homeostasis [48, 49] Similarly, it has long been known that Med1 binds
in a ligand-dependent fashion, through its LXXLL motifs, to many nuclear receptors,
including peroxisome proliferator-activated receptors (PPARs) and the thyroid, vitamin D,
and retinoic acid receptors, and it was proposed that this interaction is critical for optimal
recruitment of Mediator to nuclear receptor-regulated genes [50].

Recent studies have provided provocative new twists in our understanding of how ADs
target Mediator and suggest that the same or closely related transcription factors can
function through different Mediator subunits in different contexts. First, it has become clear
that nuclear receptors target Mediator subunits in addition to Med1 and that different
Mediator subunits can have dominant roles in regulation of different genes by the same
nuclear receptor. For example, the nuclear receptor-like transcription factors Oaf1, Pdr1, and
Pdr3 from yeast and NHR-49 from C. elegans have been shown to act through Med15 rather
than Med1 [44, 49, 51]. In addition, the glucocorticoid receptor (GR) has been reported to
use its ligand-dependent activation domain to target Med1, while its ligand-independent N-
terminal activation domain targets Med14; notably, expression of some GR-regulated genes
depends on Med14 but not Med1, while expression of others depends on both Med1 and
Med14 [52]. Consistent with these observations, the N-terminal activation domain of nuclear
receptor PPARγ binds Med14, and Med14 is required for Mediator-dependent activation of
some but not all genes regulated by PPARγ [53].

Adding yet another degree of complexity, members of the same transcription factor family
can target different Mediator subunits to activate transcription of the same gene, through the
same promoter elements, in different cell types. Support for this idea came from the
observation that Med23 is essential for expression of the Egr1 gene in mouse ES cells, but is
dispensable for Egr1 expression in more differentiated cells. Further investigation revealed
that in mouse ES cells, the Ets family member ELK-1 activates Egr1 transcription via
binding to Med23. In contrast, in differentiated cells, different, but closely related, Ets
family members activate Egr1 expression through interaction with one or more other
Mediator subunits [7**].
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Future Prospects
Over the past few years, biochemical and genetic studies have greatly improved our
understanding of the structure and function of Mediator and have laid a solid foundation for
progress in the near term. First, the definition of a complete set of Mediator subunits is
enabling reconstitution of Mediator subcomplexes and investigation of their interactions
with pol II and the general initiation factors and of their roles in promoting transcription
initiation; indeed, the recent development of methods for preparing the seven subunit
recombinant Mediator head module in sufficient quantities for high resolution structural
studies [30*] gives hope that a view of Mediator at atomic resolution is forthcoming.
Second, the discoveries of the diverse roles played by the Cdk8 kinase module in activating
and repressing activities of Mediator during both initiation and elongation have paved the
way for more in-depth investigations of Mediator function and regulation. It should be
possible, in the next few years, to gain an understanding of how Mediator undergoes
conversion to forms containing the kinase module or pol II and how the kinase module
regulates Mediator activity. Finally, the emerging complexity of the mechanisms underlying
the targeting of Mediator by the ADs of transcriptional activators provides an intriguing new
story line and suggests that, though the going might be tough, the end result will be a deeper
understanding of what is turning out to be a remarkably complex set of mechanisms that
eukaryotes have evolved to fine-tune gene expression.
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pol II RNA polymerase II

AD activation domain

TFII pol II transcription factor
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Fig. 1. Multiple Forms of Mediator
Biochemical and EM structural studies have revealed that Mediator is present in cells in at
least three forms: a Mediator core, which is composed of more than twenty subunits
arranged in three modules referred to as head, middle, and tail; a holoenzyme, in which the
Mediator core adopts a more open conformation that encircles and binds tightly to pol II;
and a third form, in which the kinase module binds to the Mediator core in a manner that
precludes Mediator binding to pol II. Understanding molecular mechanisms by which each
form of Mediator contributes to transcriptional activation and repression, as well as the
biochemical pathways leading to the assembly and possible interconversion of the different
forms of Mediator, are key challenges for future investigations of the role Mediator plays in
regulating gene expression.
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